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Abgract

The €effect of spray angle on the properties of plasma spray deposits has been investigated. Two different materials, NiAl and
Cr;C,-NiCr, were sprayed at angles from 50 to 90° with respect to the substrate. The spray angle influenced the microstructure
and the properties of the deposits. The porosity increased as the spray angle decreased, i.e. as the angle was shifted away from
the perpendicular position. The surface roughness of the Cr;C,~NiCr deposit was not sensitiveto the spray angle, whereas NiAl
exhibited an increase as the spray angle decreased. Microhardness, tensile adhesion strength, and interfacial fracture toughness
decreased with spray angle. The change of these propertieswith spray angleis attributed to (1) the morphology of the splats, (2)
the change of the local spray angle, and (3) the change of momentum of particles impacting on the substrate or previoudy
deposited particles. The mechanical-property variations arise from porosity changes which occur from the spray angle variations.
© 1997 Elsevier Science SA.
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Nomenclature because it is difficult to maintain al of the processing
P(x) Gaussian probability distribution function parameterswhich are related to the propertiesadl depos:
- standard deviation its. In addition, therearefactorswhich are oftenignored;
u mean for example, the spray angle is usually assumed to be
« spray angle (degrees) 90° to the substrate.

P'(x,2) probability disxr_i bution function with spray angle « Theevauation of thermally sprayed depositsismostly
%0 jp?“ajaéfqﬁ";eazﬂ? a90° spray angle carried out using couponssprayed at 90°*. Theengineer-
s Kenness ing component, however, sometimes requires spraying
P, spreading momentum at angles other than 90°. This aspect would be notable
P, impacting momentum when no automation was used during the spray process,
m Weibull modulus since it is not easy to maintain a torch at right angles
;0 g:f‘lr ;‘gg'ﬁ;‘:;”gtr: decee rate (Jm-?) to a three-dimensional substrate. The property of “off-
Kfc fracture toughn%g{,\, m-32) angle spraying™ is becoming an important aspect as the
Pe fracture force (N) demand of spraying complex-shaped parts increases,
D outside diameter of the circurnferentially notched bar (m) especidly in the thermal spray forming area. Moreover,
d inside diameter of the circurnferentially notched bar (m) Fasching et a. [1] recently reported that asymmetries

of spray distribution can be corrected by tilting the

spray torch so that uniformly thick deposits can be built

1 Introduction up. Such off-angle spraying may also change the
' structure and properties of coatings.

The thermal spraying processis controlled by numer- Hasul et d. [2] studied the effect of spray angles

ous parameters which have a direct influence on the
propertlesof t_he depost. The sprayed erostsare Oft_en ‘The referenceangle of 90" denotes an arbitrary reference where the
not reproducible between laboratories or factories torch axisis perpendicular to the substrate. Angles less than 90" will

align the torch axis parallel to the substrate such that at 0° virtually
* Correspondingauthor. no particlesimpact the substrate.
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ranging from 90 to 45" on the properties of molybdenum
and alumina coatings. The porosity and surface rough-
ness increased with the decrease of the spray angle,
although only a dight change in porosity was reported.
The adhesion and cohesion strengths were found to
increase as the spray angle decreased, and deposition
efficiency decreased with a decreasein spray angle. The
morphology of splats was observed to vary with spray
angle, i.e. the deposit splats tended to orient on the
plane perpendicular to the spray direction. The proper-
tiesof coatings sprayed at the angles down to 45" were
not inferior to coatings sprayed at 90°.

Tucker and Price[3] also reported data dealing with
the influence of spray angles on the mechanical proper-
ties of tungsten carbide-cobalt-based materias. They
also observed similar microstructural changeswith spray
angle and found that there was no significant change in
wear properties with spray angle.

In the current research, tests have been performed to
characterize the properties of off-angle sprayed deposits,
as wdl as a mathematical modeling of spray patterns
which may be employed to optimize spraying processes
in the spray-forming of complex-shaped parts.

