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Abstract The nature and magnitude of residual stresses in

thermal-sprayed coatings determine their lifetime and

failure mechanisms. The residual stresses of suspension

high-velocity oxy-fuel (SHVOF) thermal sprayed alumina

(Al2O3) coating were measured with hole-drilling and

x-ray diffraction. The coating is dense and consists of

amorphous and two crystalline phases: alpha and gamma.

The residual stresses measured by hole-drilling in the

Al2O3 coating was - 162 MPa (compression) in the lon-

gitudinal direction and - 104 MPa (compression) in the

transverse direction. This is due to the peening stress and

the high substrate–coating CTE ratio of * 2.1. The nature

of the residual stress through the coating is related to the

microstructure build-up shown from the cross section and

the fracture surfaces of the coating.

Keywords alumina � hole-drilling � residual stress �
SHVOF � thermal-spray coating

Introduction

Thermal spray is a widely used surface engineering process

for coating deposition, which involves propelling melted or

partially melted particles onto the surface. Thermal spray

coatings can be deposited from most materials: primarily

from rod, wire or powder fed into a plasma or a combustion

gas as in a flame spray of a high-velocity oxy-fuel (HVOF)

thermal spray (Ref 1). Thermal spray is used in depositing

ceramic materials for high value engineering applications,

for example, Al2O3 coatings in electrical insulation, cor-

rosion, and wear applications (Ref 2-4). Suspension spray

is a relatively new branch of thermal spray where instead of

a dry powder feedstock, suspensions are used. Suspensions

are fed into plasma as in suspension plasma spray (SPS)

(Ref 5) or into combustion gas in the case of suspension

high-velocity oxy-fuel (SHVOF) spray (Ref 6)—both SPS

and SHVOF can deposit coatings from sub-micron- to

nanometric-size feedstock carried in liquid media.

The overall performance and lifetime of coatings are

subject to the magnitude and nature of their residual

stresses (Ref 7). The nature of the residual stresses found in

thermally sprayed coatings is primarily due to either the

deposition process or property mismatch between the

coating and the substrate. The deposition process builds the

quenching and the peening stress in case of HVOF thermal

spray; the property mismatch yields the thermal stresses.

The peening stress develops due to the impact velocity of

unmolten or partially molten particles impinging overlaid

splats. The quenching stress develops as splats reach

thermal equilibrium with underlying splats or substrate

while the thermal stress forms from the cooling of the

coating and the substrate—this may preclude thermal gra-

dients (Ref 8). The quenching stress is tensile and process

specific—its magnitude increases with inter-pass coating
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thickness and inter-lamellae bond strength (Ref 9). The

magnitude of quenching stress reduces by through-thick-

ness yielding as splats spread, intra- and inter-splat micro-

cracking and interfacial sliding (Ref 8). The peening stress

is compressive given its mode of development—its mag-

nitude can also be reduced by the formation of micro-

cracks (Ref 10). The thermal stress, however, can be tensile

or compressive depending on the thermal expansion coef-

ficients (CTEs) of the coating and the substrate. The con-

tribution of the thermal stress can be minimized if the

substrate/coating CTE ratio is approximately unity—this

will reduce the mismatch strain (see Eq 1).

e ¼ as

ac

� 1

� �
acDT ðEq 1Þ

where e is the mismatch strain; DT (K) is the temperature

change across the coating thickness; and ac and as are the

thermal expansion coefficient of the coating and the sub-

strate, respectively.

Stresses, however, are generated in coatings due to the

processing technique. Residual stress is the inherent stress

in a material keeping it at equilibrium when unloaded (Ref

11). Sintered or hot-isostatic-pressed ceramic composites

made from fine particles possess high residual stress. The

increased stress originated from reduced inter-particle

spacing among the composite components (Ref 12).

HVOF-thermal-sprayed Al2O3 coating from micron-size

powder and spray-dried nanopowder was reported by

Bolelli et al. (Ref 13). The magnitude of the x-ray

diffraction residual stress in the coating from the nanos-

tructured powder was higher (136 MPa) than 116.5 MPa

from the micron-size powder—although in both coatings

they remained tensile. In a different work, Bolelli et al.

