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Abstract: Coating of ceramic material 1s a promising approach to modify the surface characteristics of low alloy
steels. Detonation spraying is widely employed to coat alumina ceramic powder for wear resistance
applications. To study the efficacy of the spraying it is essential to characterize the coating. This study
elucidates the sigmficance of standoff distance on character features of detonation sprayed alumina on
unhardened EN19 steel. In thus study, experimental results are presented in terms of micro hardness, coating
thickness and XRD patterns of detonation sprayed alumina coatings as a function of standoff. The highest
hardness value occurs at the spraying distance of 220 mm and corresponding SEM micrograph indicates denser
microstructure. Presence of vy-Al,O, in the coated surface in addition to ¢-AlLO, phase indicates tenacious

nature of deposition.
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INTRODUCTION

Currently surface characteristicsof low strength steel
materials are being modified by coating ceramic materials
to enhance wear properties in an economical way. Ceramic
coating is avery promising approach to tailor the surface
properties ofmetal component due to their high hardness,
excellent wear, corrosion, as well as chemical and thermal
resistance (Wang et al., 2013). Of the ceramic materials,
alumina 1s mostly preferred due to thewr excellent wear
resistance and strength retention at ligher temperature of
about 1100°C besides economical consideration. Thermal
spray processes such as detonation-gun, plasma and
highvelocity oxy-fuel spraying methods are mostlyused
to apply coating to umpart wear resistance againstabrasion
and erosion in corrosive environment at hightemperature
(Chatha et al., 2012; Kucuk et al., 2001). Detonation spray
processis a thermal spray coating process which gives
an extremely good adhesive strength, low porosity, higher
coating thickness and coating surfacewith compressive
residual stresses (Singh et al., 2012). Unlike plasma spray,
detonation spray calls for fine grain size, ensuring thereby

denser deposition with enhanced inter-lamellar
cohesion. Characterization of microstructures facilitates
to understand the thermo-mechanical evolution of the
coating and bonding mechanisms at the interface
between substrate and coating (Srinivasan, 2016).
This study elucidates the significance of standoff
distance on the characteristic features of detonation
sprayed alumina coatings on the EN19 unhardened
steel.

During detonation spraying, the coating particles are
iyjected 1nto a combustion flameand become plasticized
due to heating and detonated subsequently on the
substrate. The plasticized particles upon impmgement
rapidly solidify and form splat. Investigations on
detonation spraying have revealed that Alumina (Al,O;)
deposits are superior considering the weak adhesive
strength of other coatings (Balan and Ramesh Bapu,
2012). Observation of broadened peaks of XRD patterns
are due to stronger impingement of spraying particles and
internal strain during cooling (Wang et al., 2009).
Deposition of WC-Co powder doped with MoS,-Ni

powder by detonation spray process exhibited higher
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sliding wear resistance and lower coefficient of friction
(Du et al., 2007). Detonation sprayed Ni-5A1 on Inconel
718 was characterised through X-ray diffraction,
SEM/EDAX and X-ray mapping techniques to analyse
cyclic hot comrosion resistance. The detonation
spraying process was found to produce a uniform,
dense and adherent coating (Saladi ef al., 2015). This 1s
largely due to environmental mfluence over the
deposition of carbides and nitrides, especially in
atmospheric  spraying. Durability and functional
characteristics of the coatings were influenced by
porosity of the thermally sprayed ceramic coatings (Li and
Ohmori, 1996). HVOF and detonation spraying were
compared by spraying MCrAIYX. Redistribution of
elements,

compressive residual stress between the coating and

formation of lamellar microstructure and

substrate were found to contribute higher bonding
strength in the detonation spraying of MerAlYX
(Gao et al, 2015). ALO, layers deposited by detonation
spraying formed as lamellar structure. The inter-lamellar
cohesion and associated voids dictate soundness of the
deposits (L1 and Chmori, 2002). Investigations on sliding
wear characteristics of detonation sprayed alumina
based ceramic composite coatings exhibited least sliding
wear under higher temperature environment (Kumar et al.,
2011). Surface morphology of alumina-titania coated
through plasma and detonation spray was characterized
using a Scanning Electron Microscope (SEM) and
tribo-corrosion  study showed lower porosity with
detonation spray (Rathore et al., 2013). This is attributed
to the difference mn the formation of deposition
between plasma and detonation spraying. While
plasma spraymg 13 a dominant thermal process,
detonation spray 1s relatively higher velocity process
wherein the plasticized particles with flame undergoes
splat cooling on detonation over the substrate. This
lead to less change in stoichiometry and relatively
denser deposition. The investigation on the variation
m the microstructure and phase changes of the
sprayed deposits, reveals that chemical transformation
formmg minor phases lead to the strengthening of
the deposits and consequently Thigher hardness
(Dudina et af, 2015). Alumina deposits when paired
with hardened steel exiubit increased sliding wear due
to chemical interaction at higher temperature and

the strain associated wear mechamsm (Geetha ef al.,

Table 1: Chemical composition of work material (%o)

2014). This could be due to the status of the
deposition including porosity and interlamellar cohesion.