2. Modd of off-anglespraying
2.1. Macroscopic analysis

Materials deposited by thermal-spray processing
exhibit a mass distribution across the substrate. This
distribution, in the first instance, can be approximated
by a Gaussian distribution. Fig.1 depicts a typica
configuration of a thermal spray system which shows
the gun, spray jet, powder feeder, target and particle
trgjectory. It is assumed that the spray pattern isconical
and symmetrical with the centerline of the torch. When
the spray gun is tilted, the distribution of deposited
material swould deviate from the Gaussian distribution.

The Gaussian probability distribution function [P(x)]

Gun Powder feeder -«— Substrate

_____"<¥_

f f ° Centerline

Spray jet

Particle
trajectory

Fig. 1. Typical configurationof thermal spraying.

is expressed as:
1 Y
P(x)=ﬁexp[—%], —0<XxX<W (D)

where ais the standard deviation and u is the mean. In
the case of spraying at 90" it is convenient to set u
to zero.

Fig. 2 shows the geometry of the spray process with
a spray torch tilted by an angle a. For a certain spray
angle a, the above equation can be transformed into a
general form as a function of x and a (see Appendix
A):

1
P(x,0)= d? 2
(x,00) Vomon (2)
dx cos(90 - a) T
cos (90_ a) d-x sin(90 - a)

2050

[d—x sin(90 — )]

where ais the spray angle, oy, is the standard deviation
at a 90" spray angle, and d is the spray distance. Fig. 3
shows simulated distributions of spray depositsfor spray
angles from 90 to 30" when the stand-off distance (d)
was 240mm and the diameter of the perpendicular
section through the cone at the substrate (line AB in
Fig.2) was 60 mm. This analysis assumed that the
deposition efficiency was not influenced by the angle of
particleimpact, i.e. the area under each curve was unity.
As will be shown later, these distributions would not
exhibit equal areas at non-orthogonal angles. Thus, the
cone angle can be determined as 14" and the standard
deviation of the deposit pattern (or ""spray print'') at a
90" spray angleis 30.6 mm (see Appendix A).

In practical situations, these parameters vary with
gun types and spray parameters. Furthermore, the par-
ticle trgjectory centerline does not necessarily coincide
with the torch centerline but shifts to either side [1,4]

centerline

Fig. 2. Schematic of spray geometry. The torch is aligned along the
dashed centerline, while the substrate orientation varies from AB to
A'B' at angles & with respect to the normal orientation.
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Fig. 3. Probability distribution of spray patternfor seven spray angles.

and the massflux at the edge of the spray pattern would
be diminished since the unmelted/resolidified particles
would tend to rebound from the substrate. The deposit
patterns at less than a 90° spray angle showed an
asymmetry which increased as the spray angle decreased.
The mean (p) and the skewness (p3) are defined as:

u= J ) xP'(x,0) dx (3)

— a0

jm (x—pw?P'(x,a) dx
py="— g 4)

The mean value varied with the spray angle (Fig. 4),
i.e. the centroid of the mass of the deposit pattern
deviated from the centerline of the torch as the spray
angle decreased. The skewness, which describes the
symmetry of the mass distribution (see Fig. 3), of 90"
deposit pattern was 0 and decreased with the spray
angle (Fig. 5).

The spray distance is a critical spray parameter in
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Fig.4. Mean values of spray pattern distribution for different spray
angles (90° is the optimum spray angle).
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Fig. 5. Skewnessof spray patterndistribution for different spray angles
(90° is the optimum spray angle).

determining the property of sprayed deposits. The"'loca
spray distance™ gradually decreasesfrom point B' to A’
(on vector x’ of Fig. 2) and the difference of the spray
distance between the two points became larger as the
spray angle (a) decreased. In Fig. 6 the local spray
distance arising from off-angle spraying is normalized
with respect to the torch centerline distance. Thissimple
calculation indicated a —15 to +23% change in the
optimum spray distance for the +30.6 mm spray print
of the 50" torch—-substrate orientation. Thus, the smaller
spray angle would yield a more inhomogeneous deposit.
This effect can be neglected at high spray angles (say,
from 90 to 80°) because the conical spray jet produces
a dlight variance of spray distance from point A to B or
A' to B.

