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Abstract Thermal spray processes have been developing

toward lower particle temperature and higher velocity.

Latest generation high-velocity oxygen-fuel (HVOF) and

high-velocity air-fuel (HVAF) can produce very dense

coating structures due to the higher kinetic energy typical

for these thermal spray processes. Thermally sprayed

coatings usually contain residual stresses, which are

formed by a superposition of thermal mismatch, quenching

and, in case of high kinetic energy technologies, peening

stresses. These stresses may have a significant role on the

mechanical response and fatigue behavior of the coating.

Understanding these effects is mandatory for damage tol-

erant coating design and wear performance. For instance,

wear-resistant WC-CoCr coatings having high compressive

stresses show improved cavitation erosion performance. In

this study, comparison of residual stresses in coatings

sprayed by various thermal spray systems HVOF (Ther-

mico CJS and Oerlikon Metco DJ Hybrid) and HVAF

(Kermetico AcuKote) was made. Residual stresses were

determined through thickness by utilizing Tsui and Clyne

analytical model. The real temperature and deposition

stress data were collected in the coating process by in situ

technique. That data were used for the model to represent

realistic residual stress state of the coating. The cavitation

erosion and abrasion wear resistance of the coatings were

tested, and relationships between residual stresses and wear

resistance were discussed.

Keywords cavitation-resistant coatings � fracture
toughness � HVAF � HVOF � in situ monitoring � residual
stresses � WC-CoCr

Introduction

The unique droplet-by-droplet manufacturing process of

thermally sprayed coatings may generate relatively high

residual stresses, which are necessary to understood and

controlled well to avoid residual stresses causing failures

during the coating manufacturing process or in use (Ref 1-

3). Some of the latest high kinetic thermal spray processes,

such as high-pressure high-velocity oxygen-fuel (HVOF)

or high-velocity air-fuel (HVAF), typically produce lower

flame temperatures and higher particle velocities compared

to traditional HVOF spray devices (Ref 4). The tempera-

ture-velocity conditions of the spray particles certainly

have a major influence on the coating residual stresses,

whose effect on the wear performance is of interest. There

have been numerous studies on the effect of residual

stresses on interfacial adhesion, wear resistance, and fati-

gue performance of HVOF and HVAF coatings. Luo et.al.

showed that the wear resistance decreased in adhesive wear

test (pin-on-disk, POD) when coating tensile stresses grew

with increased coating thickness (Ref 5). Studies on fatigue

resistance of coatings have shown that the effect of HVOF-
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sprayed carbide coatings may have either positive or neg-

ative influence on fatigue life of steel. (Ref 6-9) Positive

influence on the fatigue life has been observed with coat-

ings that have been in high compressive residual stresses

caused by spray particle shot peening, which is shown to

play an important role in preventing the crack initiation

within the coating or at the interface between the coating

and the substrate (Ref 8). Good cavitation erosion resis-

tance of HVAF coatings has been reported in several other

studies, in which this was proposed to be mainly related to

the high kinetic energy of the particles (Ref 10-12). Studies

on cavitation erosion resistance of WC-CoCr has shown

that erosion of HVAF coatings takes place by the mecha-

nism of fatigue crack growth, preferably along the weak

lamella boundaries. Continuous impacts resulted in crack

propagation, crack growth and material removal in larger

blocks. It has been discussed that compressive residual

stresses hinder the crack growth and positively influence

cavitation erosion resistance of the thermally sprayed

coatings (Ref 13-15). However, the residual stresses of

coatings have been determined with adequate precision

only in few studies yet, thus being able to link the residual

stresses to wear performance. This may be attributed to the

general limitations on experimental measurements of

residual stresses in thermally spray coatings, since the

origins of residual stresses are known to be relatively

complex.

The origins of residual stresses regarding the coating

process are well known (a) quenching stresses, (b) peening

stresses, and (c) thermal mismatch stresses. Quenching

stresses are tensile (-) and generate from the rapid

shrinkage and contraction of the splats during the forma-

tion stage of the coating from these splats. Peening stresses

are compressive (?) and are known to be originated from

the high-velocity impacts of the particles resulting in

plastic deformation of the substrate and/or previously

deposited coating material. As the quenching stresses and

peening stresses generate during the deposition stage, they

are referred hereafter to as deposition stresses separated by

negative or positive sign, respectively. Thermal mismatch

stresses generate in the post-deposition cooling stage due to

material mismatch between the coating and the substrate

which have different coefficients of thermal expansion

(CTE) (Ref 3, 16-21).

Several methods can be used for residual stress mea-

surement and/or estimation. Typically, layer removal

techniques, hole thrilling method, bending techniques,

x-ray diffraction and neutron diffraction are used as

experimental methods in the case of thermally sprayed

coatings as well as computational models. All of these

methods are useful but have some limitations (Ref 22). By

conventional laboratory x-rays only a low depth from the

sample surface can be measured. Therefore, determination

of through thickness residual stress profiles requires pro-

gressive mechanical or chemical layer removal, which

makes the measurement of depth profiles time consuming.

