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Hot dip galvanizing has been extensively employed for corrosion protection of steel structures. However,
during the process of galvanization, the corrosion in molten zinc brings many problems to galvanization
industry. In this study, as a material of corrosion resistance to molten zinc intended for application in
Hot-dip galvanization, HVOF Ti28.15Al63.4Nb8.25Y (at.%) coatings with different bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) were deposited onto 316L stainless steel substrate,
respectively. The influences of different bond coats on HVOF Ti28.15Al63.4Nb8.25Y coatings were
investigated. The results showed that bond coat had an obvious influence on improving the mechanical
properties of HVOF Ti28.15Al63.4Nb8.25Y coatings. HVOF Ti28.15Al63.4Nb8.25Y coatings with NiCoCrAlY
bond coat displayed the best mechanical properties. However, bond coats had no obvious effects on the
microstructure, porosity, and hardness of HVOF Ti28.15Al63.4Nb8.25Y top coatings. The effects of
as-received powder morphology and grain size on the characteristics of coatings were also discussed.

Keywords bond strength, high velocity oxygen-fuel, porosity,
thermal shock test, TiAlNb intermetallic com-
pound

1. Introduction

Hot-dip galvanization is one of the best and most
extensively employed methods to protect steel against
corrosion (Ref 1-5). However, there is a critical problem
of almost all components of galvanizing equipment being
corroded by molten zinc at temperatures 460-650 �C in the
galvanization process. The formation of intermetallic
phases and alloys developed on the surface of galvanized
components during galvanization brings a series of prob-
lems to galvanization industry (Ref 2, 6).

In a continuous galvanizing line (CGL), the bath
hardware such as pot roll is very important because it is in
direct contact with the liquid zinc. Stainless steels are
generally used as roll materials, but their corrosion resis-
tance to molten zinc is not good enough (Ref 7). To
improve the surface characteristics of materials, different
types of thermal spray processes can be used (Ref 8-10).
HVOF spray process is an economical and effective

thermal spray process to deposit more dense and less
oxidized coating than air plasma spraying (Ref 11-13).

HVOF WC-Co coating on 316L stainless steel is used
in the CGL (Ref 14-17). But the lifetime of HVOF WC-
Co coating in molten zinc is approximately 2 weeks. An
improvement in the material used for the bath hardware in
hot-dip galvanizing would mean a decrease in the fre-
quency of line shutdowns and expensive bath hardware
changes.

The major requirement for any coating is to establish
an adhesion pattern to the substrate that permits to
maintain its integrity under service conditions (Ref 18).
Debonding of the top layer or of the bond coat layer will
lead to the collapse of the overall coating system. Several
possible factors such as residual stresses, pores, cracks,
bond strength, and thermal shock property will affect the
coating structural integrity (Ref 19–22).

Recently, a novel thermal spray material of MoB/CoCr
with higher durability in molten Al-Zn alloys has been
developed (Ref 15, 23). The lifetimes of HVOF MoB/
CoCr coatings (>600 h) show dramatically longer oper-
ating lifetimes when compared to conventional HVOF
WC-Co and WC-Co-Cr coatings in molten alloys of
Al-45 wt.% Zn and 55 wt.% Al-Zn-1.5 wt.% Si (Ref 15,
24). From the work we carried out, we found that TiAlNb
alloys (such as Ti4Nb3Al9 (at.%) and TiAl45Nb8 (at.%)
alloys) in bulk form had excellent corrosion resistance to
molten zinc in molten alloy of Zn-0.2 wt.% Al (Ref 7, 25,
26). The lifetime of Ti4Nb3Al9 (at.%) alloy in molten zinc
exceeded 150 days. But, they cannot be employed as
integral workpiece due to their brittleness. The HVOF
Ti4Nb3Al9 (at.%) and Ti28.15Al63.4Nb8.25Y (at.%) coatings
in the previous works also showed good corrosion resis-
tance to molten zinc. The lifetime of HVOF Ti4Nb3Al9
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coatings reached 45 days and HVOF Ti28.15Al63.4Nb8.25Y
coatings kept integrity after a long time in molten zinc. To
improve the lifetime of immersed bath hardware in con-
tinuous hot-dip galvanizing line, the TiAlNb intermetallic
compounds are potentially suitable materials for applica-
tion in the galvanizing industry.

To enhance the lifetime of HVOF TiAlNb coating, the
effects of spraying parameters on the coatings have been
discussed (Ref 27). In this study, four different kinds of bond
coat materials (NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and
NiCr80/20) were deposited onto 316L stainless steel using
HVOF thermal spraying. The preparation of Ti28.15Al63.4

Nb8.25Y powder was easier than that of Ti4Nb3Al9 alloy due
to its brittleness, so, the Ti28.15Al63.4Nb8.25Y intermetallic
compound of good oxidation resistance was selected to serve
as top coat material. The influence of bond coats on bond
strength, microstructure, hardness, porosity, and thermal
shock property of HVOF Ti28.15Al63.4Nb8.25Y top coating
was investigated. In this study, we attempted to select a kind
of bond coat material suitable for HVOF Ti28.15Al63.4

Nb8.25Y top coating and to improve the mechanical behav-
iors of HVOF Ti28.15Al63.4Nb8.25Y coating.

