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Abstract

Thermally sprayed coatings are formed by the deposition of molten or partially molten particles, propelled onto a substrate where
they impact, spread and solidify rapidly. Residual stresses are expected within the sprayed deposit as a consequence of the release of
thermal and kinetic energies. A wide range of materials and two spraying techniques are considered in this study, namely
atmospheric plasma spraying (APS) and high-velocity oxygen fuel. Stresses were determined by the X-ray diffraction (XRD)
method. The results were compared with those calculated by mechanical analysis of stress relief in coatings detached from the
substrate. Comparison of the results for adherent and free-standing coatings shows that the residual stress state can be resolved in
terms of the components suggested by models that propose two stages of stress generation: quenching stresses and secondary-
cooling stresses. The in-depth distribution of residual stresses, through the coating thickness, is discussed in terms of the nature of

the coating system.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermal spraying covers a group of coating technol-
ogies characterised by the use of a concentrated and
highly energetic heat source, in the form of a flame,
plasma jet, shock wave, etc. The metallic or non-
metallic, material to be sprayed is delivered to the spray
set-up in the form of a powder, rod or wire. It is molten
or partially fused and propelled towards the substrate to
which the particles adhere mainly by mechanical
anchoring. The deposit is built up of successive layers,
each one originating in a stream of particles impacting
on the target where they spread and solidify rapidly
forming splats or lamellae.

This study deals with coatings sprayed by atmo-
spheric plasma spraying (APS) or by high velocity
oxygen-fuel (HVOF). The APS technique uses an
electric arc established between a tungsten cathode and
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a water-cooled copper anode as energy source. Depend-
ing on the particle size and the physical properties of the
material, the powders are completely molten in less than
100 ps and the (alumina) droplets reach velocities in the
range 120—180 m s~ ' at a spray distance of 100 mm [1].
HVOF involves the combustion of oxygen and a fuel gas
at high pressure to produce the high-velocity exhaust jet.
The heating temperature, which depends on the parti-
cular spray gun and the fuel gas used, can reach 3000 K.
Sprayed (WC—-12Co) particles reach velocities in the
range 350-380 m s~ ' [1], or 300800 m s ' for stainless
steel powders [2]. The APS process mainly transfers
thermal energy to the particles, whereas in HVOF the
dominant energy transferred is kinetic.

The structure of thermally sprayed coatings is gen-
erally characterised by an amount of porosity due to
microcracks inside the splats, as well as micropores and
very thin gaps between the deposited particles. Non-
bonded areas may be formed due to oxidation or non-
complete recovery [3—7]. The individual nature of the
consolidation and solidification of the droplets leads to
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quite different physical and mechanical properties of the
coatings compared with those of sintered materials.
Studies have shown that interfacial sliding, and micro-
cracking reduce the stiffness of the coatings so that the
Young’s modulus can be as small as 10% of the bulk
value [8,9].

Compared with coatings of the same material sprayed
by APS, deposits applied by HVOF exhibit a higher
density and higher bond strength due to a higher impact
velocity, while the lower combustion temperature leads
to a smaller degree of decarbonisation in carbide-
containing coatings [1,10].

Important levels of residual stresses are expected in
thermally sprayed coatings as a consequence of the high
thermal and kinetic energies involved in the process and
due to the difference in thermophysical and mechanical
properties of substrate and powder materials. The
models proposed in the literature to explain residual
stress generation can be seen under two perspectives,
one focused on individual particles and the other
focused in the whole of the deposit. The first has been
developed from the earliest studies [3] and is shared by
authors who explain the mechanical properties of the
coatings by their microstructural characteristics [4,6,11—
13]. They consider that the residual stress level is defined
in two stages of the process: the deposition, when the
sprayed particles strike the target and are quenched to
the temperature of the underlying material; and further
cooling down to room temperature when the spraying
torch is turned-off. This theory is well resumed by
Kuroda, who suggests that residual stresses are gener-
ated on two scales: the microscopic scale of each sprayed
particle and the macroscopic scale of the coating [10].