MATERIALS AND METHODS

Work material: EN19 steel (BS:970) whose composition
1s givenn in Table 1 has been taken as substrate material.
This material 1s widely used as component material in the
development of hydraulic cylinders. Cylindrical specimens
of size 10 mm diameter and 30 mm length were prepared
and subsequently grit blasted to roughen the outer layer
of the to facilitate better mechamical
keying/locking of the sprayed layers.

substrates

Coating material: Alumimna a widely used material for wear
resistant applications is chosen as coating material. CUMI
make alumina powder which 1s of 99.97% purity and
aparticle size of 20-30 um was used for detonation
spraying. The performance of the coating largely depends
on fuel/oxygen ratio, particle size of powder, flow rate of
carrier gas, frequency of detonation and standoft, i.e., the
distance between the substrate and end of detonation
gun barrel. Tt is to be noted that unlike the case of plasma
spray wherein higher standoff results in oxidisation and
other atmospheric influence over sprayed material with
detonation spray, higher the standoff, i.e., residence time,
better will be the interaction within combustion flame and
enhances plasticization of spray material. The employed
parameters for detonation spraying are listed in
Table 2.

The hardness on the sprayed surface was measured
using Vickers Hardness Tester, Model No. VM50 (Fuel
Instruments Engineers Pvt. Ltd.) at a load of 200 gf. The
microstructure of the sprayed coatings was observed by
using Quanta FEG scanning electron microscope, Model
No. 200. To identify the phases formed during detonation
spraying, XRD analysis was performed on the as-sprayed
surface. The coated specimens were polished and
analysed through SEM. To study the performance of
the detonation spraying of alumina, the tribological
characteristics of sprayed deposition (friction and wear)
was evaluated in a rotary tribometer, Model No. TR-
201 (DUCOM wnstruments Pvt. Ltd., India) as per ASTM
(399-04. Wear tests were performed by keeping wear track
as 80 mm, load as 15 N and sliding velocity as 1 m/sec.The
counter surface 1s EN31 steel, hardened to 60 Hre.

Material C Mn Cr

Mo Si S P

EN19 steel to BS:970 0.35-0.45 0.50-0.80

0.90-1.40

0.20-0.40 0.10-0.35 0.40 0.40
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Table 2: Detonation spraying parameters

Parameters Values
Oxyeen (O;) flow rate 0.08 m’/min
Acetylene (C;H,) flow rate 0.03 m*/min
Carrier gas pressure 734 kPa

3 shots/sec
180, 200 and 220 mm

Detonation frequency
Standoff distance

Powder feed rate 1.0-14 gfsec
Spray angle 90°
RESULTS AND DISCUSSION

Micro hardness and coating thickness: The significance
of standoff distance on coating thickness and
microhardness of the detonation spray deposition can be
seen in Fig, 1. It is seen that coating thickness tending to
rise for standoff above 200 mm indicating less
fragmentation and formation of dense structure. This is
reflected by progressive rise in microhardness with
standoff distance. Microhardness value ranges from
975-1150 Hyv. Occurrence of highest microhardnesswas
observed at the standoff distance of 220 mm for the
coatings deposited. The resulted higher hardness at this
standoff indicates denser microstructure as seen from
SEM micrograph (Fig. 2-12). The coating thickness
initially decreases up to 200 mm standoft and thereafter it
rises steadily.

Observation of XRD influence on standoff: Scanning
electron microscope and EDS were utilised to study the
morphology of the alumina powder and sprayed surfaces.
Typical surface morphology and XRD pattern of the
uncoated alumina powder is shown in Fig. 2 and 3. It can
be seen that the powder is crystalline and mainly
composed of a-phase of Al,O,. From the XRD pattern of
D-gun sprayed coating (Fig. 4-6) it is seen that in addition
to a-phase, y-phase alumina is also observed.

In the case of atmospheric spraying, a distinct change
in the status of spraying between plasma and detonation
as influenced by standoff could be seen. Normally
standoff influences the residency time of the spray
particles before deposition. In the case of plasma spray,
the accelerated molten particles get deposited on to the
substrate exposed to more environmental influence with
higher standoff distance, however, in the case of
detonation spray, increasing standoft distance resulting
in enhanced interactions between particles and
combustion flameleading to higher order plasticizing and
better coating formation. Thus, it can be seen that while
plasma spray is a dominant thermal process, the
detonation spray is relatively a higher velocity
impingement process.