2.2. Microscopicanalysis
The morphology of splats changes with respect to

spray angle. [5,6] An example is illustrated in Fig. 7,
where a molten particle impacts the substrate at an
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Fig.6. Variation of local spray distance with different spray angles.
*Normalized spray distance=local spray distance/spray distance.
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Fig. 7. Splat formation model.

angle other than 90°, i.e. if Cartesian coordinates are
introduced, the particle impacts the substrate with x
andy componentsof momentum P, and P, respectively,
whereas the particletraveling perpendicular to the sub-
strate has a zero x component, ie. P,=0. The P,
component promotes particle spreading over the sub-
strate rather than impacting on the substrate, and thus
a thin and flat splat is created, i.e. P, can be identified
as a''spreading™ momentum and P, as an "'impacting”’
momentum. The P, component is smaller than that of
a 90° impacting particle because the overal energy is
divided into two componentsrather than one. Therefore,
the deposit porosity would be expected to change with
respect to spray angle (see Section 4.1 because the par-
ticles of low P, do not impact the substrate with a
aufficiently high momentum to consolidate the thermal
spray coating structure. An asymmetric splat morphol-
ogy is expected to occur because P, contributes to the
spreading of unsolidified materials toward point A
(Fig. 7) during the solidification process. This phenome-
non isdependent on material propertiessuch assubstrate
surface roughness, substrate temperature, heat conduc-
tivity of substrate and solidification kinetics. [2,7-9] A
rough substrate, for example, would prevent particles
from spreading, and ceramic materials with high
melting points would spread less than metas before
solidification.

3. Experimental procedure
3.1 Materiasand samplepreparation?

Two materials, NiAl (Metco 450NS) and CryC,-
NiCr (Metco 81VFNS), were sprayed onto stedl sub-
strates to determinethe influence of the spray angleson
characteristicsof the thermal spray coatings. The NiAl
was prepared at subsonicand Cr;C,~NiCr at supersonic

This study was conducted on materials supplied by Metco, Inc. This
company is now known as Sulzer-Metco, Inc.

(Mach 2) velocity. The spray equipment was a Miller
Thermal SG-100® plasma gun and model 3620 control
console. The chemical compositions of the feedstock
materialsaregiven in Table1. The particlesze distribu-
tion was measured using MicroTrac® equipment
(Fig. 8).

Ten sampleswere sprayed onto disk-shapedsubstrates
(25.4mm (1in) diameter and 6.4 mm (0.25in) thick)
for tensile adhesion tests (TATs) and on 25.4 mm
(1in) x 31.8 mm (1.25in) pands for surface roughness,
hardness, and metallography at angles of 50, 60, 70, 80
and 90° for both NiAl and Cr;C,-NiCr.

3.2. Surface roughness test

The arithmetical average [10] of the coatings was
measured using a Surftest III® profilometer (Mitutoyo
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Fig. 8. Particle sizedistributionof (&) NiAl and (b) Cr;C,-NiCr pow-
ders (the bimodal distribution for the NiAl composite powder arises
from de-adhesion of the aluminum particlesfrom the nickel core).
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Fig. 3. Probability distribution of spray pattern for seven soray angles.

and the massflux at the edge of the spray pattern would
be diminished since the unmelted/resolidified particles
would tend to rebound from the substrate. The deposit
patterns at less than a 90° spray angle showed an
asymmetry which increased as the spray angledecreased.
The mean (u) and the skewness (u;) are defined as;

;1=J‘00 xP'(x,0) dx (3)
Jw (x—w?PP'(x,0) dx
W= — ) 4)

The mean value varied with the spray angle (Fig. 4),
i.e. the centroid of the mass of the deposit pattern
deviated from the centerline of the torch as the spray
angle decreased. The skewness, which describes the
symmetry of the mass distribution (see Fig. 3), of 90"
deposit pattern was 0 and decreased with the spray
angle (Fig. 5).

The spray distance is a critical spray parameter in
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Fig.4. Mean values of spray pattern digtribution for different spray
angles (90° is the optimum spray angle).
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determining the property of sprayed deposits. The™'locd
spray distance’ gradually decreasesfrom point B' to A’
(on vector x’ of Fig. 2) and the difference of the spray
distance between the two points became larger as the
spray angle () decreased. In Fig.6 the local spray
distance arising from off-angle spraying is hormalized
with respect to the torch centerlinedistance. Thissimple
calculation indicated a —15 to +23% change in the
optimum spray distancefor the +30.6 mrn spray print
of the50" torch—substrateorientation. Thus, the smaller
spray anglewould yield a moreinhomogeneousdeposit.
This effect can be neglected at high spray angles (say,
from 90 to 80°) because the conical spray jet produces
a dlight variance of spray distancefrom point A to B or
A' to B.