The second perspective is suggested by authors who
propose models based on the thermal history to
anticipate the residual stress profile in the depth of the
coating [8,14—17]. The effects of general parameters,
such as the coating thickness, the substrate temperature,
the spray distance, the deposition rate, and others, are
studied. Comparison of predictions of such models with
experimental data from X-ray diffraction (XRD)
[14,16,17], or mechanical methods [5,14,16], shows
important deviations. As a consequence, this theory
has not been well accepted.

Models that propose two stages for the residual stress
generation distinguish between two kinds of stresses,
namely transient and residual [3], micro and macro [4],
deposition and other [13,18], or quenching and cooling
[19]. The former, are generated during the deposition
when particles strike the substrate or previously depos-
ited layers. They are explained by the release of the
thermal energy involved in the process, and are called
quenching stresses [19]. Some authors have also empha-
sised the effect of the release of kinetic energy and
associated it with peening stresses [20]. They suggest that
quenching stresses are dominant in processes where the

particles are completely molten in the spray gun, as in
APS [10]. The particles spread upon impact, but the
contraction during cooling and solidification is con-
strained by the underlying material and tensile stresses
are generated inside each sprayed particle. On the other
hand, peening stresses are generated in top layers where
partially fused particles impact at high velocity, as in
HVOF spraying [2,10]. The surface of the target is
plastically deformed, inducing a significant level of
compressive stresses that add on the previous quenching
stresses. Obviously, the surface layer of the coating
remains under the effect of the quenching stresses, and
the depth of the peening effect was observed to be as
deep as 50 um in 316L stainless steel coatings [2].

The magnitude of such quenching stresses implies that
several relaxation mechanisms are activated [4,6,11].
These can include plastic yelding, creep, microcracking
and interfacial sliding [21]. The degree of relaxation or
the local stress values are not accessible to the experi-
mental measurement, but the effects of the quenching
stresses were observed by monitoring the curvature
induced in a relatively thin substrate—deposit pair
[18,19,22—-24]. The results show that the resulting
residual stresses are of a level of 10-100 MPa and are
insensitive to the substrate material and the spraying
conditions, as long as the coating thickness exceeds 10
pum [18], but they are affected by the substrate tempera-
ture especially when metallic materials are sprayed
[21,25].

The second kind of stresses arise during cooling
particularly after spraying; in some of these cases the
experiments [18,22] have shown a decrease in the
curvature of the specimen or even an inversion of its
form. Because they occur during the cooling to room
temperature, these stresses were named cooling stresses
[19]. They are attributed to the mismatch of thermal
expansivity between the coating and substrate materials
[10]. As a consequence, they can be either tensile or
compressive [12,23]. Although confined to the interface
region, the effects can be transmitted along the coating
and reach the surface if the deposit structure is compact
enough. The magnitude of these stresses is related to the
coating and substrate temperatures and to their thermal-
expansion coefficients and Young’s moduli. These
parameters can be quite different from those of the
bulk materials [3,4,9,23]. Cooling stresses are also
introduced by thermal shock or thermal cycling during
service of TBC’s (thermal barrier coatings).

The residual stress state in the coatings results, in
principle, from the superposition of both mechanisms of
stress generation. However, due to the significant
implications of the quenching stresses for deposit
formation, they are considered by some authors to be
the most important source of residual stresses [21].
Thermal mismatch strains between coating and sub-
strate generated later during the cooling to room
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temperature can be accommodated in the coating flaws,
porosities, or microcracks, and only a limited zone will
be affected in the interface with the substrate. The
effects of cooling stresses will affect the coatings with a
very dense structure, inducing a through thickness
residual stress gradient. For such coatings, the residual
stress state at the top surface can change from tensile to
compressive as the temperature increases, due to differ-
ent proportions of the quenching and thermal mismatch
components [25]. In HVOF sprayed coatings the peen-
ing stresses can reach important values, and the residual
stress state can be controlled by the spray parameters
[2].
XRD, known as X-ray stress evaluation (XSE) when
used for stress analysis, is a non-destructive technique,
which analyses a surface layer whose thickness depends
both on the sample material and the incident beam
wavelength. Usually this thickness is not high enough to
cover all the depth of a thermally sprayed coating.
Nevertheless, this hindrance can be an advantage for
studying possible stress gradients in the cross-section by
using suitable surface-removal methods or various
wavelengths. The technique has extensively been applied
to the study of thermally sprayed coatings
[9,14,16,17,26-30]. It gives reliable results about the
final residual stress state mechanical components while
avoiding deposits on thin substrates, or the preparation
of special samples to be submitted to layer-removal
methods [24,31].