2. Experimental Procedures

2.1 Powder and Specimen Preparation

The top coat material of Ti28.15Al63.4Nb8.25Y (at.%)
alloy was prepared from high-purity titanium chip (99.99
wt.%), aluminum (99.99 wt.%), yttrium (99.9 wt.%), and
Nb-Al master alloy (99.9 wt.%, Nb74.48 wt.%, and
Al25.52 wt.%) by arc-melting using a nonconsumable
electrode under high-purity argon. To ensure composi-
tional uniformity, each button was melted for five times.
The Ti28.15Al63.4Nb8.25Y (at.%) powder was prepared by
shake crusher (J100-I, Nanchang, China). First, the
Ti28.15Al63.4Nb8.25Y (at.%) alloy was crushed to small
pieces with the diameter of <5 mm. Then the small pieces
of Ti28.15Al63.4Nb8.25Y (at.%) alloy were put in shake
crusher and mechanical crushed once in 1 min. Powder
was achieved by sieving using the sieve of 350 mesh before
spraying in accordance with the projection characteristics
of HVOF spraying system. Four kinds of commercially
available powders offered by Beijing General Research
Institute of Mining and Metallurgy were used as bond coat
materials. The commercial names of the four powders
employed are KF-110 (NiCr5Al), KF-113 (NiCoCrAlY),
KF-330 (CoCrAlYTaSi), and KF-306 (NiCr80/20). The
morphology and characterization of the as-received pow-
ders are shown in Fig. 1 and Table 1, respectively. The
powders display nonspherical or spherical morphology, as
shown in Fig. 1.

Laser grain size distribution analysis apparatus (LMS-
30, Japan) was applied for grain size distribution test of
Ti28.15Al63.4Nb8.25Y powder. The medium size (D50) of
powder is 15.5 lm, as shown in Table 1. The 316L steel
with the composition of 0.03 wt.% C, 0.08 wt.% Mn,
0.035 wt.% P, 0.025 wt.% S, 10.25 wt.% Ni, 18.0 wt.% Cr,

and 2 wt.% Mo was used as a substrate because of its
industrial application to rolls. Prior to deposition, the
substrate was grit blasted using brown corundum of 24
mesh with the blasting pressure of 0.42 MPa. The rough-
ness Ra is 8.33 lm measured by (TR-240, Beijing Times,
China) roughness analysis apparatus (Ref 27). The ther-
mal expansion coefficient was obtained by thermal
expansion analysis apparatus (NETZSCH DIL 402C,
Germany). The sample was measured under high-purity
argon with the dimensions of ˘5 9 25 mm.

2.2 Deposition of HVOF Coatings

HVOF spraying was carried out using DJ-2700 with a
DJ9W/DJM spray gun (Sulzer Metco AG, Switzerland).
The oxygen to fuel (Propane) ratio was 5.5 during the
spraying process of HVOF Ti28.15Al63.4Nb8.25Y top coat-
ing and it corresponded to a slight oxygen-rich mixture.
Oxygen and fuel reacted in the mixing zone of the spray
gun and the stream accelerated the powder to supersonic
speed. The materials were sprayed onto 50 9 50 9 6 mm
316L stainless steel for sample characterization and
˘25.4 9 50 mm steel cylinders for the tensile adhesion
tests. Air jet was used as cooling media, directed to the
surface of the coating, to keep the surface temperature
below 150 �C during the spraying process. The infrared
temperature measurement apparatus was applied in sur-
face temperature measurement of sprayed coatings. The
spraying parameters of HVOF Ti28.15Al63.4Nb8.25Y coat-
ings are shown in Table 2. During the HVOF spraying
process of bond coats and Ti28.15Al63.4Nb8.25Y top coats,
the spraying pressures of air, oxygen, and fuel (propane)
are 0.69, 1.03, and 0.76 MPa, respectively. The bond coat
and top coat thicknesses were fixed as d = 150 ± 20 lm,
respectively. The total number of torch cycles for different
bond coats (NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and
NiCr80/20) and Ti28.15Al63.4Nb8.25Y top coats is 10 and 15,
respectively.

