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Abstract

Hard facing with Nickel/cobalt based alloys for steel substrates are widely
used for high temperature and pressure applications in chemically reactive
environments due to their good corrosion and wear resistance properties. In
the present research, the ceramic material, ie., zirconium, is coated on a hy-
poeutectic cast iron substrate to improve its corrosion and wear resistance.
The substrate was coated with zirconium by sol-gel process as well as by the
plasma spray process for comparison purpose. Results of the research indi-
cated that the successful deposition of zirconium on the cast iron substrate by
sol-gel deposition technique had improved both corrosion and wear resis-
tance of cast iron. SEM analysis revealed that the coating was denser without
any internal cracks indicating the soundness of deposition. Also, sol-gel
process of coating indicated better wear resistance as compared with plasma
spray coated cast iron. Thus, zirconium coating on the substrate has made
cast iron sound (without any surface defects) along with excellent corrosion
and wear resistance properties. This has made cast iron suitable for structural
and automotive applications.
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1. Introduction

Cast irons are widely used in various industries and automobiles particularly for
engine cylinder, cylinder head, hydraulic valve bodies etc. due to their high ma-
chinability, good mechanical properties, good damping and wear resistance

properties. When exposed to an aqueous corrosive medium the passivation layer
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is removed and hence the valve is often subjected to pitting corrosion or loca-
lized corrosion. Since cast iron is the most commonly used material for valve
bodies, machine bases are often exposed to corrosive environment and subjected
to corrosion [1]. Various coating materials are available to resist corrosion and
wear and one such material is a ceramic. Ceramics have high chemical stability
and high resistance to corrosion, wear and oxidation. Therefore, ceramic coating
provided increases the wear and corrosion resistance of cast iron. One such ce-
ramic is zirconium which has good mechanical properties, chemical stability,
excellent thermal properties and wear and corrosion resistance, and hence it is
selected as the material for coating of cast iron in the present research. The coef-
ficients of thermal expansion (CTE) of zirconium and cast iron are 12 - 14 x
107° K™ and 13 x 107° K" respectively [2]. Since zirconium is in thermal match
with cast iron, it is used as a protective coating to resist wear and corrosion and
also as a thermal barrier coating on valve bodies and machine bases. Several
techniques are used for coating of zirconium such as chemical vapor deposition,
physical vapor deposition, electro deposition, spray pyrolysis, plasma spray and
sol-gel processes [3]. Also research is being conducted on gas phase deposition
process of zirconium on titanium dioxide to form hybrid coatings [4]. Thus, the
present research is mainly focused on improving the wear and corrosion resis-
tance of commercial grade hypo-eutectic cast iron by nano coating of zirconium
by sol-gel and plasma arc spray techniques wherein plasma arc spray is used for
comparison purpose. Past research revealed that sol-gel process of ZrO, coating
was already used on mild steel, stainless steel, brass etc. [5] [6]. Sol-gel method is
used to form hard and protective layer on the substrate by the nano zirconium
particles dispersed in a sol. In sol-gel method, numbers of monomers are con-
verted into a colloidal solution that acts as the precursor for fabrication of metal
oxides. Generally, sol is transformed to a gel in a diphasic system containing
both liquid and solid phase [7]. Finally the liquid phase is removed by the drying
process, which is followed by densification of the metal oxide. The rate at which
solvent can be removed is determined by porosity or volume fraction by the dis-
persed molecules in the gel. The quality of the sol can be improved by addition
of polymers like poly vinyl alcohol, poly vinyl butyral etc. [8]. AL,O; used in
sol-gel for coatings have been done on Fe-Cr alloys too by researchers [9].
However, the past research indicated that sol-gel method of coating seemed to
improve the interfacial wettability of the coating and the substrate [10]. Investi-
gations that have been carried out so for with zirconium as the coating material
indicate that higher distribution is found at the edges and negligible in the inte-
rior regions. Research have also indicated that out of all ceramic materials, zir-
conium is the best for corrosion and wear resistance even under high tempera-
ture oxide environments [11] [12]. Few researchers have also found that thermal
treatment is also necessary for poly-condensation to increase the mechanical
properties through sintering at high temperatures. This helps in densification of

grain growth of the deposited particles. Heat treatment also plays an important
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role in surface morphology of the coated materials [13]. Sol-gel process has
many advantages like better control of chemical composition, ease of nano
coating on cast iron, cheaper process and equipment’s, adaptability for different
functional group of materials. Note that zirconium exists in three structural
phase’s namely tetragonal, mono clinic and cubic and it can be stabilized by
adding stabilizers in various weight percentages [14].