(Ref 14, 15) measured the residual stress of HVOF-sprayed

Al2O3 coatings deposited from alcohol-based suspension

using incremental hole-drilling technique—the coatings

showed tensile and compressive stresses. In the first work

(Ref 14), the author linked the nature of the stress in the

Al2O3 coating to deposition efficiency. Coating deposited

from suspension with large agglomerates (D50 = 18.3 lm)

has the least deposition efficiency with compressive stress

profile averaging (- 184 MPa). Two other coatings from

suspension of smaller agglomerates (D50 = 1.52 lm and

2.89 lm) are thicker due to increased deposition efficiency;

their residual stress profile was tensile with average of 18

and 60 MPa, respectively. In the second work (Ref 15), the

residual stress profile of Al2O3 coatings deposited from an

Al2O3 suspensions of micron-size particles

(D50 = 1.26 lm) and another of sub-micron-size particles

((D50 = 0.55 lm) using different spray conditions specified

by combustion chamber length and suspension injection

mode (gas atomized and mechanical injection) were com-

pressive. Even so, with the same combustion chamber

length (22 mm) and the same suspension, a change in

suspension injection mode changed the coating

microstructure with accompanied increase in the com-

pressive stress in the coating—the coating made with

mechanical injection has - 132 MPa, while the other made

with gas atomized injections has - 238 MPa.

Residual stress measurement techniques vary in their

accessibility and precision; they include diffraction tech-

niques (neutron and x-ray), curvature method, focus ion

beam milling, hole-drilling and digital image correlation—

neutron diffraction technique offered the deepest nonde-

structive penetration measurement. These techniques

measure residual stress in bulk materials and coatings (Ref

16). Thermal spray coatings consist of splats and defects of

different types and can have different degree of crys-

tallinity and amorphous contents. None of the residual

stress measuring techniques provides enough information

on the contribution of each of the thermal spray coating

constituents. The x-ray-based nondestructive diffraction

technique relies on the dominant crystalline phase in a

coating, to calculate its residual strain or stress (Ref

13, 17). This can be improved upon to ensure that we are

able to estimate the contribution of each phase in a coating

although there has not been any diffraction technique to

estimate the contribution of the amorphous phase in ther-

mal-sprayed coatings. Other non-diffraction-based residual

stress measuring techniques rather provide the stress in the

coatings as a bulk contribution of its constituents (Ref

18, 19). Incremental hole-drilling—a quasi-nondestructive

technique—can profile the residual stress of a coating. A

major advantage of this technique is its commercial

availability, and it has been used by industry practitioners

for quality assurance.

Despite Al2O3 being widely used and studied engi-

neering ceramics, limited work has been reported on the

through-thickness residual stress behavior of SHVOF-

thermal-sprayed Al2O3. In our previous work (Ref 20), we

have shown the implications of deposition parameters on

the wear performance of Al2O3 coatings deposited by

SHVOF thermal spray process. A detailed understanding of

residual stress of the coating will provide further insight

into the performance evaluation of the coatings vis-à-vis

the role of residual stress. The aim of this paper is to use

hole-drilling technique and x-ray diffraction to investigate

the residual stresses in SHVOF-thermal-sprayed Al2O3

coating deposited with spray parameters optimized for

wear applications. The microstructure of the coatings was

studied in detail in SEM and XRD to rationalize the

residual stress behavior in terms of microstructure.
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Experimental

Materials and Coating Deposition

Alumina (Al2O3) coating deposited onto AISI 304 stainless

steel substrate has been used in this study. The Al2O3

coating was sprayed from bespoke aqueous suspension

containing * 21 wt.% of pure alpha Al2O3 powder (CR1

grade, D50 = 1 lm) sourced from Baikowski (Poisy,

France). The AISI 304 cold-rolled stainless steel used as

the substrate (60 9 25 9 2 mm) had a nominal composi-

tion of 19.0 Cr-9.3 Ni-0.05 C and Fe (in wt.%).

The coating was sprayed using a modified UTP TopGun

SHVOF thermal spray unit from Miller Thermal Inc.

(Wisconsin, USA) with axial injection of suspension

directly into the combustion chamber with a 0.3-mm noz-

zle diameter. Table 1 shows the spray parameters for both

coatings. The substrates were continuously cooled by

compressed air during the deposition of the two coatings

using the same cooling protocol to avoid any variation in

sample cooling. The cooling protocol ensures the substrate

temperature gave a value not more than 200 �C, and the

substrates get cooled to room temperature in less than a

minute after deposition by the compressed air reaching the

substrates. The suspension was delivered from a pressur-

ized vessel maintained at 3 bar which resulted in a feed

rate of 90 ml/min. The complete setup was further

described elsewhere (Ref 21). The suspension was stirred

for * 6 h at 700 rpm using overhead stirrer-IKA RW20

digital (Wilmington, USA) to homogenize the suspension

before spraying. The substrates were grit-blasted at 3 bar

with fine alumina particles (0.125-0.149 mm) using a grit

blaster from Guyson (Dudley, England). Following grit

blasting, the substrates were cleaned in industrial methy-

lated spirit (IMS) in an ultrasonic bath for 10 min and

blown dry with compressed air. The substrates were then

mounted onto a rotating carousel with a vertical axis of

rotation operating at 73 rpm, while the spray gun traversed

along the vertical axis at a speed of 5 mm/s. This resulted

in a relative velocity of 1 mm/s on the substrate (Ref 20).