2.3 Bond Strength Test

The tensile adhesion test specified by ASTM C633-01
(Ref 28) was used to measure the tensile bonding strength
of coating. In performing this test, two identical cylindrical
rods (˘25.4 9 50 mm), one with coating on the flat sur-
face and the other without coating, were prepared. The
flat surface of the uncoated rod, which was to be bonded
to the coated rod, was sand-blast-roughened to enhance
resin adherence. The schematic illustration of tensile
adhesion test is shown in Fig. 2. A thin layer of E-7
adhesive glue with a tensile fracture strength of over
70 MPa was applied. After the two rods were aligned, the
compressive stress was applied to both rods to assure
intimate contact between the resin and the two surfaces.
After 1 h of drying at 149 �C, the bonded rods were
cooled to room temperature. The tensile bonding strength
was measured by a material tester (100 kN load cell;
Shenzhen, China) at a cross-head speed of 1 mm/min. The
value achieved represented an average of five tests.

1246—Volume 21(6) December 2012 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



Table 1 Characterization of as-received powder

Powder

Composition, at.%

Particle size, lm MorphologyTi Al Nb Y Ni Cr Co Ta Si

Ti28.15Al63.4Nb8.25Y 26.79 65.49 7.52 0.19 … … … … … D10 = 5.9D50 = 15.5D90 = 33.2 Nonspherical
NiCr5Al … 11.94 … … 69.49 18.57 … … … D10 = 7.3D50 = 22.3D90 = 41.7 Nonspherical
NiCoCrAlY … 17.71 … 0.51 41.65 20.03 20.1 … … D10 = 8.2D50 = 24.1D90 = 43.6 Nonspherical
NiCr80/20 … … … … 77.23 22.77 … … … D10 = 19.8D50 = 33.1D90 = 52.3 Spherical
CoCrAlYTaSi … 18.61 … 1.69 … 27.44 44.38 1.42 5.32 D10 = 26.3D50 = 39.4D90 = 58.6 Spherical

Table 2 Spraying parameters of HVOF Ti28.15Al63.4Nb8.25Y coatings

Coating tape
Flow of

air, L/min
Flow of

oxygen, L/min
Flow of

propane, L/min
Spray

distance, mm

Movement
speed of

spraying gun, mm/s
Powder feed
rate, g/min

Ti28.15Al63.4Nb8.25Y 372.8 143.1 26.4 200 700 10
NiCr5Al 357.9 197.6 26.4 200 700 30
NiCoCrAlY 357.9 197.6 26.4 200 700 30
CoCrAlYTaSi 357.9 197.6 26.4 200 700 30
NiCr80/20 357.9 197.6 26.4 200 700 30

Fig. 1 SEM morphologies of as-received (a) NiCr5Al, (b) NiCoCrAlY, (c) NiCr80/20, (d) CoCrAlYTaSi, and (e) Ti28.15Al63.4Nb8.25Y
powders
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2.4 XRD and Morphology Analysis

Thermal sprayed (HVOF) coatings with dimensions of
10 9 8 9 6 mm were used for the microstructure, poros-
ity, and hardness analyses. Before testing, the samples
were mounted in bakelite and ground using SiC paper
down to 2000 #. After they were ground with SiC paper,
bakelite-mounted samples were polished and then ultra-
sonically cleaned using acetone and deionized water for
10 min in turn. The cross-sectional morphology of coating
was observed by scanning electron microscopy (SEM)
with energy-dispersive x-ray spectrometry (EDX). Before
the samples were bakelite-mounted, x-ray diffraction
(D/Mar-rB, Rigaku, Japan) using Cu Ka radiation was
used to measure the phase of the bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) and the
HVOF Ti28.15Al63.4Nb8.25Y top coatings.

2.5 Porosity Test

Porosity was determined by the photoshop and image
tool (UTHSCSA) analysis. The porosity was measured on
the cross section of the samples. Optical image analysis
was used to determine the area percentage of open and
connected pores to determine the porosity. The porosity
value of every coating was the average of ten measure-
ments and the optical micrographs used were at 25009
magnification.

2.6 Microhardness Test

Vickers hardness tests were conducted with a 100 g
load and a dwell time of 15 s using a computer image
analysis system. The indent dimensions were set manually.
The cross section metallographic samples with coating
prepared for SEM analysis were used to measure the
microhardness. Hardness for each component-substrate,
bond coat, and top coat of the HVOF Ti28.15Al63.4Nb8.25Y
coatings with different bond coats was measured using the
Vickers hardness tests. A through-thickness evolution of
hardness in each coating system was scrutinized from the
substrate to the HVOF Ti28.15Al63.4Nb8.25Y top coating.
Hardness value of each data point mentioned in experi-
mental results is an average of ten indents.

2.7 Thermal Shock Test

The thermal shock test was performed by water
quenching method. The samples with dimensions of

50 9 50 9 6 mm were heated in SX2-2.5-12 box furnace in
air for 20 min at 600 �C and then quenched into water at a
temperature of 25 �C. Spallation with more than 20% of
the total area of the top coat was adopted as the criteria
for coating failure. The number of thermal cycles was
recorded and was the average of three measurements for
every kind of sample.