This study focuses on coatings of a wide range of
materials sprayed by APS or by HVOF. The goal is to
interpret the residual stress values in the framework of
the models proposed in the scientific and technological
domain of thermal sprayed coatings. For this purpose,
the XSE method is used to quantify the residual stresses
in the surface layer of coatings adherent to the
substrates and also in the depth of some samples. The
results are correlated with the microstructure and
characteristics of the coatings and compared with values
determined at the surface of free-standing coatings. The
stresses in the top face of these samples are also
estimated by a mechanical method based on the elastic
bending of the coating.

2. Materials and methods
2.1. Materials and parameters of the spraying processes

Coatings of several materials were studied to analyse
the influence of special characteristics of the micro-
structure. Coatings of alumina were used to investigate
the effects of the bondcoat (NiAl or NiCr) and of the
deposit thickness. Coatings of metals and alloys were
analysed because the incidence of cracking is usually
lower than in ceramic coatings. Cermets, sprayed by

HVOF, were studied because of their high density and
bond strength.

The technique used to produce each coating was
selected according to the sprayed material: APS for the
ceramics and HVOF for the metals and cermets. Never-
theless, some exceptions were considered with the aim of
studying the particular influence of the spraying process
on the microstructure of the deposit. In general,
optimised values were chosen for the spraying para-
meters, as shown in Tables 1 and 2. APS coatings were
sprayed with a Castolin Eutectic Eutronic Plasma unit
and HVOF coatings were sprayed with a CDS-100
Plasma Technik AG.

Commercial powders were sprayed onto substrates of
several materials and thicknesses, as listed in Table 3,
where the samples are identified. This table also shows
characteristics of the coatings that are significant for the
analysis of the residual stress results. Some coatings
were deposited in substrates of different thicknesses (e.g.
St 37 1.5/5/10 means DIN St 37 K steel with thicknesses
of 1.5, 5 and 10 mm). The surface to be coated was
previously sandblasted. During spraying the coatings
were cooled by directing pressurised air towards the
surface. The substrate temperature was not controlled
and neither cooling nor pre-heating were usually ap-
plied.

2.2. Residual stress analysis

2.2.1. X-ray stress evaluation

Residual stress analysis by XRD was performed with
the parameters listed in Table 4, which shows elastic
constant values usually found in the literature. Several
Ko radiations were used, according to the phase and
type of crystalline planes studied in the material.
Different thicknesses were studied according to the
wavelength used and type of material investigated, as
shown in the last two columns of the Table 4. The mean
values of the penetration depth were calculated by the
formulation given in ref. [32] with X-ray absorption
coefficients determined according to [33]. Some mea-

Table 1
Typical APS spraying parameters

ALO; NiAl NiCr WC-

12Co

Primary gas (Ar) flow rate (NI 10 10 10.6 57
min ~")?

Secondary gas (H,) flow rate (NI 11.3 12 75 2
min !

