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Improved Erosion Resistance by HV OF Sprayed
10%A1,05-COCrAlITaY Coating on Ti-31
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Abstract: In this present research work the solid particle
erosion test carried on uncoated samples (Ti-31), and HVOF
sprayed 10%AI,05-CoCrAlTaY on Ti-31 are made. Erosion test
are done with impact angles of 30°, 60° and 90°. Solid particle
erosion studieswere carried out using air jet erosion test rig as per
ASTM G76-02 standard.All the three angles of uncoated alloys
exhibit erosion damage under ductile mode and less amount of
erosive loss compared HVOF coated samples. The HVOF sprayed
coated Ti-31 at various impact angles is brittle mode. The
mechanism of material removal during erosion of brittle
materialsis explained by using SEM micrographs.
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. INTRODUCTION

Titanium aloys have been increasingly used in
aerospace, biomedical, and chemica industries due to their
very high strength to weight ratio, good fatigue,
biocompatibility and high corrosion resistance. Although
titanium based alloys exhibit good corrosion resistance due to
the formation of titania on its surface, the nature, composition
and thickness of the protective oxide scales depend on
environmental conditions [1]. Erosion is a major cause of
degradation of turbine components.

Erosive wear is caused in the solid bodies by the
action of diding or impact of solids, liquids, gases or a
combination of these [2]. Erosion can be divided in to three
basic types. Solid particle erosion, liquid impact erosion and
cavitation erosion. Cavitation erosion is the loss of material
due to the repeated formation and collapse of bubbles in a
liquid. Liquid impact erosion isthe damage by water droplets.
Solid particle erosion involvestheimpact of solid particleson
asolid surface. Solid particle erosion is an important material
degradation mechanism encountered in a number of
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engineering systems such asthermal power plants, aircraft gas
turbine engines, pneumatic bulk transport systems, coal
liquefaction/gasification plants and ore or coal dlurry pipe
lines. At the same time, the erosion process has been used as
beneficial onein a number of situations like sand blasting of
castings, shot peening of rotating components, cutting of hard
and brittle materials by abrasive jets and rock drilling [3].

[I. EXPERIMENTAL DETAILS

A. Substrate Material and Coating Formulation

Substrate material of Titanium aloy (Ti-31), Which is
used as a candidate material for turbine blades were procured
from Mishra Dhatu Nigam Limited, Hyderabad, India. The
stated composition of the substrate material is given in the
Table |. Material was brought in sheet form and coupons of
size 25 mm X 25 mm X 5 mm were cut and used for
deposition. Substrate steels were grit-blasted with Al,Os
before HVOF spraying to develop better adhesion between
the substrate and the coating.

Tablel Chemical compositions of the substrate used for
HVOF coating.

S Substrate Chemical composition ASTM Grade
No
1 Titanium Alloy Ti-6Al-4V ASTM B338
(Ti-31) Grade 5

Coating Powder was chosen based on their resistance
against hot corrosion and erosion. The Oxide alloy powder of
10%A1203+90% (Bal Co-23Cr-7Al-9Ta-0.68Y) was used as
the feedstock alloy for HVOF spraying. The details of the
feedstock alloy used and HV OF coating aregivenin Tablell.
HVOF spraying was carried out using METCO DJ2600
equipment, which utilizes a supersonic jet generated by the
combustion of liquid petroleum gas and oxygen mixture. The
HV OF coating process was carried out in Spray met Coating
Industries, Bangalore, India and Anod Plasma Industries,
Kanpur, India. The spraying parameters employed during
HVOF deposition were listed in Table 3 and kept constant
throughout coating process.

B. Erosion Studies

Room temperature, solid particle erosion studies were carried
out using air jet erosion test rig as per ASTM G76-02
standard(Figure 1). Tests were conducted at the Surface
Engineering Laboratory, PESIT, Bangalore, India The
erosion studies were performed on uncoated as well as coated
samples for the purpose of comparison.
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The samples was first cleaned in acetone using an ultrasonic
cleaner, dried and then weighed using an electronic balance
with least count of 0.01 mg.

The samples was then fixed to the sample holder of the
erosion test rig and eroded with silica sand at the
predetermined particle feed rate, impact velocity and impact
angle for period of about 5 min. The samples was then
removed, cleaned in actone and dried and weighed to
determine the weight loss (i.e., testing time x particle feed
rate) was then computed as the dimensionless incremental
erosion rate. The above procedure was repested till the
incremental erosion. Erodent material issilicasand and sizeis
125-180(m).The particle velocity is 40(m/s) and feed rate is
5(g/min).