2.2. Mcroscopi ¢ anal ysi s
The morphology of splats changes with respect to

spray angle. [5,6] An exampleis illustrated in Fig. 7,
where a molten particle impacts the substrate at an
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Tablel
Components Content (w.%) Minimum (%) Maximum (%)
NiAl Powder
Aluminum 4.320 4.000 5.500
Nicke 93.430 93.000 0.000
Organic solids 2.200 0.000 2.500
Others total 0.050 0.000 1.000
Cr,C,-NiCr powder
Chromium carbide powder (75%) Carbon 13.1 12.5
Silicon 0.08 0.10
Chromium 86.14 85.50
Iron 0.23 0.70
Nickel chromium alloy (25%) Carbon 0.01 0.25
Manganese 0.88 2.50
Silicon 1.00 1.50
Chromium 20.09 18.00 22.50
Nicke 77.89 76.00 80.00
Iron 0.13 1.00

MFG. Co. Ltd.). The cut-off value and stylustransverse
speed were 0.8mm and 6 mms™!, respectively. The
measurement range was 30 um for NiAl coatings and
10 um for Cr;C,-NiCr coatings.

3.3. Tendleadhesion test (TAT)

3.3.1. Test fixture

Thetensle adhesion test (TAT) was based on ASTM
C 633. [11] The disk-shaped coupons were glued to the
usual TAT fixtures so that a tensile force could be
applied to the coating. The configurationof the test was
similar to that specified by ASTM C 633, except that
the pull-off bar had an 8 mm (5/16 in) diameter hole
through which a dowe pin passed instead of a tapped
hole as specified by ASTM C633. Ancther distinctionis
that the pull-off bar isdightly longer (30.48 mm (1.2 in))
than that recommended by the ASTM standard
(25.4mm (1in)). This pull-off bar would produce
different test results (by —20% higher) from ASTM C
633 because of the different stress distribution near the
testing area. [12,13] However, the test results are still
valid for relative comparisons.

3.3.2. Specimen assembly

The test coupon was placed between the two pull-off
bars and attached using an adhesive. The surfaces of
the pull-off bars and the test coupons (except the coat-
ing) were grit-blasted to enhance the adhesion of the
epoxy. After curing, excess epoxy was removed using
emery paper. Table 2 summarizes the test conditions.

Good aignment of the test assembly (two pull-off
bars and the test coupon) was achieved by using a self-
aligning jig during epoxy curing.

3.4. Microhardnesstest

Microhardnesstestswere performed using a Micromet
[I® (Buehler Ltd., Lake BIuff, Illinois) hardness tester.
The measurement was made on the cross-section with
one diagonal of the indenter parallel to the interface.
The samples were polished using an Automet®2/
Ecomet®3 automated polishing machine under the
conditions shown in Table3. The indenter load for the
NiAl coating was 300 and 500 ¢f for the CryC,~NiCr
coating. The duration of loading was 15s for both
materials. The indentations were applied near the center
line of the coating thickness, and the distance between
the indentations was at least three times the diagonal to
prevent stress-fidd effectsfrom nearby indentations.

3.5. Interfacial fracture toughness

An indentation technique was used to measure the
interfacial critical strain energy release rate of the coat-
ings. The applied load was 1 kgf and other test condi-
tions and the sample preparations were the same as the
microhardnesstest. The indentation was applied to the
interface of the coating and the substrate with an
indenter diagonal aigned with the interface.