3. Results and Discussion

3.1 Microstructure of the Coating

Figure 3 showed the typical morphologies of HVOF
Ti28.15Al63.4Nb8.25Y coatings with different bond coats
(NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20).
The coatings (Fig. 3a to d) displayed a lamellar structure.
Figure 3 exhibited the limited porosity and partially mel-
ted particles in bond coats; and further, there are gaps or
pores existed in the interface between bond coat and
substrate. The unmelted particles of bond coats resulted in
the appearing of gaps or pores in the interface between
bond coat and substrate. The adhesive strength, hardness,
and thermal shock resistance of the whole HVOF
Ti28.15Al63.4Nb8.25Y coatings decreased due to the increase
of the defects, such as pores and oxides. The compact
microstructure between the coating and the substrate is
beneficial to the improvement of adhesive strength
(Ref 29).

High-magnification (50009) SEM micrograph of the
HVOF Ti28.15Al63.4Nb8.25Y coating is shown in Fig. 4.
EDS analysis was employed to analyze the possible phases
in the HVOF Ti28.15Al63.4Nb8.25Y coating. The analyses
were carried out on the typical points marked as points
a-c. Table 3 shows the EDS results obtained for those
points. It was clear that point a was the unmelted
Ti28.15Al63.4Nb8.25Y powder. The white area of point b was
the Niobium-rich phase. Slight amount of oxide inclusions
was detected at the grain boundary as shown by point c.
The percentage of oxide inclusions in the HVOF Ti28.15

Al63.4Nb8.25Y top coatings and bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) was <0.3
and <0.5%, respectively, which were measured by image
tool (UTHSCSA) software.

The Ti28.15Al63.4Nb8.25Y powder particles melted more
extensively than the bond coat powder particles, on
account of their finer particle size and lower melting point

Fig. 2 Schematic illustration of the ‘‘tensile adhesion’’ test apparatus
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(approximately 1400 �C). The relatively low amount of
unmelted inclusions in the top coat would be the main
reason for the high density of the top coat. Furthermore,
the localized plastic deformation of bond coat impinging

particles upon impact was insufficient, thus resulting in the
formation of small voids between two adjacent particles
(Ref 30). So, the top coats had denser and more compact
microstructures than bond coats.

3.2 XRD Analysis

X-ray diffraction patterns for the bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) and HVOF
Ti28.15Al63.4Nb8.25Y top coat were shown in Fig. 5. A
melting with rapid solidification process would rather lead
to the formation of metastable super-saturated solid
solutions. The XRD analysis of bond coats revealed that
the HVOF NiCr5Al bond coating included c-Ni and
c0-Ni3Al phases; the HVOF NiCoCrAlY bond coating
contained c-Ni, c-Co, c-Cr, and c0-Ni3Al phases; the
HVOF CoCrAlYTaSi bond coating was composed of
c-Co, c-Cr, and b-AlCo phases; the HVOF NiCr80/20
bond coating mainly consisted of c-Ni and c-Cr phases.
The result is in according with findings published in a
previous study (Ref 31).

As revealed by Fig. 5, The HVOF Ti28.15Al63.4Nb8.25Y
top coat was composed of c-TiAl, TiAl2, and AlTi3 phases.
Previous studies done by Zeng et al. (Ref 27) revealed that
the starting powder mainly consisted of c-TiAl and TiAl2
phases. This suggests that a new AlTi3 phase is presented
in the HVOF Ti28.15Al63.4Nb8.25Y top coat. The deposited
spray particles have reached melting state prior to the
impact on substrate. After having been sprayed, the
powder cooled rapidly to the room temperature. The high
cooling rate induced the formation of AlTi3 metastable
phase.

Fig. 3 Typical cross-sectional morphologies of the HVOF Ti28.15Al63.4Nb8.25Y coatings with 316L stainless steel substrate and different
bond coat materials. (a) NiCr5Al, (b) NiCoCrAlY, (c) CoCrAlYTaSi, and (d) NiCr80/20 bond coat

Fig. 4 High-magnification SEM micrograph of the HVOF
Ti28.15Al63.4Nb8.25Y coating

Table 3 EDS results of the marked points on the HVOF
Ti28.15Al63.4Nb8.25Y coating in Fig. 4

EDS
points Ti, at.% Al, at.% Nb, at.% Y, at.% O, at.%

a 27.35 63.47 9.03 0.15 …
b 12.07 23.0 64.93 … …
c 18.61 25.32 5.76 … 50.31
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3.3 Bond Strength

The bond strength values of HVOF Ti28.15Al63.4

Nb8.25Y coatings with different bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) are shown in
Fig. 6. Among the specimens, HVOF Ti28.15Al63.4Nb8.25Y
coatings with the NiCoCrAlY bond coat displayed the
highest bond strength. The HVOF Ti28.15Al63.4Nb8.25Y
coatings with NiCr5Al bond coat had lower bond strength
values than the HVOF Ti28.15Al63.4Nb8.25Y coatings with
NiCoCrAlY bond coat. HVOF Ti28.15Al63.4Nb8.25Y coat-
ings with CoCrAlYTaSi bond coat showed the lowest
bond strength values.