Powder feed rate (g min~ ") 40 60 56 70
Current (A) 700 630 650 530
Voltage (V) 56 63 60 50
Stand-off distance (mm) 125 170 150 130

2 Flow rate (I min~ ") at standard (Normal) atmospheric pressure.
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Table 2
Typical HVOF spraying parameters

75Cr;C,25NiCr 88WC12Co 83WC17Co

Oxygen flow (NI min~")* 420 420 420
Propane flow-C3sHg (NI 60 55 55
min ")

Powder feed rate (g 25 45 38
min ")

Spray distance (mm) 300 300 300

2 Flow rate (I min ') at standard (Normal) atmospheric pressure.

surements were carried out in depth after removing
successive layers of the coating by using a mechanical
polishing for ceramics and electropolishing for metals
and cermets. The mechanical polishing was performed
by using a smooth abrasive paper in such a way that the
introduced stresses were lower than the standard devia-
tion of the results. A previous study was carried out in
order to check this point. The final results were
corrected for the effect of stress relief by using appro-
priate mechanical models [34]. A linear dependency of
dyy on sin’y was always observed, thus showing a
homogeneous stress—strain distribution within the irra-
diated area and justifying the use of the classical sin*y
method [35].

The X-ray elastic constants (XEC) were calculated by
using the same values and models as for bulk material.
This practice was dictated by the conclusions of a
previous study where the subject was extensively treated

[9].

2.2.2. Analytical estimate of the cooling stresses

The cooling stresses are generated at the interface
coating-substrate, due to the differential thermal con-
traction. They can be approximately estimated by using
the equation below [36], under the following assump-
tions: (i) the deposit thickness is much smaller than the
thickness resulting from the assembly formed by the
substrate and its holder at the spraying set-up, (ii) the
material of the interface coating-substrate has a per-
fectly elastic behaviour:

oc(Ty) = (ac — as)(Ty — T E(Tp) (1)

where T is the room temperature, oc is the coefficient
of linear thermal expansion of the coating, ag is the
coefficient of linear thermal expansion of the substrate,
Ty is the average temperature in the interface just after
the terminus of the spraying process, and Ec is the
Young modulus of the coating. The parameters were
selected according to the explanations in the following
paragraphs.

The value of room temperature was considered to be
Ty =25 °C. The coefficients of linear thermal expansion
of the coating and substrate were as those of the same
bulk materials. This assumption is supported by the

conclusions of several studies usually dealing with the
application of coatings as thermal barriers. Values of the
order of these for non-sprayed dense material [23,37,38],
or even lower [39] are determined. The values used, were
taken from the literature are listed in Table 5.

The temperature in the interface coating-substrate
was determined by using three thermocouples implanted
in the backside of the substrate at distances of 0.5 mm
from the interface. It was observed that, when the
coating surface was cooled by a jet of compressed air
during spraying, the interface temperature was stabilised
at a value close to 200 °C. This temperature was
reached after some exposure to the plasma torch and
remained independent of the coating thickness. Accord-
ing to these considerations, a value of 771 =200 °C was
used for the calculation.

The values for E-(T,) at room temperature were
determined by cantilevered flexure of free-standing
coatings, using a technique described elsewhere [9].

2.2.3. Evaluation of the cooling stresses by a mechanical
method

This study was carried out on several coatings by
measuring the curvature radius of free-standing depos-
its, after removing the substrates by chemical dissolu-
tion. The method assumes that the amount of stresses
released by the sample curvature is equivalent and
opposite in sign to the stresses induced by the thermal
mismatch strains at the coating-substrate interface,
during cooling. This means that the maximum bending
stress at the top surface of the coating is symmetric to
the stress at the interface side, and the neutral axis is
located in the mid-plane of the deposit. The calculation
is based on the formulation of the elasticity theory
giving the stresses-o-in the top face of a beam subjected
to a pure bending moment:

o= "y 2)

where E. is the macroscopic modulus of elasticity of the
material, » is the radius of curvature, and y is the
distance to the neutral axis. The values of E. were
determined by using free-standing coatings and the
method referred to in the previous section. The radius
r was measured for each sample by using a compu-
terised profilometer. The value of y was considered to be
one half the thickness of the coating.