3.6. Porosity

Optical image anadysis (Omnimet®1, Buehler Ltd.,
Lake Bluff, 1llinois) was used to measure the porosity
of the coatings. The cross-sections of samples were
polished with the conditions presented in Table3. Ten
frames were measured and then averaged for each
sample.
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Table2

Test instrument and model no.
Load cdl capacity

Crosshead speed0.013 mms !
Diameter of pull-off bar
Length of pull-off bar
Adhesive bonding agent
Adhesive curing temperature
Adhesive curing time

Hydraulic Instron (Instron Corp., Canton, MA), AW2414-1
200 kN

(0.030 inmin~*)

254 mm (1in)

30.5mm (1.2in)

Liquid epoxy (Master Bond EP15, Hackensack, NJ)

170 + 6°C (340 + 10°F)

60 min, under pressure (about 0.3 MPa)

Table3

Grinding Time Force,N sample-' rads™?
(min)® (Ib sample-") (rpm)

240 grit SiC paper 3[3] 13.3(3) 25.1 (240)

45 um diamond 3[5] 222 (5) 25.1 (240)

9 um diamond 5[10] 22 (5) 8.4 (80)

3um diamond 6[10] 222 (5) 126 (120)

0.05 um aumina 3[5] 222 (5) 12,6 (120)

"The bracketed numbers are for Cr,C,~NiCr coatings, and the
unbracketed data are for NiAl.

4. Reaultsand discusson
4.1. Porosity

The porosity increased from 21 to 4.5% for
Cry;C,—NiCr and from 2.5 to 4.2% for NiAl when the
spray angle changed from 90 to 50" (Fig.9). The
porosity of CryC,~NiCr coatings was more senditive to
the spray angle, with significant changes occurring at
70" compared to a lower angle of 60" for the NiAl
feedstock porosity. The decreasein porosity was partly
because the Y component of particle momentum
(Fig. 7), asexplained in Section 2, decreased with spray
angle, i.e. higher impacting momentum of molten par-
ticles produced a denser deposit. In addition, when the

L T 1 T -1
51 O Nl 7
® Cr,C,NiCr
W 4- i
=
vy
O ad i
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L e SN = B
2 i

50 60 70 80 90
Spray angle (degrees)

Fig. 9. Variation of porosity with spray angles.

particles impinge on the substrate at smaller angles the
particles would not effectivdly cover the roughened
surface of the substrate or previously deposited splats
(i.e. a shadow effect). On the other hand, particles
sprayed at 90° to the substrate covered the irregular
contours more effectively.

Pore-size distributions were obtained using the
Schwartz—Saltykov method [14,15]. Fig. 10 represents
the pore size distribution of the two materials at five
different spray angles. For Cr;C,~NiCr coatings, most of
pores were within the range 0-2 um, and for NiAl
coatings 04 um. The spray angle changed the pore sze
distribution of the Cr,C,~NiCr coating, i.e. spray angles
lessthan 80" produced larger pores. The " shadow effect”
accounts for the change in pore sze distribution, i.e. it
increases as the spray angle decreases, and therefore
contributesto the larger pore Sze. The pore Sze increase
is aso attributed to the deviation of the local spray
distance from the optimum condition, which leads to
improper melting of particles and a smdler flattening
degree of the impacting particles. NiAl coatings did not
show notable changes in pore sze distributions with

Spray angle.
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Fig. 10. Pore size distribution of Cr;C,-NiCr and NiAl for different
spray angles.
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4.2. Surfaceroughness

Fig. 11 shows the surface roughness of NiAl and
Cr,C,-NiCr coatings sprayed at various angles. The
surface roughnesswas strongly dependent on the particle
size of the sprayed powder (see Fig. 8), and was related
to the porosity level. The surface roughness values of
NiAl coatings tended to decrease as the spray angle
increased. On the other hand, Cr;C,-NiCr coatings
showed no such trend with respect to spray angle.

4.3. Microhardnesstest

Fig. 12 illustrates the results of the microhardness
tests of NiAl and Cr;C,—-NiCr coatings at five different
spray angles. The Cr;C,-NiCr coatings exhibited hard-
ness values between 600 and 700 VHN, and the NiAl
data were between 130 and 150 VHN. The mean value
of hardnessdata of both coatingsdecreased dightly (9%
decreasefor Cr;C,-NiCr and 8%for NiAl) when spray-
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Fig. 11. Surfaceroughnessof Cr,C,-NiCr and NiAl coatings(pum).
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Fig. 12. Microhardness of Cr;C,-NiCr and NiAl coatings.

ing at angles of less than 90°. The data points of
NiAl were more widdy distributed than those of
Cr;C,-NiCr and the standard deviations of data did
not show any dependence on spray angle (Table4).