The bonded rods of all the tested cases failed in the
same mode. First, the failure started at the edge of coat-
ings which were sprayed on the flat surface of bonded

rods. Then, crack propagated through the coating. Finally,
the bonded rods separated through the epoxy glue. To
understand where coating failure occurred, EDS analysis
of the coating fracture area under area scanning model
was applied. The typical fracture surface of NiCr5Al
bonded rod (the flat surface of bonded rod sprayed with
Ti28.15Al63.4Nb8.25Y top coating and NiCr5Al bond coat-
ing) after adhesion test was subjected to SEM inspection.
The SEM micrographs and EDS analysis of the fracture
surface are shown in Fig. 7 and Table 4, respectively.
Among them, SEM micrograph of the fracture surface of
bonded rod after adhesion test is shown in Fig. 7(a), and
Fig. 7(b) displayed the high-magnification SEM micro-
graph of coating fracture area in Fig. 7(a). The EDS
spectrum and analysis results, as shown in Fig. 7(c) and
Table 4 indicated that elements Fe, Ni, Cr, and Al existed
in the coating fracture area of sample. Furthermore, the
components (Ti and Nb) of HVOF Ti28.15Al63.4Nb8.25Y
top coating were not detected. Fe should be from the 316L
stainless steel substrate and it showed a typical adhesive
failure of HVOF Ti28.15Al63.4Nb8.25Y coatings. Elements
Ni, Cr, and Al showed a cohesive failure of the HVOF
Ti28.15Al63.4Nb8.25Y coatings and the lack of element Ti
and Nb indicated that the crack proceeded within the
bond coat. The results showed that a mixed failure mode
of adhesive (coating to substrate) and cohesive (within the
inter- and intra-lamellar structure of coating) occurred in
the tested samples. Due to the thermal mismatch between
bond coat and substrate, the micro-cracks are easier to
propagate and extend in bond coat (Ref 32).

During the process of spraying, the flight particles were
sprayed on the stainless steel substrate and produced the
peening stresses between coating and substrate. The
mechanism interlock strength of nonspherical particles
was higher than that of the spherical ones. Furthermore,
the mismatch in thermal expansion coefficients between
HVOF NiCoCrAlY bond coating and 316L stainless
steel substrate (shown in Table 5) is small; therefore,
the cooling stress in thermally sprayed coating with
NiCoCrAlY bond coat is lower than the other three bond
coats. In addition, as stated in Ref 33, nonspherical par-
ticles reached higher average velocities than spherical
powder at the same operation parameters due to higher
drag coefficient for nonspherical particles; the kinetic
energy prior to impact was a key factor for strong adhe-
sion. Moreover, the higher roughness value (Ra =
6.74 lm) of HVOF NiCoCrAlY bond coat had a benefi-
cial effect of bond strength. All these would account for
the highest bond strength of HVOF NiCoCrAlY coatings.

3.4 Porosity

The porosity values of bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) and HVOF Ti28.15

Al63.4Nb8.25Y top coats were determined by the image tool
analysis, as shown in Fig. 8 and 9. As revealed in Fig. 8,
the porosities of bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) were 1.22, 1.24, 0.74, and
0.41%, respectively. The results clearly demonstrated that
the bond coats of NiCr5Al and NiCoCrAlY had higher

Fig. 6 Bond strength of HVOF Ti28.15Al63.4Nb8.25Y coatings
with different bond coats

Fig. 5 XRD patterns of HVOF Ti28.15Al63.4Nb8.25Y top coat
and the bond coats of NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and
NiCr80/20
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porosity values than the CoCrAlYTaSi and NiCr80/20
bond coats. Porosity was lower in the bond coats
(CoCrAlYTaSi and NiCr80/20) which were deposited
using the spherical feedstock powders. It was probably
because of their more regular shape and narrower size
distribution, as shown in Table 1. During the process of
HVOF spraying, regular shape and narrower size distri-
bution of spray powder resulted in more homogeneous
heating and acceleration and reduced the formation of
defects. Furthermore, the curved surface of the spherical
particle permits the kinetic energy to flow from the
nearby nodes and increases the internal energy of
spherical particles.