2.3. General experimental procedures

Microhardness Vickers tests were performed on the
polished cross-sections of some samples. To reduce the
interaction with porosity, a testing load of 50 g was
applied for 15 s. Five measurements were taken to
calculate the average value.



Table 3

Samples and their principal characteristics

Sample Spray pro-

CESS

Substrate material + thickness

(mm)

Powder composition

(7o)

Coating thickness (um)

Bondcoat material 4 thickness
(mm)

Major phases or a-Al,O3
(7o)

Vickers hard-
ness
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APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
APS
HVOF
HVOF
APS
HVOF
APS
HVOF
APS
HVOF

St 37 1.5/5/10

St 37 1.5/5/10
AISI 304 1.5/5/10
AISI 304 1.5/5/10
Al alloy 1.5/5/10
Al alloy 1.5/5/10
Copper alloy 1.5/5/10
Copper alloy 1.5/5/10
Graphite 1.5/5/10
Graphite 1.5/5/10
St 37 2 mm

St 37 2 mm

St 37 1.5 mm

St 37 1.5 mm

St 37 1.5 mm

St 37 1.5 mm

St 37 10 mm

St 37 1.5 mm

St 37 2 mm

St 37 2 mm

St 37 1.5 mm

St 37 1.5 mm

St 37 2 mm

St 37 2 mm

ALO3; >99.5
A1203 >99.5
Al,O; >99.5
A1203 >99.5
ALO5; >99.5
A1203 >99.5
A1203 >99.5
A1203 >99.5
Al,O; >99.5
A1203 >99.5
Ni—5Al
Ni—-5A1
A1203 >99.5
A1203 >99.5
A1203 >99.5
A1203 >99.5
WC-12Co
WC-12Co
Inconel 625
Inconel 625
WC-12Co
WC-12Co
A1203 >99.5
A1203 >99.5

420-510
410-520
300-400
310-360
320-380
300-350
320-370
300-340
220
220-270
200

400

50

200

450

600
200, 400, 600, 770
15, 50, 200
100

220

330

200

220

210

NiAl 140-160
;IiAl 100

;IiAl 100-160
lzliAl 100-130

NiAl 20-30

3-6.5
3-6.5
3.5-6.5
3.5-6.5
3.5-6
3.5-6
4-7
4-7
3.5-6.5
3.5-6.5
Ni

Ni

5.5

8.2

7.5

8.0

wC
wC

Ni

Ni

wC
wC

15

25

1250
1250
1000
1000
1100
1100
1150
1150
1000
1000

220

220
1000
1000
1000
1000

200
400
1050
1500

650
950
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Table 4
Diffraction conditions and elastic constants for residual stress evaluation

Material Radiation Phase Diffracting planes 20 (°) E (GPa) v Penetration (um)

63% 95%
AlLO; Cu v-AlLO5 {844} 145.8 300 0.25 50 150
NiAl Cu Ni {331} 144.7 224 0.29 10 30
Inconel 625 Cu Ni {331} 144.7 224 0.29 10 30
WC-Co Fe wC {112} 145.5 700 0.20 2 6
Table 5

Coefficients of linear thermal expansion of coating and substrate
materials used in the thermal stress estimation

Material a (x 107K
Ferritic steel (substrate) 11

Alumina 7.58
WC-12%Co 5.5

The microstructure of the coatings was examined by
optical metallography and by scanning electron micro-
scopy (SEM), using equipment provided for EDS
analysis. Phase structures were analysed by XRD, using
Cu-Ka radiation. The detected diffraction lines were
compared with reference lines of powder standards from
the JCPDS map.

The apparent porosity of the coatings was determined
by a volumetric method, for the APS samples, and by
quantitative image analysis of the cross-sections, for
those sprayed by HVOF.

3. Results and discussion

3.1. Microstructure of thermally sprayed coatings

Figs. 1 and 2 show micrographs of coatings produced
by the two spraying processes. They are proposed to
illustrate some important characteristics of the micro-
structure.