Feedstock and Coatings Characterization

A fractional part of the Al2O3 suspension was heated

separately in a box furnace at 100 �C for 8 h to obtain dried

powder for secondary electron (SE) images on the scanning

electron microscope (SEM). Cross sections of the coating

were prepared by standard metallographic procedures for

back-scattered electron (BSE) images on the SEM. Frac-

tured surface of the coating was prepared from notched

samples (5 9 25 9 2 mm) of coated substrates cooled in

liquid nitrogen for 5-10 min before being bent in a vice to

fracture at the notch. The secondary electron images of the

powder, the fractured surfaces and the back-scattered

electron images of the coatings cross section were obtained

using JEOL 6490 SEM from JEOL Ltd. (Tokyo, Japan).

The powder dried from the suspension and the as-

sprayed coating were scanned on a Bruker D500 diffrac-

tometer (Siemens. AB, Germany) with a Cu Ka radiation

source (1.54 Å) and a point detector for phase identifica-

tion. Powders were scanned within 108-1208 2h, step of

0.05� and dwell of 4 s for phase analysis. The as-sprayed

coating was scanned for phase analysis with 108-1408 2h,

step of 0.04� and dwell of 16 s. A more detailed scan was

executed for the as-sprayed coating to reduce noise in the

acquired signals. Quantitative Rietveld refinement of the

XRD data was performed with TOPAS (Coelho Software,

Australia) to quantify the phases with the crystallite size

calculated using fundamental parameters approach and

whole powder pattern modeling (WPPM) (Ref 22).

Micro-hardness and Nanohardness Measurement

Micro- and nanoindentations were carried out on the pol-

ished cross section of the as-sprayed coating. The micro-

hardness was measured in three rows—five on each—at a

load of 10 gf on Vickers micro-hardness tester (Buehler,

USA). The nanohardness and the reduced elastic modulus

of the coating were obtained from the nanoindentation

performed on the polished cross section of the coating. The

average microhardness and nanohardness of each row were

presented with associated standard error in mean. The

nanoindentation was carried out at room temperature on the

Platform 3 rig produced by Micro Materials Ltd (Wrex-

ham, UK) using a Berkovich indenter tip. The loading–

dwell–unloading scheme was used maintaining a peak load

of 20 mN for 2 s and a rate of 4 mN/s during loading and

unloading stages for a total of 30 indentations per sample in

six rows (five in each row) adequately spaced from coating

surface and coating–substrate interface. The elastic mod-

ulus was then estimated by Oliver and Pharr method (Ref

Table 1 Spray parameters for SHVOF-thermal-sprayed Al2O3 coat-

ing deposited onto stainless steel substrate

Parameters Values

Fuel (hydrogen) flow rate, l/min 612

Oxygen flow rate, l/min 306

Flame power, kW 101

Suspension flow rate, ml/min 90

Spray distance, mm 85

Number of passes 41

Spray gun traverse speed, mm/s 5
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23) where the reduced elastic modulus of the indenter

system Er, the elastic modulus of the indenter material Ei

and the coating elastic modulus Ec are related as in Eq 2.

1

Er

¼ 1 � v2
c

Ec

þ 1 � v2
i

Ei

ðEq 2Þ

In Eq 1, v is Poisson’s ratio with c and i representing

coating and indenter, respectively. The Ei and vi are taken

as 1140 GPa and 0.07, respectively (Ref 24).

Residual Stress Measurements: Hole-Drilling and X-

Ray Diffraction

Through-thickness residual stress profile of the as-sprayed

coating was calculated from relaxed strain measured by

incremental hole-drilling completed with the Stresscraft

Ltd (Loughborough, UK) hole-driller using a diamond-

impregnated inverted cone cutter. The measurement setup

is shown in Fig. 1. The hole-drilling was completed using

the orbital milling method to forestall damage around the

drilled hole, yet the microstructure of a thin layer around

the hole could change. Also ceramic coatings are suscep-

tible to micro-cracks—this influences residual stress mea-

surement by the hole-drilling method (Ref 17). The relaxed

strain was measured by an EA-06-062RE target three-

gauge rosette (Vishay Precision Group, Malvern, Penn-

sylvania, USA). The gauges are radially oriented to be 45�
to one another (Ref 25) to ease the mathematical repre-