On the other hand, it is seen in Table 1 that the non-
spherical particles possess much broader particle size
distribution than the spherical ones. Particles with very
different sizes cannot be uniformly treated in the HVOF
jet; therefore, the broad particle size distribution is likely
to result in greater inhomogeneity, larger defectiveness
and higher porosity in the coating. Excessively fine parti-
cles are overheated and severely oxidized (especially in an

oxidizing, oxygen-rich flame), while large ones are
unmelted, producing nonflattened inclusions.

Furthermore, increased contacting area between the
nonspherical particles and lower temperature profiles
induce the lower levels of plastic deformation. So, the
spherical powder gives denser coating, whereas the milled
nonspherical powder creates more porous coatings
(Ref 32).

The porosity values of HVOF Ti28.15Al63.4Nb8.25Y top
coatings with different bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) are displayed in Fig. 9.
The results clearly demonstrated that the HVOF
Ti28.15Al63.4Nb8.25Y top coatings with different bond coats
had the close porosity values. In general, small particles
are favorable to forming dense coatings after thermal
spraying. As shown in Table 1, the particle size of
Ti28.15Al63.4Nb8.25Y was smaller. During the process of
HVOF spraying, the smaller the particle size, the more
easily it is to be accelerated and decelerated. After HVOF
spray, the higher levels of plastic deformation of smaller
particles give denser coatings. HVOF Ti28.15Al63.4Nb8.25Y
top coatings with different bond coats (NiCr5Al, NiCoC-
rAlY, CoCrAlYTaSi, and NiCr80/20) had close porosity
values at the same operation conditions. The bond coats
had slight effects on the porosity of HVOF Ti28.15

Al63.4Nb8.25Y top coatings.

3.5 Microhardness

Hardness is the most frequently quoted mechanical
property of the coatings. The Vickers hardness values
(HV0.1) along the cross section of HVOF Ti28.15Al63.4

Fig. 7 SEM micrographs and EDS analysis of the fracture surface of bonded rod (the flat surface of bonded rod HVOF sprayed with
Ti28.15Al63.4Nb8.25Y top coating and NiCr5Al bond coating) after adhesion test (a) SEM micrograph of the fracture surface of bonded
rod after adhesion test (b) high-magnification SEM micrograph of coating fracture area in (a). (c) EDS spectrum of coating fracture
area in (a)

Table 4 EDS analysis results of the spectrum shown in
Fig. 7(c)

Element
line Weight % Weight % error Atom % Atom % error

Al K 14.27 ±0.43 25.56 ±0.77
Cr K 16.58 ±0.60 15.41 ±0.56
Fe K 49.46 ±1.22 42.81 ±1.05
Ni K 19.7 ±1.06 16.22 ±0.87
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Nb8.25Y coatings deposited on 316L stainless steel sub-
strate with different bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) are shown in Fig. 10. The
measured hardness values for each bond coat were 282.5-
362.3 for NiCr5Al bond coat, 335.1-396.2 for NiCoCrAlY
bond coat, 684.5-725.3 for CoCrAlYTaSi bond coat, and
321.4-374.6 for NiCr80/20 bond coat.

Among the four kinds of bond coats, CoCrAlYTaSi
displayed the highest microhardness values. The hardness
values of the HVOF Ti28.15Al63.4Nb8.25Y top coatings with

different bond coats lay in the range of 500-600. The
hardness values of the HVOF Ti28.15Al63.4Nb8.25Y top
coatings were significantly higher than that of the 316L
stainless steel substrate. The nonuniformity of the hard-
ness values of HVOF Ti28.15Al63.4Nb8.25Y top coatings was
probably attributed to the microstructural changes along
the cross section of the coatings (Ref 34). These micro-
structural changes might be due to the presence of
porosity, oxidized, melted, unmelted, and semi-melted
particles in the coating structure as observed in SEM and
optical micrographs (Ref 35, 36). Porosity in coating has a
negative effective on the hardness of coatings. Excessive
porosities in the coatings will cause the falling of hardness
values (Ref 37).

3.6 Thermal Shock Test

Optical photograph of spalled sample after thermal
shock test is shown in Fig. 11. Figure 12 gives the results
of thermal shock test of the HVOF Ti28.15Al63.4Nb8.25Y
coatings with different bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20). The results indicated that
the HVOF Ti28.15Al63.4Nb8.25Y coating with NiCoCrAlY
bond coat displayed the best thermal shock life. On the
contrary, the HVOF Ti28.15Al63.4Nb8.25Y coating with
CoCrAlYTaSi bond coat revealed the worst thermal
shock life. The cycling number of the coating with NiC-
oCrAlY bond coat reached 116 in thermal shock test. But,

Fig. 9 Porosity values of HVOF Ti28.15Al63.4Nb8.25Y top coats
with NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20 bond
coat

Fig. 10 Microhardness values of HVOF Ti28.15Al63.4Nb8.25Y
coatings deposited on 316L stainless steel substrate with Ni-
Cr5Al, NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20 bond coats

Fig. 8 Porosity values of NiCr5Al, NiCoCrAlY, CoCrAlYTaSi,
and NiCr80/20 bond coats of HVOF Ti28.15Al63.4Nb8.25Y coatings

Table 5 Thermal expansion coefficient of coating materials

Alloys Ti28.15Al63.4 Nb8.25Y
316L Stainless

Steel NiCr CoCrAlYTaSi NiCoCrAlY NiCr5Al

Temperature, �C 825 825 825 825 825 825
Thermal expansion

coefficient (10�6/K)
13.01 17.9 13.42 13.48 13.84 13.62
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the coat with CoCrAlYTaSi bond coat failed after 21
thermal cyclings at 600 �C.