The main characteristic of the coatings is a lamellar
structure of superposed and oriented layers, which is a
result of the forming process. This feature is well
illustrated by Figs. 1 and 2(a). In HVOF coatings it is
not so well defined (Fig. 2b), because the increase of the
impact velocity, in spite of the moderate heating,
improves the cohesion and the density of the deposit.
As a consequence of such a structure, discontinuities
preferentially aligned parallel to the substrate surface
are visible in the cross-sections of the coatings, clearly
showing particular structures in the contact between
sprayed particles. Regarding the spraying process, these
characteristics are more marked in the APS coatings,
thus revealing a weaker cohesion of these deposits.

10 ym

b)

Fig. 1. (a) Cross-section of a NiAl APS coating, (b) microcrack within
a splat observed at the surface of a WC—-Co APS coating.

The porosities and voids typical of thermally sprayed
coatings appear as dark spots in the micrographs of the
cross-section, as shown by Fig. 1. By SEM observation
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Fig. 2. SEM micrographs of the fracture surface of WC—Co coatings
sprayed by: (a) APS, (b) HVOF.

their round or irregular forms can be recognised (Fig. 2).
They are more common in APS than in HVOF coatings;
this is explained by the higher temperature of the
particles, because the pores may result from the
evacuation of vaporised material during the solidifica-
tion of the molten droplets.

Microcracks arise perpendicular to the surface and
inside the lamellae of APS coatings, as shown by Fig.
1(b). They are explained by the release of quenching
stress during spraying [4,6,23]. In HVOF coatings they
are not (so clearly) observed.

3.2. Residual stresses and characteristics of the coating
system

The residual stresses were evaluated in the surface
layer of coatings adherent to the substrates. Layers of
thickness conforming to the X-ray penetration were
observed, as shown in Table 4. The study was carried
out at several sites of each coating and the residual
stresses were always determined along two perpendicu-
lar directions corresponding to azimuth angles of 0 and
90°. The results showed for each sample characteristics
of a plane-equiaxial and tensile stress state, with
constant values at sites far from the borders or
irregularities. The results presented in the remainder of
the study confirm this feature.

The level of the residual stresses in the top surface was
related to characteristics of alumina coatings deposited
by APS. The parameters considered were the substrate
material (DIN St 37 K-ferritic steel, AISI 304-austenitic
steel, aluminium alloy, copper alloy and graphite), the
substrate thickness (1.5, 5 and 10 mm, for each
material), and a bondcoat of NiAl (or its absence).
The samples are listed in Table 3, numbered one to ten,
and the results are shown in Fig. 3. As can be observed,
the level of the residual stresses remains constant for all
the samples inside the error bars. This behaviour can be
related to the stress relief by extensive micro-cracking
during spraying (Fig. 1b). The coating flaws, porosities
and microcracks have an important effect on the stress
release and only quenching stresses remain in the
finished deposit.

This analysis is corroborated by the profile of residual
stresses determined in the depth of some coatings
deposited by APS. They show constant tensile stress
values, inside the error bars, along the whole depth. No
stress gradient is observed, neither in ceramic, nor in
metallic coatings. Fig. 4 for NiAl and Fig. 5 for alumina
are good examples of such results. They differ from the
predictions of models based on the global heat transfer

400

Stress [MPa] O  Substrate 15 mm

) - O  Substrate 5 mm
3504 O  Substrate 10 mm
3004
2504
|

I f

2004
I SAMPLES]

]50 | T T T II T II - T

T I.
1 2 3 4 5 6 7 8 9 10
bond-coat  NiAl No NiAl  No NiAl No NiAl  No NiAl No
substrate St 37 steel Stainlesss. Aluminium  Copper Graphite

Fig. 3. Residual stresses in the surface layer (50 pm thick) of alumina
coatings sprayed by APS on substrates of different materials and
thicknesses, and with or without bondcoat.
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Stress [MPa] 0 200pm
o 400 pm
100 % }
0¥ 1
Depth [pm]
T T T
0 100 200 300 400