sentation of the relationship between the calibration con-

stants, the relaxed strains, and the required stresses (Ref

26). The two perpendicular gauges were oriented: one to

record the longitudinal strain (e1) and another one to record

the transverse strain (e3). Each gauge recorded relaxed

strain data at each depth of a 1-mm-diameter hole drilled to

16 incremental depths: of four 32 lm, four 64 lm and

eight 128 lm to reach a final hole depth of 1408 lm. The

collected data were analyzed based on the UK National

Physical Laboratory (NPL) Measurement Good Practice

Guide 53 (Ref 25). The results were interpreted with the

Stresscraft RS INT software (v5.1.3) using the integral

method described by Schajer (Ref 26). The integral method

is the most reliable analytical procedure for the relaxed

strain data obtained from incremental drilled hole (Ref 26).

The through-thickness residual stresses were evaluated

based on the elastic modulus obtained from the nanoin-

dentation tests. The evaluation yielded longitudinal,

transverse and shear stresses converted to the maximum

and minimum principal stresses using Eq 3a and 3b,

respectively.

rmax ¼
rx þ ry

2
þ rx � ry

2

� �2

þs2
xy

� �1=2

ðEq 3aÞ

rmin ¼
rx þ ry

2
� rx � ry

2

� �2

þs2
xy

� �1=2

ðEq 3bÞ

where r and s represent the normal and shear stresses and

x and y indicate the longitudinal and the transverse direc-

tions, respectively. The average of each of the stresses in

the longitudinal and transverse directions was also calcu-

lated. All tensile stresses were recorded as positive and the

compressive stresses with a negative sign.

The x-ray diffraction residual stress scan of the coating

surface was conducted on the D8-Discover (Bruker AXS

Inc., Madison, WI, USA) with Cu Ka radiation source

(1.54 Å); the parameters are stated in Table 2. The defo-

cusing of the diffractometer at tilt angles above zero

(W = 08) was minimized with the usage of high-diffrac-

tion-angle planar reflections (hkl) (Ref 27). The scanned

data were then analyzed using Stress 2.0 software (PAN-

alytical, Almelo, The Netherlands). The average XRD

residual stress of the two coatings was calculated based on

the differential technique that eliminates the need for a

reference strain/stress free sample. A linear relationship is

evoked between the surface stress in any direction and the

Fig. 1 Incremental hole-drilling residual stress measurement setup

Table 2 XRD residual stress scan parameters

Parameters Values

2h, � 139-152

Step size, � 0.1

Dwell time, s/step 8

orientation angle, u� 0, 45, 90

Tilt angle, w� 0-60

PDF card c-Al2O3, 00-10-0425

Peak 145.3�
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measured interplanar lattice spacing according to Eq 4—

the sin2W technique (Ref 28).

r/ ¼ E

1 þ m

� �
1

d /wð Þ0

Dd/w
D sin2 w

� �
ðEq 4Þ

where d /wð Þ0 and
Dd/w

D sin2 w

� �
are the intercept and slope of a

plot of dUW against sinUW
2 and m is the Poisson’s ratio. E has

been used as macroscopic elastic modulus obtained from

nanoindentation measurements. The value of E used thus

represents an average value over all possible directions in

the crystal lattice; this may vary significantly from the

diffraction elastic constant due to anisotropy (Ref 29).

Results

Coating Microstructure

Figure 2 and 3 presents the scanning electron micrographs

and the phase quantifications of the as-received Al2O3

feedstock and the as-sprayed Al2O3 coating. The Al2O3

feedstock shown in Fig. 2(a) presents particles of angular

morphology with a size range of * 100-200 nm—the

particle size of 1 lm provided by the supplier represents

the size for agglomerates. The BSE cross-sectional view of

the as-sprayed Al2O3 coating presented in Fig. 2(b) shows

the coating thickness is * 200 ± 2 lm with horizontal

cracks and voids at the inter-spray layers. The measured

porosity of the Al2O3 coating was 5.6 ± 1.0%. The coat-

ing–substrate interface shows good bonding without any

defect or delamination. The surface roughness of the sub-

strate from the grit blasting offers interlocking sites for the

impinging splats. The phase analysis of the powder shown

in Fig. 3(a) confirms the as-received powder is entirely

corundum (alpha Al2O3). The corundum crystallites in the

analyzed powder are coarse with calculated size being

141 ± 4 nm. The signal of aluminum in the phase quan-

tification is from the sample holder used during the powder

scan. The phase analysis of the as-sprayed Al2O3 coating

shown in Fig. 3(b) presents two amorphous humps at

the * 408 and 608 2h positions and two crystalline phases

of gamma-Al2O3 and corundum. The crystalline contents

of the coating have * 19.94% corundum with the balance

being gamma-Al2O3 which has a crystallite size of

48 ± 2 nm.