In sol-gel technique, different precursors like zirconium oxychloride octahy-
drate, zirconium acetate hydroxide, zirconium n-propoxide etc. are used to pro-
vide coating on metals. Research also reveals that bioactive hydroxyapatite coat-
ings are formed by micro plasma spraying method on surgical steels [15]. It is
observed that plasma spray process exhibits better wear resistance than other
coating process since it forms nano crack arresting zones which harden the sur-
face coating [16]. The residual strain developed in plasma spray process is less
than hard facing technique and it can be controlled using temperature manipu-
lation during cooling and varying air pressure [17]. Materials like aluminum al-
loys are used in high pressure application which leads to surface cracks and high
pressure erosion; different coating techniques have been investigated so that it
can operate in the environment of high pressure [18]. The coating strength of
zirconium can be increased by adding an undercoat of Ni-Cr alloy which in-
creases the thermal shock resistance. The powder for plasma spray process can
be prepared from sol-gel route and stabilize using 8% weight yttrium by using
zirconium oxychloride as precursor. A detailed literature survey indicated that
for the preparation of sol-gel zirconium, n-propoxide was commonly used as the
precursor for coating process and less research on zirconium oxychloride octa-
hydrate as the precursor for the preparation of Zr sol-gel. Therefore the present
research is focused on zirconium oxychloride octahydrate precursor. The para-
meters for plasma spray coating method were chosen from the literature availa-
ble [19] and tests were conducted for comparison purpose.

Studies on ceramic material such as molybdenum were also studied by few
researchers for selecting the suitable precursors that reduced oxidation level
since the zirconium is an unstable molecule that reacts with oxygen forming
zirconium oxides. Jin et al [20] described the microstructure and mechanical
properties of the electro-thermal explosion of directionally sprayed molybdenum
coatings were determined by means of SEM, XRD and micro hardness tests re-
spectively. Experiments have indicated that the dominant wear mechanism of
EEDS coatings is slight furrow compared with that of HVAS coatings which is
serious furrow and delaminating. Zhu et al [21] had demonstrated by his re-
search that molybdenum nitride coatings were synthesized by ion-beam-as-
sisted-deposition (IBAD). Rhushikesh et al [22] gave a new approach for syn-
thesis of high quality faceted microcrystalline coatings of molybdenum (Mo),
tungsten (W) and their carbides and composites. These studies were carried out
using hot filament chemical vapor deposition (HF-CVD) method; results indi-
cated that the oxide molecules reach the substrate which is kept beneath the fi-
lament assembly. Secondly, molecular hydrogen gets dissociated into atomic
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hydrogen and subsequently reaches the substrate to react with oxide molecules,
leading to the precipitation of a pure metal. This method can also be used in situ
process to convert metallic coatings into their carbides and/or composites. Laribi
et al. [23] [24] from his research showed the relationship between, the deposition
and post-deposition conditions on the wear resistance of molybdenum and
Cr-Ni-Mn alloyed steel coatings thermally sprayed on a 35CrMo4 steel substrate.
The results indicate that there was an improvement in the adhesion on the sub-
strate that decreased the friction coefficient against a hardened 100Cr6 steel ball.
He also pointed out form his research that surface treatments and coatings are
the practical approach used to extend the lifetime of components and structures
especially if the surface is the most solicited part of the engineering component.
The author also proved the tribological resistance through sliding wear and im-
pact fatigue resistance.