Table Il Composition of the feedstock alloy

ﬁc.). ggxggg Chemical composition Shape Zi;t'de
10%AI1203+90%(Bal
1 Oxide Co-23Cr-7AI1-9Ta-0.68Y) Spher -45to
alloy (Fused powder) -ical +15pm
powder Powder Alloy Corporation,
Cincinnati, Ohio

I11. RESULTSAND DISCUSSION

A. Uncoated Ti-31 Alloy

The photographs of the erosion scar produced on the Ti-31
sample, with 30°, 60° and 90° of erodent impact angle are
showninFig. 1 a, b, ¢, respectively. The centre portion of the
eroded scar (A) represents localized region of materid
removal and it is surrounded by aregion of elastically loaded
material (B). The loss in weight of the sample after each 5
minutes is measured and using weight loss and mass of the
erodent, erosion rate is measured as follows:

Erosion rate (g/g) = Cumulative weight loss of sample/ Mass
of erodent. An erosion rate curve isdrawn asaplot of erosion
rate versus cumulative mass of the erodent, for each erodent
impact angle.

Steady state volume erosion rate is estimated as follows:
Steady state volume erosion rate (cm/g) = Average of erosion
rate/ Density.

The erosion rate curves along with the bar chart indicating the
steady state volume erosion rate are shown in Fig. 2. From
Figure 2a, the sample shows highest erosion rate, when it is
impacted at 30° and minimum erosion rate when it isimpacted
at 90°. Similar trend is observed in steady state volume
erosion rate (Fig. 2b) also. Thisis characteristic behaviour of

Fig. 1 Macrographs of uncoated Ti-31 alloy impacted by
silica erodent at different angles (a) Impact angle of 30°
(b) Impact angle of 60° c) Impact angle of 90°.
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Fig. 2 Plot of erosion rate ver sus cumulative mass of
erodent of uncoated Ti-31 alloy subjected to erosion at
30°, 60° and 90° impact angle (a) Variation of the erosion
rate (b) Histogram illustrating the steady state volume
erosion rate.

83.2%Ti0,
6.7% AL,0,
3.9% Si0,
6.1% V05

Fig. 3 SEM micrographs showing the mor phology of
eroded Ti-31 at an impact angle of 30°.
Figure 3 shows the micrographs of erosion scar produced on
uncoated Ti-31, at an impact angle of 30°. The micrographs
show clear indications of material damage in the form
ploughing (Fig. 3a), groove (Fig. 3b) and loose debris (Fig.
30).
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The loose debris is predominantly Ti. Ploughing of the
sample surface by the erodent particles is a common method
of material removal and SEM micrographs indicate it.
Ploughing takes place extensively at 30° impact angle
compared to 90° (Fig. 4)impact angle, for al three uncoated
samples. SEM micrographs also indicate severe plastic
deformation along with ploughing. The hard silica particles
have sheared the material towards sides and in turn produced
material lips. Erosion damage with plastic deformation is
common in the case of ductile materials. It is reported that
ductile materials show more erosion wear at lower impact
angles and ploughing is an important mode of wear damage.
At impact angles of 60° (Fig. 4)and 90°(Fig. 4), erosivelossis
less compared to 30° impact angle. Thisis due to embedment
of silica particles (erodent) in the target material and thisis
more at higher impact angle. This acts as a shield against
further impacting particles.In few situations, the embedded
silica particles have falen off and this has resulted in the
formation of cavities. The cavitiesincrease the rate of erosion
loss.

Figure 4 shows the micrographs of erosion scar on uncoated
Ti-31. Fig. 4a(60% shows material damage in the form of
ploughing. In Fig.4b(60°%), the entrapment of the erodent
(Si02) within the substrate Ti-31 is observed and in
Fig.4c(60°), the crater created when the embedded erodent is
fallen off during the erosion processis presented. In Figure 4,
microstructures on the scar produced due to normal impact
(90°) of erodent on the uncoated Ti-31 are presented.
Microstructures present evidences for ploughing (Fig 4a-90°),
embedment of silica erodent (Fig 4b-90°) and groove (Fig
4c-90°)
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Fig. 4 SEM micrographs showing the morphology of
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eroded surfaces on uncoated Ti-31, with an impact
Angles of 60° and 90°.

B. Solid Particle Erosion Studies On Coated Samples

Solid particle erosion studies were done on 10% Al,O; +
CoCrAlTaY, coated Ti-31 sample. Al-Fadhli et a. [17]
reported that the erosion resistance of HV OF sprayed coating
is independent type of substrate. In this investigation, only
Ti-31 is used as substrate for investigation of erosion
behaviour.