The surface morphology and the fractured surface of the

Al2O3 coating present different architectures as shown in

Fig. 4 and 5. The surface of the coating shown in Fig. 4 is

flat, covered by splats of varying geometry and size.

Individual splat here is larger than the size of the individual

particle in the feedstock; the splats are made up of one or

more particle agglomerates. The fractured surface of the

coating shown in Fig. 5 revealed different features of the

coating lamellae. The morphologies of the lamellae are

different than what has been described of SHVOF-thermal-

sprayed Al2O3 coatings—the lamellae are larger and

thicker (Ref 30).

Nanohardness, Indentation Elastic Modulus

and Micro-hardness

Figure 6 shows the results of the nanoindentation on the

cross section of the as-sprayed Al2O3 coating. Figure 6a

shows the nanohardness of the Al2O3 coating. The

nanohardness results on each row show consistent

nanohardness except for the third row at a depth of 90 lm

from the coating top surface—this row has the lowest

nanohardness of 9 ± 1 GPa. The elastic modulus of the

Al2O3 coating is shown in Fig. 6b. The values plotted in

the figure are obtained from Eq 2. The lowest stiffness of

the coating is shown at the depth of 90 lm; the average

value at this depth is 171 ± 15 GPa. The average elastic

modulus from the thirty indentations is 200 ± 7 GPa—this

Fig. 2 Al2O3 (a) secondary electron high-magnification SEM micro-

graph of the as-received powder D50 = 1 lm. (b) Back-scattered

electron low-magnification SEM micrograph of the as-sprayed

coating with inset showing pores, voids, and inter-layer crack
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value agrees with the reports of other researchers (Ref 15).

The micro-hardness of the as-sprayed Al2O3 coating mea-

sured on three rows is presented in Fig. 7. Each of the bars

represents average of five indentations in a row with the

associated standard error in mean. The lowest micro-

hardness of the coating (7.4 ± 0.3 GPa) is measured at the

depth of 15 lm from its top surface. The effective micro-

hardness of the Al2O3 coating from fifteen micro-indents

comes to 8 ± 0.3 GPa.

Residual Stress Distribution: Hole-Drilling and X-

ray Diffraction

The residual stress profile of the Al2O3 sample from the

hole-drilling is shown in Fig. 8. Figure 8a shows the lon-

gitudinal and transverse stresses were compressive near the

Fig. 3 (a) Rietveld refinement of the as-received powder showing whole a-Al2O3. (b) Rietveld refinement of the as-sprayed coating showing

gamma-Al2O3 and corundum quantification

Fig. 4 Surface morphology showing as-sprayed Al2O3 coating with

even surface covered by splats of varying sizes and geometry
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coating surface. The stresses changed to tensile with

increasing depth; the longitudinal stress reached 12 and

219 MPa, while the transverse stress reached 81 and

321 MPa at the 112 and 160 lm depths, respectively. The

stress value at the 112 lm depth represents the coating

stress state half-way its depth from the top, while the stress

value at the 160 lm depth gives the coating stress state

near the coating–substrate interface. The stresses in the

Fig. 5 Fractograph showing lamella cross section, lamella top

surface, intra-lamella void, and inter-layer crack in the as-sprayed

Al2O3 coating

Fig. 6 Depth profile of the (a) nanohardness of the as-sprayed Al2O3

coating. (b) Elastic modulus of the as-sprayed Al2O3 coating

Fig. 7 Depth profile of the micro-hardness of the as-sprayed Al2O3

coating

Fig. 8 Incremental hole-drilling, (a) longitudinal and transverse

residual stresses in the as-sprayed Al2O3 coating, (b) principal

residual stresses in the as-sprayed Al2O3 coating

J Therm Spray Tech

123



substrate changed from tensile to compressive as depth

increased. At the depth of 224 lm, the longitudinal stress

was 60 MPa; it reached - 113 MPa at the 1.02 mm depth.

Similarly, the transverse stress was 139 MPa at the depth

of 224 lm and has reached - 138 MPa at the 1.02 mm

depth.

The principal stresses for the Al2O3 sample obtained

from Eq 3a and 3b show the same trend as the longitudinal

and the transverse stresses (Fig. 8b). The maximum and

minimum stresses at the 112 lm depth are 105 and

- 11 MPa, respectively. At the 160 lm depth, the maxi-

mum and minimum stresses are both tensile with the values

of 367 and 172 MPa, respectively. The maximum and

minimum stresses at the midpoint of the substrate

(1.02 mm) seem equal to the longitudinal and the trans-

verse stress indicating the shear stress contribution at this

depth is negligible.