2. Experimental Method

2.1. Specimen for Testing

Commercial grade hypo eutectic cast iron (Carbon Equivalent CE = 4.22, chem-
ical composition as shown in Table 1 was obtained from Fen fey Metallurgical’s,
Bangalore, INDIA) specimen is usually subjected to hard-facing where the tem-
perature is raised to its critical temperature to form the coating by the process of
diffusion, dilution and penetration of the coating material. Hard facing and
coating technique reduces residual stress in the cast iron substrate which causes
metallurgical structural changes and distortion of the substrate and results in in-
creased mechanical properties and corrosion resistance. Therefore, to form hy-
drophobic and nano coating on cast iron that has a melting point 1340°C, with-
out affecting the properties, specimen with dimension 5 mm x 5 mm x 5 mm
was selected for sol-gel coating and 60 mm X 20 mm x 5 mm for plasma spray
coating. Zirconium has a melting temperature of 1855°C and has a good thermal
match with cast iron is an added advantage for the coating. Coating is formed by

sol-gel process at the sintering temperature of the substrate.

2.2. Preparation of Sol-Gel

In this research, zirconium oxychloride octahydrate (ZrOcl,.8H,0) salt is used as
a precursor to form zirconium dioxide coating on the specimen. Zirconium
oxychloride octahydrate is added to oxalic acid, and stirred using a magnetic
stirrer for 4 hours so that it forms zirconium oxalate, a white transparent sol.
Poly vinyl alcohol was used as a surfactant to control the viscosity, maintain the
size and growth of the nano particle in the sol. The pH of the solution was
maintained at 5.5 - 7. The process was controlled by the addition of nitric acid to
the sol. After the solution is prepared, it is left for ageing for about 24 hours so

that the following reaction occurs.

ZrOcl, -8H,0+(COOH), -2H,0 — Zr0(C00), +2Hcl +10H,0
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Table 1. Chemical composition of cast iron tested.

Element C Si Mn P Ni S Fe

wt.% Composition 3.42 24 0.41 0.08 1.5 0.04 Balance

(Carbon Equivalent CE = 4.22, Hardness 180 BHN)

Thus, zirconium oxychloride octahydrate reacts with oxalic acid to form zir-
conium oxalate in the form of a gel. All the chemicals used in the present inves-
tigation are obtained from ACE Rasayanam, Kerala, India.

Finally, the precipitated sol is left for ageing for 24 hours before it is used for
dip coating. The dip coated cast iron specimen in this sol was sintered up to
600°C so that it forms zirconium dioxide by the process of decomposition. The
zirconium oxide particles deposited can be characterized using UV spectroscopy

technique and the surface morphology was examined using SEM.

2.3. Fabrication of Zirconium Dioxide Coated Cast Iron Substrate
by Sol-Gel Technique

Cast iron specimen of dimension 5 mm X 5 mm x 5 mm were chosen for coating
was finely ground in an emery sheet of grade 120 - 1200 grit size. Then the spe-
cimen was treated with concentrated nitric acid to get the desired surface
roughness for effective bonding of coating on the surface. Before dip coating, the
sol-gel was centrifuged for half an hour and finally the specimen was dipped in
the sol-gel for half an hour and withdrawn at a rate of 4 cm/min followed by
drying at 200°C for 15 minutes and thus process was repeated thrice for better
deposition. Finally the specimen was kept in a muffle furnace and sintered in
stages from 300°C to 600°C with constant temperature rise of 100°C for every

half an hour and the reaction occurred was:

Zr0(C00), - Zr0, +CO +CO,

It is observed from SEM and EDS analysis that a coasting thickness of about
500 nm can be obtained by the sol-gel, process.

2.4. Fabrication of Zirconium Dioxide Coated Cast Iron Substrate
by Plasma Spray Process

Another method used in the present research for zirconium coating is the plas-
ma spray process in which molten zirconium is sprayed on the cast iron sub-
strate. In micro plasma spraying method the porosity level is also reduced and
better surface morphology was observed.

Cast iron specimen of dimension 60 mm X 20 mm x 5 mm was polished using
emery sheet of grit size 120 - 1200. This specimen was coated with zirconium
dioxide using plasma spray process which is an alternative to EB-PVD and APS
process. The powder used in plasma spray process was less than 25 pm along
with low powder feed rate [25]. It has been taken care that the bond strength

required for coating, its modulus and Poisson’s ratio were also carefully consi-
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dered since it is directly affected by the coating parameters [26]. The nozzle
pressure of argon gas for this process was set to 100 - 120 psi, flow rate of argon
gas was set to 80 - 90 Ipm, nozzle pressure of hydrogen gas was 50 psi, and flow
rate of hydrogen gas to 15 - 18 Ipm, current and voltage was set to 500 amps and
65 - 70 volts. The powder feed of zirconium dioxide was 40 - 50 gms/min and
the spray distance was set to 2 - 3 inch. With these parameters it is possible to
fabricate a zirconium dioxide coating of 100 micron thickness on the specimen
which is confirmed through SEM and EDS analysis. Both the coatings (sol-gel

was plasma) was done at Hindustan Metallurgical’s, Bangalore, India.