Fig. 5 Macrographs of 10% Al,Os-CoCrAlTaY coated

Ti-31 impacted by silica erodent at different angles (a)

Impact angle 30° (b) Impact angle 60° (c) | mpact angle

90e.

Fig. 5 shows the macrographs of the erosion scar produced on
the 10% Al,Os-CoCrAlTaY coated Ti-31, using silica as
erodent. The erosion scar produced using impact angles of
30°, 60° and 90° is shown in Fig. 5a, 5b and 5c respectively.
The plots of erosion rate as a function of cumulative mass of
erodent and steady state volume erosion rate as a function of
impact angle are presented in Fig. 6a and 6b, respectively.
The plot shows that (Fig. 6a), after the initial transient, the
erosion rate becomes stabilised to a constant value and the
stabilised value is highest for the impact angle of 90° and the
lowest for the impact angle of 30°. Thisis also presented in
the plot of steady state volume erosion rate versus impact
angle (Fig. 6b). Thebar chart showninFig. 6b issimilar to the
damage of brittle materials under erosion conditions [18, 19].
Generally, brittle materials exhibit more erosive loss at
impact angle of 90° compared to that at 30°.
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Fig. 6 Plot of erosion rate ver sus cumulative mass of
erodent of 10% Al,03-CoCrAlTaY coated Ti-31 subjected
toerosion at 30°, 60° and 90° impact angle (a) Variation of

the erosion
rate (b) Histogram illustrating the steady state volume
erosion rate.

Figure 7 shows micrographs of the eroded scar produced in
10% Al,O45-CoCrAlTaY coated Ti-31, using an impact angle
of 30°. Micrographs clearly indicate the material damage by
crater formation (Fig. 7a), crack formation (Fig. 7b) and
attachment of silica erodent (Fig. 7c). Though the silica
particle is sticking to the coated surface, they are not
embedded as observed in the case of uncoated samples.
Figure 8 shows typical microstructures observed in the scar
produced with an impact angle of 60°. Following features are
observed in the micrographs. Fig. 8a shows formation of
cracks and lips during the impact with silica particles; Fig. 8b
shows the attachment of silica particle, Fig. 8c shows the
Al,O;3 pull out particles during erosion and Fig. 8d shows the
crater created due to removal of particle from the surface.

Fig. 7 SEM micrographs showing the mor phology of
eroded surface on 10% Al,O3-CoCrAlITaY coated Ti-31,
with an impact angle of 30°.

The micrographs of the scar produced during the erosion with
an impact angle of 90° are presented in Fig. 9. Fig. 9a and
shows the crater and Fig. 9b shows the micrograph with
indications of crack, Fig. 9c shows groove formation due to
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cutting action of hard silica particles and Fig. 9d shows the
attachment of erodent particles on the coated surface.

Fig. 8 SEM micrographs showing the mor phology of
eroded surface on 10% Al,O5-CoCrAlTaY coated Ti-31,
with an impact angle of 60°.

Fig. 9 SEM micrographs showing the mor phology of
eroded surface on 10% Al,O3-CoCrAlTaY coated Ti-31,
with an impact angle of 90°.
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IV. DISCUSSION

Fig. 7 shows variation of erosion rate as a function of
cumulative mass of erodent for the HVOF sprayed
10%AI,05-CoCrAlTaYy coated Ti-31 at various impact
angles. The material loss is higher at 90° impact angle
compared to 30° and 60° impact angles. Dramatic increase in
the erosion rate at higher impact angle (near to 90°) compared
to impact angles of 30° or 60° indicates that the material
behavior is brittle under solid particle erosion conditions [3].
Initially high erosion rates are observed (Fig. 6a) as a result of
rough outer surface of the as-sprayed coatings (Ra of as
sprayed coating-4.1um,). The globular protuberances on the
as-sprayed surface are smoothened out by the impacting
particles and the lower steady state erosion condition is
reached with the increased cumulative mass of the erodent.

The mechanism of material removal during erosion
of brittle materialsis explained by Sheldon and Finnie, (1966)
[20]. It is generdly thought that when erodent is sub
millimeter scale and angular in shape, erosion occurs by
lateral (or conical) cracking. During repeated impacts of hard,
erosive particleslateral cracks areformed. Subsequently, they
intersect and loosen the chunk of the material which will be
removed during next impact, [21]. It is aso thought that the
similar damage mechanism is active under both normal and
obligue impact conditions[13].