Figure 9 shows the plot of dUW against sinUW
2 for the as-

sprayed Al2O3 coating measured by x-ray diffraction. The

near surface of the Al2O3 coating is in a compressive stress

state with a magnitude of - 8.3 ± 0.2 MPa in the longi-

tudinal direction (r0�) and tensile with a magnitude of

25.3 ± 0.8 MPa in the transverse direction (r90�).

Discussion

Coating Microstructure

The microstructure of the coating reflects the thermal

properties of the feedstock from which it was sprayed. The

processing parameters used to deposit the coating caused

the Al2O3 particles to melt, producing coatings with

lamellae. The thermal properties of the material, e.g.,

enthalpy of fusion, are also significant to the microstructure

obtained in the coating (Ref 31). The enthalpy of fusion

represents the thermal energy needed to liquefy a solid

mass—its magnitude depends on the mass of the substance.

The instantaneous thermal energy of the flame varies from

the combustion chamber downstream up to the substrate

given the temperature gradient established for SHVOF

thermal spray process (Ref 32). The hypersonic speed of

the combusted gases carrying the particles and the short

spray distance (85 mm) suggest the particles have short in-

flight time. Therefore, the mass/size of the particles plays a

significant role in the resulting microstructure of the coat-

ing; small size particles would attain sufficient heating

because they will have low enthalpy of fusion. So, in this

case, the Al2O3 particles are micrometric (D50 = 1 lm);

they would have low enthalpy of fusion. Even though the

in-flight time is small, the particles melt to produce dense

individual lamella. This is supported by the absence of

intra-lamella cracking as shown through the fractograph of

the coating. The suspension medium besides processing

parameters and material properties determines the physical

interaction between the flame and the particles (and molten

droplets) in a SHVOF thermal spray process. Aqueous

carrier cools the flame as it consumes the thermal energy of

the flame due to its high specific enthalpy of vaporization

(2.26 MJ/kg), while organic solvents (like ethanol)

enhance the energy of the flame with its heat of combustion

(Ref 33). Where the evaporation of water or the burning of

the ethanol occurs in the combustion chamber, it creates

higher chamber pressure that increases combustion gas

velocity—this often translates to high particle velocity that

yields dense coatings (Ref 33, 34). The spray condition

used for the Al2O3 coating has been shown by Chadha et al.

(Ref 34) to establish this phenomenon. In spite of the

cooling of the combusted gas by the aqueous carrier of the

Al2O3 particles, most of the particles melt to form droplets

due to the size of the individual particles in the agglom-

erates (Ref 35) and the flame temperature being higher than

2100 �C (Ref 36). The droplets were propelled by the high-

velocity combustion gas onto the substrates to form well-

adhered splats that built into densely packed lamellae

shown on the fractograph of the Al2O3 coating. The

thickness of the lamellae varies up to 10 lm—the lamellae

size range shows these are created from molten agglom-

erates of the Al2O3 particles. The cross section of the

lamellae shows non-uniform fine intra-lamella voids. The

top surface of the lamella appears smooth. The large size of

the lamellae is possibly due to coalescence of droplets. The

initial droplets adhere to the substrate due to the improved

surface roughness of the substrate achieved from the grit

blasting process. Lack of similar level of surface roughness

between successive lamellae layers of the coating creates

weak bonding between those, resulting in inter-layer cracks

in the coating.Fig. 9 Plot of d-spacing against sin2w for the near surface XRD

residual stress in the as-sprayed Al2O3 coating
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The fluid dynamic properties of the suspension medium

and its surrounding combustion gas also affect the coating

formation from an atomization point of view (Ref 33). This

dynamic properties are combined in dimensionless num-

bers—Weber number (We) and the Reynolds number (Re)

(Ref 37). The suspension injection process can be classified

as a dense spray process—it has large number of droplets

accompanied by disintegration and droplets interactions

(Ref 38). While atomization has the primary and secondary

regimes, the secondary atomization is the rate-controlling

process in a dense spray process because the primary

breakup is unstable (Ref 39). We number is mostly con-

sidered for the secondary atomization study; its increase

changes the breakup regime in succession from bag to

catastrophic break up (Ref 40). More so, it can be inferred

from the work of Dai and Faeth (Ref 41) that the Re

number in the combustion chamber of SHVOF thermal

spray gun offers a flow regime where the drag properties of

the suspension droplets are unaffected by the viscosity of

the combustion gas. The size of the lamellae in the frac-

tograph and the size of the splats from the surface mor-

phology images of the Al2O3 coating suggest they were

formed from bigger suspension droplets obtainable at the

bag breakup level of the secondary atomization—this

suggests the We number of the suspension droplets is in the

range of 12-50 (Ref 40).