2.5. Testing of Nano Zr Coated Cast Iron Substrates

X-Ray Diffraction (XRD), Dynamic Light Scattering (DLS), SEM and Energy
Dispersive X-ray Spectrography (EDS) analysis were carried out to study the
presence of deposition, particle size of deposition, distribution of the deposition
and thickness of deposition. UV spectroscopy was also used to confirm the
presence nano particles (make of XRD and DLS equipment’s are by: Olympus
scientific solutions, USA).

The specimens for micro structural studies were polished according to metal-
lurgical standards and fine polishing was done using alumina powder and di-
amond paste, the procedure described elsewhere [27]. The specimens were
etched with 3% Nital to evolve grain boundaries. Micro-structural studies were
done using Olympus optical metallurgical microscope [28].

Dry wear tests were conducted according to the standard procedure using
computerized pin-on-disc wear testing machine (by Ducom Instruments, India)
and SEM (Jeol make) analysis was made to study the wear mechanism [29]. The
specimen is a pin of size 6 mm in diameter and 25 mm long were used where as
the disc is of alloy steel having hardness of HRC 62. Dry wear tests were con-
ducted at a sliding distance of 1000 m with a velocity of 2.5 m/ sec and load of 2
kg.

Corrosion test was conducted using electrochemical potentio-dynamic pola-
rization corrosion method (ASTM G 59-97, 2009 standard by Precision instru-

ments, Bangalore, INDIA) to analyze the mechanism of corrosion [30].

3. Results and Discussion

SEM and EDS analysis shows that around 500 nm coating can be obtained
through sol-gel process and 100 microns by the plasma coating. Therefore
sol-gel coated cast iron specimens were further tested for their wear and corro-
sion properties since nano coating of Zr particle is possible by this process.
Hence much of the results and discussion part is based on sol-gel coated cast

iron substrate.

3.1. Sol-Gel Characterization

Sol-gel was prepared using the procedure discussed in Section 2.2 wherein the
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zirconium oxy chloride octahydrate reacts with oxalic acid to form zirconium
oxalate. This when heated to a temperature above 600°C, due to decomposition
zirconium oxalate, zirconium dioxide is formed. The powder formed was cha-
racterized using UV spectroscopy to confirm the presence of zirconium dioxide.
Figure 1 shows the wavelength of the particle was found to be in the range of
187 nm to 200 nm. This critical size range under certain chemical conditions,
allows particles grow to form colloids, which are affected both by sedimentation
and force of gravity. The formation of more open continuous network of low
density and high performance ceramic components occurred in 2 and 3 dimen-
sions. This forms metal oxide that involves in connecting the metal centers with
0xo (M-O-M) or hydroxo (M-OH-M) bridges, therefore generating metal-oxo

or metal-hydroxo polymers in solution.

3.2. XRD Characterization of Sol-Gel

X-Ray diffraction analysis for the cast iron specimen is presented in Figure 2.
XRD analysis was carried out after sintering and post heat treating the sol at
600°C in CVD chamber. The diffraction peak at 8 = 31.69° confirms the pres-
ence of medium dispersed zirconium (m-zirconium) on the cast iron substrate.
The XRD reflections at Bragg’s angle 26 value of 26 = 10° - 80 representing
(111), (200) and (202) planes for Zr (JCPDS 06-0696). The less intensity of Zr
peaks was due to the size (10 - 45 um) of the coating material. The graph reveals
the presence of zirconium from peaks 29° < 20 < 32°, 45" <26 < 54" and 62° <
26 < 70°. The XRD pattern indicated the phase structure of zirconium synthe-

sized by sol-gel route to be of tetragonal and monoclinic structures.