All the samples of the HVOF Ti28.15Al63.4Nb8.25Y
coatings with different bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) failed along the interface
between the bond coat and substrate, rather than along
the interface between the top coat and the bond coat or in
the HVOF Ti28.15Al63.4Nb8.25Y top coating.

During the process of thermal shock testing, there was
no macro-crack in the coating samples (HVOF Ti28.15

Al63.4Nb8.25Y coating with NiCr5Al, NiCoCrAlY, CoCr-
AlYTaSi, and NiCr80/20 bond coat, respectively) after 15
thermal cyclings. However, after 18 thermal cyclings,
the edge of HVOF Ti28.15Al63.4Nb8.25Y coating with
CoCrAlYTaSi bond coat started to spall and drop first due
to the shearing stress. The micro-crack propagated and
extended gradually in the coatings near the edge with the
increase of thermal cyclings. The cracks increased and
some appeared to close while they form an obvious net-
work state. Furthermore, the coatings of HVOF
Ti28.15Al63.4Nb8.25Y coating with CoCrAlYTaSi bond coat
dropped in large pieces after 21 thermal cyclings. Spalla-

tion with more than 20% of the total area of the coating
was adopted as the criteria for coating failure.

The failure modes of the HVOF Ti28.15Al63.4Nb8.25Y
coatings with different bond coats (NiCr5Al, NiCoCrAlY,
CoCrAlYTaSi, and NiCr80/20) in thermal shock testing
were the same. The failure mode was as follows. To begin
with, due to the shearing stress, the edge of all the tested
samples started to spall and drop first. Second, the micro-
crack propagated and expanded in the nearby coatings.
Finally, the coatings dropped in large pieces at the end of
thermal shock testing. However, the thermal cycles of
HVOF Ti28.15Al63.4Nb8.25Y coatings with different
bond coats (NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and
NiCr80/20) began to peel off are different. They are 78, 90,
18, and 47, respectively.

The bond strength and thermal stress of sprayed coat-
ings should be considered as significant influence factors
on thermal shock property. High bond strength is condu-
cive to better thermal shock property of coatings for a
longer lifetime. Except for the cooling and peening stres-
ses existed in the coatings which were stated in section 3.3,
the quenching stresses also play an important role on the
thermal cyclic behavior of coatings. The thermal shock
test was performed by water quenching method and would
induce stress concentration in the interface between bond
coat and substrate due to the thermal expansion mis-
match. The smaller the thermal expansion mismatch is,
the smaller the stress concentration will be. The HVOF
Ti28.15Al63.4Nb8.25Y coating with NiCoCrAlY bond coat
exhibited great thermal shock property, resulting from the
summation of all these contributions. However, the
HVOF Ti28.15Al63.4Nb8.25Y coating with CoCrAlYTaSi
bond coat displayed the smallest cyclic lifetime in thermal
shock test. Except for the low bond strength of HVOF
Ti28.15Al63.4Nb8.25Y coating with CoCrAlYTaSi bond coat
as stated in th above, the higher residual stress in HVOF
Ti28.15Al63.4Nb8.25Y coating was an another important
influence factor accounted for the smallest cyclic lifetime
in thermal shock test. The large difference of coefficient of
thermal expansion (CTE) between CoCrAlYTaSi bond
coat and 316L stainless steel substrate would induce
higher residual stress and result in the cracking and
spalling of HVOF Ti28.15Al63.4Nb8.25Y coating. The ther-
mal stress was simulated below.

For the coating-substrate system, adhesion is one of the
most important properties. However, the mismatch of
CTE between the substrate and the top coating would
generate residual stresses in the coating or at interface of
the coating and substrate, which would result in bending,
microcracking, spalling, and even delamination phenom-
ena (Ref 38).