A Weibull analysisisa method of finding a parameter
to assess the variability of the data and to index the
reliability of materials. Fig. 13 compares Weibull plots
of the two coatings with different spray angles. The
Weibull moduli and the characteristic valuesfor the two
materials are listed in Table4d. The Weibull moduli
exhibited no trends of change with spray angles and the
values existed in quite narrow ranges.

The Webull modulus (m), and the characteristic
strength (X,) can aso be obtained using the maximum
likelihood method; [16] and the values obtained are quite
similar to the graphical method determined from the
Weibull plot. The 90 and 95% confidenceintervalsof the
Weibull moduli [15] are constructed in Fig. 14 and show
that the Weibull moduli were essentialy independent of
spray angle. The Weibull modulus of 6-18 for NiAl
coatings can be compared to 6.8-12.5 for a NiCoCrAlY
bond coat {15]. The Cr;C,~NiCr coatings exhibited high
Weibull moduli; this was attributed to the hypersonic
spraying process, whereas ceramic deposits normally
exhibit vaues in the range of 4-6. The higher Welbull
modulus of Cr;C,-NiCr coatings compared to NiAl can
be dso inferred by the pore sze distribution. Thus, the
Cr;C,-NiCr coating had alarge number of smaller pores,
whereas NiAl exhibited larger pores with a wider size
distribution. The small area of the microhardness test
(35-40 um diagonal for Cr;C,~NiCr and 6070 um diag-
ona for NiAl under the conditions used in the current
study) examined only the properties of a limited area.
Therefore, the more homogeneous Cr;C,-NiCr coating
resulted in higher Weibull modulus values.

4.4. Interfacial critical strain energy releaserate

The experimental results of interfacial critical strain
energy release rate (%) for NiAl and Cr;C,-NiCr
coatings on ded substrates are presented in Fig. 15.
The ¢, values increased dightly with spray angle for
both coatings, with the exception of the Cr;C,~NiCr
materials sprayed at 90°.

Weibull plots of interfacial fracture toughnessfor the
two materials are presented in Fig. 16. NiAl coatings
had dightly higher Weibull moduli than Cr;C,-NiCr
coatings. Spray angle did not influence the Weibull
moduli, and high variance in data (up to 49%) was
measured for both coatings (Table5). Both materials
exhibited low Weibull modulus vaues: 23-39 for
Cr3C,-NiCr coatings and 2.8-32 for NiAl coatings.
Thelow Weibull moduli were attributed to thefollowing
causes. The contour of the interface between the coating
and the substrates was irregular due to the grit-blasting
prior to spraying, and it is difficult to align the indenter
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Table4
Material Soray angle Number Mean Std. dev. Codfficient of Welbull Characterigic
© of tests (VHN) (VHN) variance (%) modulus value (VHN)
Cr,C,—NiCr 50 19 633 32 5 18.0 650
60 26 632 32 5 21.8 647
70 28 649 44 7 16.2 669
80 24 663 47 7 16.2 685
90 29 687 41 6 18.0 706
NiAl 50 36 133 15 11 9.9 140
60 34 134 13 10 11.0 140
70 30 135 14 10 114 141
80 40 145 14 10 12.1 151
20 28 143 15 10 104 149
— 2 T v T T T T T 22 D Weibull modulus -
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Fig.13. Webull plot of microhardnessfor CryC,-NiCr and NiAl
coatings.

precisdy to the interface because of the nature of the
interface. In addition to the cracks at the interface
originating from the indentation tip, many other cracks
were observed near the indentation, which made inter-
pretation difficult. Another distinction was that there
are three types of crack path: (1) at the interface, (2)
in thefirst or second layer of splats, or (3) both (1) and
(2), which can be substantial factors in lowering the
Weibull modulus.

4.5. Tensleadhesion test (TAT)

Fig. 17 shows the experimenta results of TATs per-
formed on NiAl and Cr;C,—NiCr coatings. The adhesion

Spray angle (degree)

Fig. 14. Confidenceinterval of Weibull moduli for (a) NiAl and (b)
Cr;C,-NiCr coatings. Lines indicate the trend in the average
Weibull modulus.

strength increased with spray angle: NiAl sprayed at 90°
exhibited approximately 5% higher vaues than NiAl
sprayed at 50°, and Cr;C,-NiCr at 90° was about 20%
higher.