3.3. Dynamic Light Scattering (DLS) Characterization of Sol-Gel

Dynamic Light Scattering (DLS) analysis was also used to analyze the particle
size of zirconium dispersed in the sol-gel. With a scattering angle set to 90°, vis-
cosity of the dispersion medium to 0.895 MPa/sec and the temperature to 25°C,
a count rate of the test 1642 kCPS was obtained. The test results as depicted in
Figure 3 shows the particle size of dispersed zirconium are in the range of 200

nm to 400 nm.
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Figure 1. Plot of UV spectroscopy.
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Figure 2. XRD graph (ZrO, sintered at 600°C).
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Figure 3. DLS graph showing particle size of synthesized zirconium in sol-gel.

3.4. SEM and Energy Dispersive X-Ray Spectrography (EDS)
Characterization

SEM and EDS analysis were used to study the sol-gel Zr coating applied on cast
iron substrate specimen. SEM image of Zr coated specimen is shown in Figure 4
and EDS image is shown in Figure 5. SEM studies revealed that there is huge
uneven distribution of the nanoparticles due to oxidation formed in the CVD
chamber during post heat treatment processes. It is also observed that the coat-
ing formed using sol-gel specimen is uniform indicating the formation of hard
spots due to deposition of the carbon originated from the base material (cast
iron substrate) and reactant materials. EDS analysis however revealed an average
Zr particle size ranging from 674.7 nm to 6.321 pum. Therefore, it is validated
that zirconium forms a fully dispersed coating on the base metal substrate. Fi-
nally, the sustainability of the coating is validated through corrosion and wear

testing of the coated substrate as discussed in the following sections.

3.5. Influence of Friction Force on Sol-Gel Coated Cast Iron and
SEM Analysis of the Worn Surface

Wear tests were conducted on specimens of cast iron coated with zirconium by

sol-gel and plasma spray process using computerized pin-on disc wear testing
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machine. A coating of thickness 100 microns for plasma spray specimens and
540 nm for sol-gel specimens was tested. From the wear test, friction force plots
were obtained for both sol-gel and plasma coated cast iron substrate. It is ob-
served form the wear test plots as shown in Figure 6 and Figure 7 that, up to 70
sec of operation, the friction force of sol-gel coated specimen was lower than that
of plasma spray coated specimen indicating resistance to wear and after 70
seconds of operation, the plasma coated specimen showed the lower frictional
force. Form the results it is concluded that for longer duration of wear testing
with the application of the load, sol-gel coating processes a better wear resistance
compared to plasma spray coating processes.

Microstructure of coated cast iron tested and SEM photograph of the worn
surface of the same are shown in Figure 8 and Figure 9 respectively. Micro-
structure of cast iron tested (with sol-gel coating) has ferrite in pearlitic matrix
having a hardness value of 180 BHN. According to SEM analysis of coated and
uncoated cast iron specimen, the wear mechanism is suggested by two modes.
Mode-1 refers to adhesive wear (severe wear) and is predominant for the un-
coated cast iron and Mode-2 which is essentially an abrasive wear (mild wear)
which is observed in the case of coated cast iron as result of hard ceramic coating
particles embedded on the surface of cast iron. The worn surface also revealed
the loose fragments on the surface indicating that the substrate is coated.

SEM examination also reveals that the worn surface of the coated cast iron
consists of both hardened and deformation layers. The structure of the hardened
layer consists mainly of the fragmented ceramic (Zr) phase (Figure 9). However,
the depth of the hardened layer in the cast iron is markedly increased by in-
creasing the thickness of coating. SEM studies also revealed that because of li-
mited plastic deformation in the mild wear regime of coated cast iron, the frag-
mentation of the ceramic particles on the surface appears as brittle fracture and
in the case of un-coated cast iron; the plastic flow is due to deformation of ferrite

present in cast iron.