Fig. 4. Residual stresses in layers (10 pm thick) through-depth
distributed in NiAl coatings with two different thicknesses, sprayed
by APS (samples 11-12).

during the spraying process, which predict considerable
gradients in the thickness of the deposits [15]. The
residual stress state results only from the quenching
stresses (Fig. 6a). The intensity is roughly constant in
depth, because, as explained by Kuroda et al. [21], the
steady-state value is a function of the characteristics of
the impinging particles and the substrate temperature.
This temperature reaches its maximum in a short time, if
surface cooling is used during the process. Tensile values
with similar profiles are predicted by a model developed
by Gill and Clyne [24] for the effects of the quenching
stresses.

On the contrary, a weak stress gradient is observed in
WC-Co coatings, as exemplified in Fig. 7 for one
sample 17 (200 um thick at a 20 mm thick substrate). It
can be explained by the superposition of cooling stresses
to the quenching stresses. In the study of these coatings
the effect of peening stresses mentioned by Kuroda et al.
[2] was not observed. Cooling stresses are generated as a
consequence of thermal mismatch strains in the interface
coating-substrate, whose effects reach the surface, if the
coating stiffness is high enough (Fig. 6b and c). This
explains the increase of residual stresses with the deposit
thickness observed on the surface of some coatings, as
shown by Fig. 8. HVOF coatings denote the effect of the
thermal energy accumulated during the spraying pro-
cess, that is higher in the thicker deposits. In the

industrial practice a higher probability of debonding is
observed for the thicker deposits.

The effects of the cooling stresses can be detected on
the results determined for the HVOF deposits which are
denser and with lower amount of cracking than those
sprayed by APS (Fig. 2). The explanation is corrobo-
rated by the comparison of results for the same material
sprayed by both the techniques. These results, given in
Table 6, show clearly that residual stresses reach higher
values for the WC—-Co HVOF coatings which are less
porous than those deposited by APS. The exception of
Al,O3 (samples 23—24) is justified by the higher amount
of cracked o-Al,O3 observed in the HVOF sample. The
residual stresses in this phase were close to zero.

3.3. Interpretation of the residual stress results

3.3.1. Quenching stresses

Quenching stresses are of a level that corresponds to
the values determined in the top surface of free-standing
coatings (Fig. 6a). They are always tensile and roughly
constant through the deposit thickness. XRD data of
quenching stresses, determined on the surface of differ-
ent free-standing samples, are shown in Table 7.

3.3.2. Cooling stresses

The cooling stresses can be related to the effect of the
coating-substrate connection by studying the residual
stress relieving in free-standing coatings. For instance,
the XRD data for WC-Co HVOF coatings given in
Table 7 show higher values when the deposit is
connected to the substrate than when it is free-standing.
On the other hand, the alumina coatings have a different
behaviour and the values remain constant, because of
their brittleness, which induces mechanisms of strain
accommodation inside the deposit.

The difference between the XRD data for the WC—
Co HVOF coatings, before and after substrate removal,
can be related to the cooling stresses generated in the

500
Stress [MPa] —e— 50 um
450 --0--200pm
--- ==+ 450 pm
-e- -+ 600 pm
4004

3507

300

250

——
—E—
———

200

500 600

Fig. 5. Residual stresses in layers (50 pm thick) through-depth distributed in alumina coatings with four different thicknesses, sprayed by APS

(samples 13-16).
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Fig. 6. Schematic explanation of residual stress generation in a thermal sprayed coating.
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Fig. 7. Residual stresses in the depth of a WC—Co coating sprayed by
HVOF.
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Fig. 8. Residual stresses in the surface layer (2 pm thick) of WC-Co
coatings with different thicknesses, sprayed by HVOF (samples 17—
18).