The mean fracture toughness from a TAT was
converted to critical strain energy relesse rate (%)
(Fig.18). The %, vadues ranged from 158 to
176 Jm~2 for NiAl coatings and from 168 to
237Jm™? for CrsC,~NiCr and can be compared to
those obtained from indentation tests (see Section 4.4,

-
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Fig. 15. Interfacial critical grain-energy release rate of Cr,C,—NiCr
and NiAl coatings.
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Fig. 16. Wabull plot of interfacial critical srain-energyreleaseratefor
(@ NiAl and (b) CryC,-NiCr coatings.

123-162Jm™% for NiAl and 14.3-309 Jm~? for
CryC,—NiCr.

The properties of thermal spray coatings are deter-
mined by severa spray conditions. Spray angle has an
influence on the mechanica properties. microhardness,
adhesion strength and interfacial fracture toughness

p - - ]
46 NiAl .
44 1 ® Cr,C,-NiCr

Failure ioad

Spray angle (degrees)

Fig. 17. TAT resultsof CryC,-NiCr and NiAl coatings.
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Fig. 18. Critical grain-energy release rate calculated from TAT data
of CryC,-NiCr and NiAl coatings.

decreased with decreasing spray angles. By spraying at
90° denser structures with enhanced mechanical proper-
ties were achieved.

The influence of spray angle on the properties of
deposits was attributed to the change in the local spray
distance, and the impactingmomentum. Thelocal spray
distancedeviated from the optimum spray distanceand
this phenomenon became more pre-eminent as the spray
angle decreased. The impacting momentum of the par-
ticle decreased with decreasing spray angle, which
resulted in higher porosity and weaker bonding between
lamellae (or between lamella and substrate).

5. Condudingremarks
The effects of spray angle on the thermal spraying

process and the properties of thermal spray deposits of
NiAl and Cr;C,—NiCr have been investigated. A simple
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Table5
Material Spray angle Number Mean Std. dev. Coefficient of Weibull Characteristic value

© of tests (Im~?) m~2) variance (%) modulus Im~2?)
Cr;C,-NiCr 50 43 14.3 7.0 49 23 16.1

60 39 23.5 7.9 34 33 26.3

70 37 23.1 8.7 38 2.8 26.0

80 31 30.9 8.4 27 39 342

90 27 26.7 9.2 34 3.0 30.0
NiAl 50 41 12.3 5.2 42 2.8 13.8

60 35 14.0 4.8 34 3.1 15.7

70 28 12.9 44 34 32 14.4

80 31 15.9 54 34 3.1 17.9

90 54 16.2 5.3 33 3.1 18.1

mathematical model of deposit patterns at variousspray
angles has been formulated. The deposit pattern at a
90° spray angle was assumed to exhibit a Gaussian
distribution. The deposit pattern deviated from the
Gaussian distribution and the centroid of mass shifted
to either sde of the distribution as the spray angle
decreased.

The porosity decreased with the spray angle for both
materials. The surface roughness of NiAl was sengtive
to spray angle, whereas Cr;C,-NiCr was not. The high
porosity at low spray angleswas attributed to the lower
impacting momentum of particles as wdl as the low
incident angle of particles impinging on the substrate.
This phenomenon promoted conditions where the form-
ing coating was less effective in covering the rough
surfaceof the substrate or previously deposited particles.

The mechanical properties such as microhardness,
adhesion strength and interfacia fracture toughness are
dtered by changesin the spray angle.
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Appendix A

Derivation of general equation of distribution for spray
anglea
The equation of a Gaussian distribution is:
1 [ (x—p)?
€X —
Voo Tl 20

In order to obtain a distribution equation on the x axis,

P(x)= :I, —0<xX< W0

X should be transformed to x":
x  8in[90 —(x—0)]

X sin(90—6) (A1)

Since (90-X)=cosX and cos(X-Y)=cosX cos Y+
snXdnY:

x cos(a—#) cosacosftsnasin0

(A2)

cosé cosé

=cos a+sinatan 6

Therefore,if tan 6 isreplaced by x/d and then (Eq. (A2))
isarranged for x:

dx’ cosa
(A3)