The impact of the thermal treatment on the Al2O3 par-

ticles caused most of the Al2O3 particles to melt to form

amorphous Al2O3 and gamma-Al2O3 although some a-

Al2O3 was detected in the as-sprayed coating as shown by

the XRD results—these are from the unmolten feedstock.

The retention of the a-Al2O3 could have been due to

entrapment during molten droplet formation in-flight or the

a-Al2O3 particles arrived at the substrate surface and get

buried in the large lamellae that form the coating. The

particles were, however, undetected in the fractograph due

to their sub-micron sizes. In another vein, peak broadening

in x-ray diffraction profile reflects crystal imperfections; it

occurs due to any or combination of reduced crystallite

size, increased dislocation density, stacking faults, twin-

ning, micro-stress, grain boundaries, and chemical hetero-

geneities (Ref 42). The crystallite size of the Al2O3 powder

which is corundum presents as coarse with calculated size

being 141 ± 4 nm. However, after deposition the crys-

talline content of the coating that has transformed to

gamma-Al2O3 presents refined crystallite size of

48 ± 2 nm; this seems to cause peak broadening on the

high 2h angle peaks between 100 and 130�. The mecha-

nism of the phase formation in SHVOF-thermal-sprayed

alumina has been explained in our previous work (Ref 6).

The observed microstructure of the coating also impacts

on its measured properties. The nanohardness measured in

the as-sprayed Al2O3 coating represents the hardness of

individual lamella—the indents were small enough to fit

within a lamella. The nanohardness has higher value

compared to the micro-hardness which is lower by * 5

GPa; this can be attributed to the high density of each

lamella as seen on the fractograph. The micro-indents

cover multiple lamellae and inter-lamellae defects (voids,

micro-cracks)—the defects reduce the measured micro-

hardness (Ref 43). More so, the presence of defects like

micro-cracks (vertical and horizontal) and inter-particle

voids will interfere with the measured micro-hardness of

the coating—the large micro-indents will encompass

defects and sintered particles. In addition, particle size

refinement can increase the hardness of a non-work hard-

ened material by grain boundary strengthening due to Hall–

Petch effect (Ref 44). Typical coating is built up from

lamellae, while the lamellae consist of overlaid splats

formed from droplets (Ref 45). Dense lamellae are formed

from splats with high inter-splat contact area (Ref 46).

Turunen et al. (Ref 46) has demonstrated that the inden-

tation modulus of thermally sprayed coatings correlates

with its density. The average indentation modulus of the

coating reflects the nature of its building blocks—it has a

high indentation modulus of 200 ± 7 GPa indicative of its

dense building block—the lamellae.

Residual Stress Distribution

The residual stresses from incremental hole-drilling and

x-ray diffraction technique have been presented to provide

insight into the residual stress behavior of a SHVOF-

thermal-sprayed coating built from lamellae. The hole-

drilling technique profiles the stress information through

the coatings from depths near the surface of the coating; it

combines the contribution of all the constituents of a

coating—the amorphous phase, the crystalline phases, and

the defects in terms of pores and micro-cracks. X-ray

diffraction, however, provides an approximate surface

stress needed to understand the immediate response of the

coating to its functional environment. The hole-drilling

technique assumes homogeneity of the distribution of the

constituents in the coatings (Ref 17)—as in a bulk sample.

However, thermal spray coatings are often built from

overlaid lamellae and/or particles would have property

variation across their thickness as it has been shown for the

coating studied in this case. The differences in the calcu-

lated stresses can be narrowed down through a closer

inspection by estimating the average of the stress profile

obtained from the hole-drilling measurements. Bolelli et al.

(Ref 15) has used this approach to present stresses mea-

sured by x-ray diffraction and the hole-drilling technique.

Table 3 shows the x-ray diffraction stresses and the aver-

age of the stresses measured by the hole-drilling technique.
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The two techniques suggest the Al2O3 coating is mostly in

compression though to varying degrees in different depths.