In the case of plasma spraying, the injection of
particles (to be sprayed) in the plasma flame results in
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Fig. 1. Microhardness and coating thickness of as
sprayed alumina coating
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Fig. 2: XRD of alumina powder

Fig. 3: SEM of alumina powder

melting and formation of high temperature ‘v’ phase
which on deposition resulting in presence of dominant
high temperature “y” phase (kinetically stabilised) with the
deposition (Gopalakrishnan, 1998). However, with
detonation spraying relatively reduced order of a-y
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Fig. 4. XRD at standoff -180 mm

900
800
700 +
600
500
400

Intensity (a.u.)

300

0

+ a-AlL,03
. g'A|203 .

+
L
200 -.\ ..
100 dﬂl * A
40 50 60 70 80

o *
.
10 20 30

2q(°)

Fig. 5 XRD at standoff -200 mm
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Fig. 6: XRD at standoff -220 mm

transformation has been observed. Comparing XRD
patterns of raw alumina and sprayed alumina it is seen
that the sprayed deposition contains fairly broadened
peaks of ‘¢ alumina in addition to peaks of vy~ alumina.
Also oceurrence of relatively lower angle spikes (peaks)
indicates formation of sub-grain which can lead to
amorphous state. Higher velocity impingement of
plasticized  grains/particles causes  higher order
mechanical strain leading to sub-grain formation.

SEl  20kV WD13mm  SS50

Anpamalai University MFG

Fig. 9: SEM at standoff -220 mm

The micrograph of sprayed swface pertaining to
different standoff distances (Fig. 7-9) supplement tlus.
Relatively fragmented gramns and discrete coalescent
grains can be seen with 180 mm and 200 mm standoff.
With 220 mm (Fig. 9), fairly uniform structure with less
fragmentation can be seen.
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Wear characteristics: Figure 10 illustrates the
tribological characteristics of detonation spray alumina
deposition influenced by standoff distance. Tt is seen that
spraved swface encounters maximum wear when
deposited with reduced standoff and a reduction in wear
with increasing standoff. The progressive rise in hardness
with standoff distance accounts for this. The fragmented
particles of stressed subsurface could alse contribute to
the observed higher order wear. This also results in the
observed trend of reduced coefficient friction with
standoff distance. Figure 10 also illustrates frictional force
variation with standoff. This shows that the sliding wear
occurs with almost identical surface interaction
attributable to dominant g-phase with all the standoff
distances.

Typical wear characteristics of the detonation
sprayed alumina (on steel substrate) monitored during
sliding wear trials is illustrated in Fig. 1la-c. Relatively

1200 - - 2.00
— / -
~ F1s0
E J =~ Microhardness K
égﬁ 30 —o— Frictional foroe F125 3
§E% —— Vear z
g g = 600 —i— Coeficient of friction | 1.00 ,E
Eé 075 &
-E B 400 §
- 0.50
200 +
- 0.25
0 = 7 2 0.00
160 180 200 220 240
Standof (mm)

Fig. 10: Influence of standoff on microhardness, frictional
force, wear and coefficient of friction
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Fig. 11: Influence of standoff on sliding wear: a) 180 mm; b) 200 mm and ¢) 220 mm
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Fig. 12: Optical micrographs of the coated surface under sliding wear: a) 180 mm; b) 200 mm and ¢) 220 mm

higher order wear (least wear resistance) 1s seen with
alumina deposition sprayed with 180 mm standoff.
With standoff distance of 180 mm, the deposition
experiences a rurming-in wear of 280 pm followed by a
steady rise. Spraying with the standoff distance of 200 mm
(Fig. 3b), the sprayed surface experiences a uniform wear
till around 400 sec. Typical sliding wear track
morphologies of coated specimens after pin-on-disc are
given in Fig. 12. With increase in standoff, due to more
residency, the coating and wear is more uniform as seen
from Fig. 12¢.

CONCLUSION

The following are the findings of the characterisation
of the detonation sprayed alumina
unhardened EN19 steel:

The highest hardness value occurs at a spraying
distance of 220 mm for the coatings deposited with

coatings on

oxygen-fuelratio of 1:2.5. Corresponding SEM micrograph
indicates denser microstructure. XRD pattermns indicate
presence of y-Al,O, in addition to ¢-phase on detonation
sprayed coating.

Relatively higher order wear (least wear resistance) is
seen with alummaspray deposition with a standoff
distance of 180 mm. With standoff distance of 180 mm, the
deposition experiences a runming-in wear of 280 um
followed by a steady rise.

Typical sliding wear track morphologies of coated
specimens after pin-on-disc test indicate more uniform
wear at higher standoff due to more residency time.
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