The coating microstructure can be considered as a
composite microstructure consisting of a hard phase
(consisting of alumina) embedded in a relatively soft matrix
made of metallic constituents. In such systems, Soderberg
[22] suggested that the relative value of erodent particle size
with respect to microstructural scale affects damage
mechanism. When erodent particle sizeis larger compared to
microstructural length scale, the damage due to individual
impact overlaps the microstructural features and the damage
within the feature is constrained by other features. In such
cases the damage is mainly due to hard phase cracking and its
dislodgement leading to formation of craters at the surface.
The crater formation is also possible if hard, angular particle
impacts the soft matrix at an angle and in turn dislodges the
particle from its site. Soderberg [22] believes that for this to
happen, interfacial strength between soft phase and hard
phase must be small.

The SEM micrographs showing the details of
microstructural features in scars produced with impact angles
of 30° 60° and 90° shows a multiple modes of damage
activity. The cracks are observed in al three impact angles
(Fig. 7, Fig. 8 and Fig. 9). Most of the cracks are multiplein
nature and limited to local regions. Extending the logic
presented by soderberg et al. [22], we concludethat cracksare
generated in Al,O; phase. The propagation of the crack is
limited by the presence of soft phase surrounding the hard
phase. This limits the damage by the erodent particles.

The SEM micrographs shown in Fig. 7, Fig. 8 and
Fig. 9 aso indicate that the crater formation is extensive.
Coarse, partially molten splats have disintegrated during
impact with hard erodent particles and the cracks which are
generated during disintegration got connected and separated
from the bulk of the coating. Also, in the process they have
created small craters. In few locations, complete hard phase
have come out. This happens at those locations, where
interface is poor due to partial melting of the powders during
HVOF spraying. Also, some amount of local oxidation will

Retrieval Number: D8864118419/20200BEIESP
DOI:10.35940/ijrte.D8864.018520
Journal Website: www.ijrte.org

1609

International Journal of Recent Technology and Engineering (IJRTE)

| SSN: 2277-3878, Volume-8 I ssue-5, January 2020

take place during the flight of semi molten splat from the
HVOF gun towards the sample surface. The oxidation will
reduce the bond between depositing splats. Fig. 8d shows a
crater formed predominantly in the softer binder region,
leading to dislodging of hard particles, whereas the crater
formed in Fig. 7aand Fig. 8acan be thought as due to multiple
cracking of hard phase and dislodging of the fragments. Other
than that silica particles are embedded in the coated sample
(Fig. 7c, Fig. 8b and Fig. 9d). In all images, we notice that the
penetration of silicain to the sample is very small. Thisis a
distinct feature compared to penetration of silicain to plain
Ti-31 (Fig. 9d).Similar interactions between erodent and hard
composite coating is reported elsewhere [24-26].

When hard erodent impacts soft matrix phase
present in the composite coating, the matrix phase undergoes
plastic deformation. If sharp edge of the angular erodent faces
the sample surface, it generates ploughing and groove action.
Both generate flow lips. Ploughing introduces more plastic
deformation and strain hardening. Compared Ti-31 alone, the
matrix phase in the composite coating is less ductile and the
local materia (where erodent impacts) becomes brittle. This
regionisproneto cracking and spalling dueto extensive strain
hardening.

Tablelll Comparison of angle of impingement and steady
state volume erosion rate

Angle of Uncoated Coated
I mpingement Material(cm®gX10®) | Material(cm®gx10®)
30° 0.8 4
60° 0.75 5.5
90° 0.4 7

From Table Il1, Fig.2 and Fig.6, It shows the comparison of
uncoated and coated samples of erosion rate versus angle of
impingement. It confirmed that erosion rate is very low
initially and increases gradually(Fig.2) and in coated samples
erosion rate is high initially and gradually becomes constant
erosion rate(Fig.6).In coated samples, erodent particles are
stuck on top surface of substrate and avoids the further
erosion rate as compared with the uncoated samples. In
uncoated samples, erosion rate is not constant and
continuously degrade the material.

V. CONCLUSION

Higher erosion loss observed for 10% Al,Os-CoCrAlTaY
coating is attributed to brittle mode of erosion and higher
porosity in the coating. The embedment of silica particles
into the open porosity are evident from the micrograph
which resulted in deeper craters, erosion behavior (brittle)
of the coating resulting from extensive plastic flow.

Substrate alloys exhibit lower steady state volume
erosion rate in comparison to HVOF coating under test
conditions. The higher hardness ratio between silica
erodent particle and substrate alloys might have caused the
penetration of silica particles in to the surface which
bestow some shielding effect against impacting particles
leading to lower wear loss. Also, the uncoated alloys being
ductile in nature plastic deformation and strain hardening
contributes for increased erosion resistance.
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