Deposition process and property mismatch are the

sources of the four types of stresses identified in thermal

spray coatings. The deposition process is the source of the

quenching (tensile), the peening (compressive), and the

phase transformation stress (tensile/compressive), while

the thermal stresses (tensile/compressive) results from the

coefficient of thermal expansion (CTE) mismatch between

the coating and the substrate (Ref 27). The nature of the

stresses found in a coating, whether compressive or tensile,

would suggest if any of the two sources of the stresses can

be considered dominant (Ref 47). The quenching stress

(tensile) contribution to the residual stress in the as-sprayed

Al2O3 coating can be deemed reduced given the poor inter-

lamellae bonding identified through the fracture surface,

micro-cracks between adjacent lamellae and inter-layer

passes—inter-layer defects help in stress redistribution.

More so, because the Al2O3 coating is built from large

overlaid lamellae ([ 10 lm, see Figure (Ref 5)) with good

intra-lamellae bonding; each lamella then act as distinct

entities such that when the whole lamellae experience

cooling and shrinkage, the tensile stress generated is

released through the inter-lamellae micro-cracks. This

phenomenon has been reported for Al2O3 coating with

similar large lamellae makeup (Ref 15). The peening stress

contribution remains significant given the continuous

impact of overlaid splats at hypersonic speeds which leaves

the overall coating in compression. The collision of splats

in this case can be considered inelastic where most of the

kinetic energy of the arriving splats is transferred to the

underlying splats—both the top and bottom splats spread

out stuck together in a composite pile compressed. This is

further justified by the average of the measured residual

stresses in the Al2O3 coating as - 162 MPa (compression)

in the longitudinal direction and - 104 MPa (compression)

in the transverse direction. There could also be some

compressive stress contribution from the phase transfor-

mation stress based on the microstructure of the coating

described in ‘‘Coating Microstructure’’ section. Consider-

ing the coating as a composite mix of amorphous Al2O3

matrix reinforced with crystalline Al2O3 (gamma and

alpha), the amorphous Al2O3 in the coating will compress

the sparsely distributed crystalline phases which

makes * 20% of the entire mix. This is so in that amor-

phized material exerts compressive stresses on its sur-

rounding due to its increased disorderliness and volumetric

expansion (Ref 48). In addition, the contribution of the

thermal stress resulting from the cooling of the combine

coating–substrate composites is compressive given that the

substrate–coating CTE ratio was * 2.1 (Ref 49, 50). In

summary, none of the two sources for the four types of

stress is dominant for the coating presented in this work.

However, of the four types of stress identified in the

coating presented in this work, the peening stress and the

thermal stress can be considered dominant through the

depths of the coating given the CTE ratio of the substrate–

coating composite and that the deposition process was

HVOF based.

The x-ray diffraction technique has capability to mea-

sure the unique residual stress due to crystalline phase

transformation when compared to the hole-drilling tech-

nique. The difference in the residual stress measured

through the x-ray diffraction in r0� (longitudinal) and r90�

(transverse) directions is unrelated to the shape or the

dimensions of the sample. As evidenced from Fig. 8, the

differences between residual stress in the longitudinal and

transverse directions—measured through the hole-drilling

technique—are well within the error range of the mea-

surements. This concludes that similar stress profile exists

in both longitudinal and transverse directions of this coat-

ing; however, in the x-ray diffraction residual stress mea-

surement there is a small difference (33 MPa) in the value

of residual stress between the transverse and the longitu-

dinal directions. It is not entirely clear why the difference

exists, but it should be worth pointing out that only gamma

alumina (844) hkl plane was considered in the x-ray

diffraction technique and the difference could be down to

the crystallographic orientation of this specific plane in two

directions.

Conclusions

Residual stress of SHVOF-thermal-sprayed Al2O3 coating

was investigated using the incremental hole-drilling and

the x-ray diffraction technique. It has been demonstrated

that SHVOF thermal spray is able to deposit coatings of up

to * 200 lm with suitable integrity from alumina sus-

pension. The microstructure of the coating shows distinct

building elements—lamellae. In regard to the technique

used for the residual stress measurement, the through-

thickness residual stresses in the coating were obtained

from the hole-drilling measurement to be mostly com-

pressive. The shear stress contribution to the hole-drilling

residual stress was negligible given that the directional

Table 3 Results of the x-ray residual stress compared to the average

of the hole-drilling residual stress: r0� and r1 are longitudinal stresses,

while r90� and r3 represent transverse stresses

Coating X-ray Hole-drilling

r0� (MPa) r90� (MPa) r1 (MPa) r3 (MPa)

Al2O3 - 8.3 25.3 - 162 - 104
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stress plot shows similar trend as the principal stress plot.

The x-ray diffraction technique, on the other hand, pro-

vided the contribution of the phase transformation stress to

the residual stress in the coating. Besides, the x-ray

diffraction residual stress presents the approximate surface

stress needed to understand the immediate response of the

coating to its functional environment.
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