Applying an appropriate intermediate bond coating
between top coating and substrate is an effective way to
improve the bonding property of coating with substrate. In
the previous work, the bond strength values of HVOF
TiAlNb coatings with bond coats were higher than that of
monolayer TiAlNb coating. In addition, the lifetime of
HVOF Ti4Nb3Al9 coatings with NiCr5Al bond coat
(substrate: 410 stainless steel) in molten Zn-0.2 wt.% Al
reached 45 days. But, the lifetime of HVOF Ti4Nb3Al9

Fig. 11 Optical photograph of spalled samples of HVOF
Ti28.15Al63.4Nb8.25Y coatings with NiCoCrAlY bond coats after
thermal shock test

Fig. 12 Cycling number of HVOF Ti28.15Al63.4Nb8.25Y coatings
with NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20 bond
coats in thermal shock tests
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monolayer coatings in molten Zn-0.2 wt.% Al were only
30 h due to the mismatch of CTE between the substrate
and the HVOF Ti4Nb3Al9 top coating. Bond coating layer
provided a good transition of CTE between substrate and
top coating.

The effects of bond coat on the top coat were mainly
concentrated on the mechanical properties such as bond
strength and thermal shock resistance. Bond coat had no
effects on the phase composition of top coating. The phase
composition of top coating is up to the parameter of
spraying. In addition, the bond coat affects the microh-
ardness, porosity, and microstructure of the whole coating
(bond coat and top coat).

To evaluate the thermal stress of HVOF Ti28.15Al63.4

Nb8.25Y coatings with different bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) between bond
coat and 316L stainless steel substrate, ANSYS software
(ANSYS Corporation, Canonsburg, PA) was used to simulate
the radial stress, axial stress, and shear stress of HVOF
Ti28.15Al63.4Nb8.25Y coatings induced by the CTE mismatch
between bond coat and 316L stainless steel substrate. The
simulated reference temperature was 600 �C. The thermal
stress of HVOF Ti28.15Al63.4Nb8.25Y coatings is the residual
stress which was induced by the cooling of HVOF
Ti28.15Al63.4Nb8.25Y coatings from 600 to 25 �C.

The radial stress, axial stress, and shear stress of HVOF
Ti28.15Al63.4Nb8.25Y coatings are shown in Fig. 13.

As revealed in Fig. 13, the radial stress, axial stress, and
shear stress of HVOF Ti28.15Al63.4Nb8.25Y coatings
between NiCoCrAlY bond coat and 316L stainless steel
substrate were the lowest in the four kinds HVOF

Ti28.15Al63.4Nb8.25Y coatings with different bond coats
(NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20).
The radial stress, axial stress, and shear stress were 274.9,
�207.1, and 131.6 MPa, respectively. Compared with
NiCoCrAlY bond coat, the radial stress, axial stress, and
shear stress between NiCr5Al bond coat and 316L stain-
less steel substrate were higher. Among the four bond
coatings (NiCr5Al, NiCoCrAlY, CoCrAlYTaSi, and
NiCr80/20), the radial stress and shear stress between
CoCrAlYTaSi bond coat and 316L stainless steel substrate
were the highest. The residual stress in coatings has an
obviously influences on the mechanical properties and
service life of coatings. The residual stress in coatings will
be higher due to the bigger values of CTE mismatch
between bond coat and substrate and which will induce
the reduction of coating lifetimes. The simulation result
was consistent with the findings of testing.

4. Conclusions

In this study, HVOF Ti28.15Al63.4Nb8.25Y coatings with
four different bond coats (NiCr5Al, NiCoCrAlY, CoCr-
AlYTaSi, and NiCr80/20) were compared. The effects of
bond coat on the properties of HVOF Ti28.15Al63.4Nb8.25Y
top coating such as microstructure, porosity, hardness, and
thermal shock performance were investigated. The
investigation has shown that the mechanical properties
(bond strength and thermal shock resistance) of HVOF
Ti28.15Al63.4Nb8.25Y coatings can be improved significantly
by applying bond coats. The HVOF Ti28.15Al63.4Nb8.25Y

Fig. 13 Radial stress, axial stress, and shear stress of HVOF Ti28.15Al63.4Nb8.25Y coatings between different bond coats (NiCr5Al,
NiCoCrAlY, CoCrAlYTaSi, and NiCr80/20) and 316L stainless steel substrate. (a) Radial stress, (b) axial stress, and (c) shear stress
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coating with NiCoCrAlY bond coat displayed the highest
bond strength value of 51.3 MPa and showed the best
thermal shock performance. Bond coat had no effects on
the phase composition of HVOF Ti28.15Al63.4Nb8.25Y top
coating and the high cooling rate induced the formation of
AlTi3 metastable phase in HVOF Ti28.15Al63.4Nb8.25Y top
coating. The microstructure, porosity, and hardness of
HVOF Ti28.15Al63.4Nb8.25Y top coating were not influ-
enced obviously by different bond coats. Furthermore,
smaller particle size and spherical powders preferred to
give denser and uniform microstructure of spray coatings.
The bond coat material of NiCoCrAlY was the most
suitable for HVOF Ti28.15Al63.4Nb8.25Y top coating for
finer mechanical properties.
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