interface with the substrate as a consequence of thermal
mismatch strains. In fact, the difference of the stresses
determined in the surface layer of these samples is
opposite in sign to the cooling stresses calculated for the
coating at the interface with the substrate. They are
representative of the maximum bending stress at the
surface side of the coatings while they are connected to
the substrates. These cooling stresses can be determined

Table 6
Comparison of surface residual stresses and porosities in coatings
sprayed by APS and by HVOF

APS HVOF
Sprayed material OR Porosity OR Porosity
(MPa) (%) (MPa) (%)
Inconel (samples 19— 130+50 @ 165455 a
20)
WC-12%Co (samples 20+15 10 160 +45 1
21-22)
AlO; (samples 23— 410460 10 190425 <1
24)

% Not measured.

by Eq. (1) or by the mechanical method based in the
curvature radius of the free-standing coatings (Eq. (2)),
if an approach by a fully elastic behaviour is assumed
for the deposit. The results, given in Table 7, show that
stresses calculated by Eq. (1) are compressive according
to the relative magnitude of the thermal expansion
coefficients of the coating and substrate materials. Also
compressive, even though of lower level, are the values
determined by Eq. (2), whose parameters of calculation
are shown in Table 8. Both kinds of results, from Eq. (1)
and from Eq. (2), agree with reasonable accuracy with
the XRD data.

Cooling stresses, as responsible for a stress gradient in
the coating thickness, explain the spalling of thick
deposits of materials that can be affected by their
action. Industrial practice shows that such a phenom-
enon occurs, not during the spraying process, but after
some time has elapsed, during the cooling to room
temperature. This is explained by the bending moment
due to the stress gradient, which would reach consider-
able magnitude in the thickest coatings.
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Table 7
Comparison between stress values determined by different methods

Samples XRD residual stresses at the surface layer (MPa) Cooling stresses [MPa]
Adhering Free Average difference Eq. (1) Eq. (2)
17-18 170+30 55+20 115 —135 —60
WC-12%Co 130435 60+20 70 —170 —-90
HVOF 160 +45 75+30 85 —115 —100
23-Al,05 APS 410+ 60 420455 —10 -20 -3
24-Al,05- HVOF 190 +25 220+20 -30 —55 —17

Table 8
Samples and parameters used for the calculation of cooling stresses by
the mechanical method

Samples Thickness (mm) Ec Average curvature
(GPa) radius (mm)
Substrate Coating

17-18 10 0.21 140+20 230
WC-12%Co 10 0.40 175+£25 380

HVOF 1.5 0.20 120+15 125
23-AL0O;-APS 2 0.22 30+10 1010

24— 2 0.21 90+20 545
AlLO;-HVOF

4. Conclusions

The XRD method could be used to evaluate the
residual stresses in thermally sprayed coatings. The
experimental values are explained by the model theory
that proposes two stages of stress generation: quenching
stresses generated during the deposition of the sprayed
particles, and secondary-cooling stresses generated dur-
ing the cooling to room temperature. The residual stress
state in the coating results from the superposition of
both stresses, according to a damageable elastic beha-
viour.

The quenching stresses are due to the contraction of
each molten particle during solidification. They are
tensile and their magnitude is roughly constant along
the depth of the deposit. This magnitude is close to the
values determined by XRD in the surface of coatings
detached from the substrate. Quenching stresses define
the residual stress state of APS coatings where the
dominant energy is of thermal origin. In this case
residual stresses are insensitive to the coating thickness,
substrate material and bondcoat.

The secondary-cooling stresses are due to the mis-
match in thermal contraction between coating and
substrate. Its magnitude can be estimated from the
difference between XSE values in the surface layer of
coatings adhering to the substrate and in free-standing
coatings, as well as by the curvature radius of the last
ones. They contribute to a stress gradient in dense
coatings with a relatively high stiffness, because they are
not affected by the release of quenching stress. In that

case the secondary cooling component of the residual
stress state increases with the coating thickness. The
spalling of some thick coatings after spraying and
during cooling to room temperature can be explained
by the effects of the secondary cooling stresses.
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