WD = 10.5 mm Mag= 500X Time :16:09:15

10 um EHT =15.00 kv Signal A = VPSE G3 Date :4 Aug 2016 ﬁ

Figure 4. SEM photograph of sol-gel coated cast iron specimen (arrows indicate the
presence of sol-gel).
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Figure 6. Friction factor of sol-gel and plasma spray coated cast iron specimen
(testing time: up to 70 sec).
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Figure 7. Friction factor of sol-gel and plasma spray coated cast iron specimen
(testing time: after 70 sec).
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Figure 8. Microstructure of sol-gel coated cast iron. (whitish patch indicated by
the arrow shows the presence of the sol-gel).

mag g | det
800 x |ETD| 3.5

Figure 9. SEM photograph of worn surface of sol-gel coated cast iron (arrow
indicates the cracking of the sol-gel because of wear).

3.6. SEM Analysis of the Corroded Surface

It is observed through the necked eye that the electrodes underwent sporadic
pitting after the test. The SEM photographs of the corroded electrode surface of
coated and uncoated cast iron after polarization in 3.5% normal NaCl (electro-
lyte used which is almost equal to sea water normality) with a pH value of 6 are
shown in Figure 10 and Figure 11 respectively. It is clear from the SEM photo-
graphs that the cast iron without coating is the most susceptible to corrosion as
compared against the coated specimens. The greatest difference between the
corrosion rates of coated and uncoated cast iron is seen after many hours of
corrosion testing. It can be seen from the SEM photomicrographs (Figure 10
and Figure 11) that the uncoated cast iron containing ferrite in pearlitic matrix
has experienced the severest corrosion, as indicated by the large swollen blisters
with shallow pitting on the surface. These blisters were found to peel off easily

and contained a network of pits. These blisters in the form of layer were re-
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moved by immersion the specimen in Clark’s solution and after light polishing,
small cavities were found in the metal surface. Corrosion of cast iron coated with
Zr is seen to suffer some small pitting attack on the surface which is only the lo-
calized attack on the surface (Figure 11). To the naked eye, coated cast iron sur-
face were seen to be bright and shiny, and free of any visible form of corrosion
damage, whereas the uncoated cast iron were observed to contain some patches.
However, it is observed from SEM photomicrographs (Figure 10 and Figure 11)

that the electrodes underwent sporadic pitting in the case of uncoated cast iron

as compared with the coated cast iron.

Signal A =VPSE G3 Date :11 Aug 2016
Mag= 1.00 KX Time :13:16:15

Figure 10. SEM photograph of uncoated cast iron after corrosion testing (arrow shows the
corroded region).

S e

mag B | det |spot| WD ;
800 x |[ETD| 3.0 [13.9 mm |7.C

Figure 11. SEM photograph of sol-gel coated cast iron after corrosion testing.
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4. Conclusions

Results of the research reveal the following:

Formation of nano Zr particles (size: 187 to 200 nm) by sol-gel process and
the presence of these particles in sol-gel was confirmed through UV spectrogra-
phy and XRD analysis. Particle size of deposition (size: 200 to 400 nm) and dis-
tribution of nano particles on the substrate were confirmed through DLS and
SEM analysis. SEM analysis indicated the successful deposition of zirconium on
the cast iron substrate by sol-gel deposition technique. SEM image also revealed
that the coating was denser without any internal cracks indicating the soundness
of deposition. The XRD pattern indicated the phase structure of zirconium syn-
thesized by sol-gel route to be of tetragonal and monoclinic structures.

Wear test results of the coated samples subjected to wear testing indicate that
the coating provided has good wear resistance under the force of friction.
Therefore, it is concluded that material removal rate of cast iron can be de-
creased by having a dense packed ceramic coating over the substrate. SEM anal-
ysis of the worn surface indicates that the uncoated cast iron has undergone se-
vere wear such as the adhesive wear whereas the coated cast iron has undergone
mild wear because of the hard ceramic coating of the particles. Also, sol-gel
process of coating indicates better wear resistance (in terms of friction force) as
compared with plasma spray coated cast iron.

Corrosion test results indicate that uncoated cast iron specimens have under-
gone pitting action indicating severe corrosion attack as compared with the
coated cast iron which shows only the localized mild corrosion without any pit-
ting action.

Thus, zirconium coating by the sol-gel process on the cast iron substrate
makes it sound (without any surface defects), has improved the properties (wear
and corrosion resistance) of cast iron and makes it suitable for structural and
automotive applications.

This research can also be aimed at other type of cast iron (alloyed) with other

types of coating that suit that particular cast iron.
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