X=—
d—x'sna

Substituting (Eqg. (A3)) into (Eqg. (1)) and setting u=0:

dx cos(90-a) |
1 d—-x sin(90—a)
e 202
V2no

The function P is a probability function, and thus the
integration of function Pfrom — oo to + oo with regard
to x should be 1, i.e.:

P(x,0)=

(A4)

Fw fw
f P(x)dx= |
J

J—-o0

dx
P(x'y0) — dx'=1 (A5)
dx’

— o0

Meanwhile, the integration of P(x’,a) with regard to x’
is larger than 1. Therefore, a general equation for a
certain spray angle P'(x',a) is obtained:

dx
P'(x',a)=P(x',0) J (A6)

dx
After a ssimple calculation of g (Eq. (A6)) turns out



S.H. Leigh, C.C. Berndt/ Surfaceand Coatings Technology 89 (1997) 213-224 223

to be:
1\ 1 2
P'(x'0)= Vi d
I: dx’ cos(90 —a) 12
cos(90—a) d —x/sin(90 - a)

T 222 A7
[d—x’ sin(op — )] © ’ (A7)

7.0.1. Calculation of standard deviation

To estimate the standard deviation of the Gaussian
distribution, the concept of tolerance limit can be used.
An interval covers a fixed portion of the population
distribution with a specified confidence, and the end
point of such intervals are cdled tolerance limits.
Toleranceintervalsare of the form:

Yi Crp(n)s (A8)

where Cr p(n) is a constant which is determined so that
the interval covers a certain percentage such as 90%,
95%, or 99% of the population with confidencey, s isa
standard deviation, and X is a mean.In this case X is
zero and the confidence limit can be considered as the
perpendicular section of the cone at the substrate (line
AB in Fig. 2), and thus the standard deviation can be
calculated.

Appendix B

Backgroundto interfacial fracturetoughness
measurement

Numerous techniques exist to obtain the fracture
toughnessor critical strain-energy releaserate of materi-
as[17-19]. Theindentation test evaluatestheinterfacial
fracture toughness of thermal spray coatings [20-22].
The Vickers indenter introduces a mechanically stable
crack into the interfaceof the coating and the substrate.
. The resistance of crack propagation along the interface
is considered to be a measure of adhesion, and is
expressed as a fracture mechanics parameter such as
critical strain-energy release rate or critical stress inten-
sty factor.A Vickers indenter was directly applied to
theinterfaceof the coating and the substrate. The crack
length was then measured to determinethecritical strain
energy release rate, %,. Specia care was taken to place
the indenter tip exactly on the interface and to aign the
indenter diagonal with theinterface. According to Willis
[23] thecritical strain energy release rate %, is given hy:

4
a
Y, =a®d(G,,G,,v1,v,) V(E, B, Hy H,) c_3 (A9)

with
2 72

D(G,,Gy,v1,v2)= (1+4k*)

1—v 1—v,

+
221Gy, 2zG,
1-Gv, 1-2v,

b=

47561 47CG2
1 [b+d}
= In| %
2n b—d

W(El ,EZ,HI ’HZ)

_+_ ,El ,EZ
1 2

where H, and H, are hardness, G1 and Gz are the shear
elastic moduli, v; and v, are the Poisson's ratios of the
two materials, E, and E, are the Young's moduli of the
coating, a and ¢ are indentation impression and crack
length, respectively, a and is a constant independent of
the system indenter and specimen. In this case a is
0.0197.

AppendixC

Background to fracture toughness calculation from TAT
data

TAT data can be used to calculatethe fracture tough-
ness of thermal spray coatings. The specimen configura:
tion of the TAT is regarded as a circumferentialy
cracked bar and the results can be analyzed in a same
way as a fracture toughness test. The stress analysis
from this type of specimen was conducted by Bueckner
[24] and the fracture toughnessis given by:

Kic=P, x[—1.27+1.72(D/d)} x D~ %?
and
0.4<d/D<0.9

where K¢ is the fracture toughness (N m~%?), P isthe
fracture force (N), D isthe outside diameter of the bar
(254x1072m), an d is the inside diameter in the
circumferentially notched bar (m).
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