Furthermore, only crystalline phases, with known elastic

parameters can be measured, although coatings often

include also amorphous phases. Neutron diffraction

method requires relatively thick coatings and is an expen-

sive method. Hole drilling method is one of the most

commonly used due to its simplicity, portability and ability

to track residual stress variation with depth. Accuracy of

the hole drilling method as well as layer removal method is

dependent on which calibration coefficients are used; these

calibration coefficients of the inhomogeneous coatings do

not often exist. The accuracy of hole drilling method for

thermally sprayed coatings has been further improved by

utilizing finite element analysis to determine the required

calibration coefficients (Ref 22-27)

In situ curvature method, by which the coating substrate

curvature is measured during spraying, is the only method,

which can track the origin of the all residual stresses;

quenching or peening, and thermal mismatch (Ref 22). The

main limitation of the curvature method is, that the cur-

vature data is not simple to transform into coating stresses.

Stoney (Ref 28) or Brenner and Senderoff (Ref 29) equa-

tions have been used in many cases for the residual stress

estimation although these methods have some assumptions

and the accuracy is therefore arguable. Tsui and Clyne (Ref

30) have developed their analytical model to determine

residual stresses through thickness for progressively

deposited coatings. The model combines quenching or

peening and thermal mismatch stresses. However, it

requires the deposition stresses and temperature data from

the deposition process as input parameters (Ref 22, 24, 31-

34).

In the present study, the residual stress state of WC-

CoCr coatings produced by various high kinetic thermal

spray processes was compared by using the Tsui and Clyne

model. In combination with in situ curvature technique,

which can be used to determine the deposition stresses and

measure the temperatures, a realistic estimation of through

thickness stresses can be achieved. The main subject of this

study is to address the effect of stress state on the cavitation

erosion resistance of HVAF- and high-pressure HVOF-

sprayed WC-CoCr coatings, which has been found to be

particularly good. Additively, abrasion wear resistances of

the coatings were studied less extensively in order to

compare the effect of differently coatings under exposing

another type of wear mechanism. In addition, the abrasion

resistance of coatings was investigated less extensively to

compare the durability of differently processed WC-CoCr

coatings under another type of wear mechanism.
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Experimental

Spraying of the Coatings

WC-10Co4Cr powder from Durum Verschleiss-Schutz

GmbH, Krefeld, Germany was used for the sprayings with

AcuKote-07 (AK7) HVAF device (Kermetico Inc., Beni-

cia, CA, USA), and Thermico Carbide Jet Spray (CJS)

high-pressure HVOF device (Thermico GmbH & Co,

Dortmund, Germany) The feedstock used was an agglom-

erated and sintered powder with a nominal size distribution

of 5-25 lm, which had a nominal size of 0.4 micron WC-

particles in the CoCr matrix. For spraying with Diamond

Jet Hybrid 2700 (DJH 2700) spray device (Oerlikon-

Metco, Westbury, NY, USA) the similar type of WC-

10Co4Cr powder from Durum was used. This powder had

nominal particle size distribution 15-36 lm, and the

nominal carbide size was 0.4 lm too.

Spray parameters for the Diamond Jet Hybrid 2700

(later HVOF 1) process were selected based on the rec-

ommendation of the equipment manufacturer. For the

Thermico Carbide Jet Spray (later HVOF 2), three

parameters (HVOF 2A, 2B, and 2C) with different kero-

sene levels, 14, 16, and 18 m3 h-1 were selected. Kerosene

flow is known to affect the flame temperature strongly.

Kerosene level alteration was compensated with oxygen

adjustment targeting to maintain combustion chamber

pressure and this way keep the particle velocity relatively

constant. For the AcuKote HVAF (later HVAF) process,

the operating window for the adjustment of fuel-oxygen -

ratio was relatively limited. Therefore, particle conditions

were to be affected by increasing the pressures of the gases

fed to the HVAF gun and hence keeping the ratio in the

accessible range. This increases the chamber pressure,

which is expected to give the particles higher velocity

(shorter dwell time) and higher temperatures. Three

parameters were selected for HVAF (HVAF A, B, and C),

which had increasing chamber pressures. The spray

parameters are presented in Table 1. Particle temperature

and velocity (Table 1) were measured with Spray Watch 2i

(Oseir Oy, Tampere, Finland) in case of both HVOF pro-

cesses and Spray Watch 4i (Oseir Oy, Tampere, Finland) in

case of HVAF, which confirmed that parameter adjust-

ments affect the particles as earlier presented.

The coatings were deposited on S355 low carbon steel

flat bars of 228.6 mm in length, 25.4 mm in width, and

2.5 mm thick, which were grit blasted on both sides by

using the size of 500-700 lm corundum particles. Gun

traverse speed of 1 m s-1 and step width of 4 mm was

used. Deposition was evaluated in situ using in-situ coating

property (ICP) sensor (Ref 2) by ReliaCoat Technologies,

East Setauket, NY, USA. The ICP sensor measures the

temperature and curvature of the substrate beam during

spraying. Details of the technology are given below.

Characterization of Microstructure and Mechanical

Properties

The polished cross-sectional samples of the coatings and

worn surfaces in the erosion test were characterized with a

Zeiss ULTRA plus field-emission scanning electron

microscope (Carl Zeiss AG, Oberkochen, Germany) using

accelerating voltage of 15 kV. The porosities of the coat-

ings were measured from the backscatter images using

ImageJ software. The lateral depth of the surface craters

after the wear tests was analyzed from the

0.81 9 0.81 mm2 area with an optical profilometer (In-

finiteFocus G5, Alicona Imaging GmbH, Austria). The

phase compositions of the coatings were determined by x-

ray diffractometry (XRD: Empyrean, PANalytical,

Netherlands) using Cu-Ka radiation (1.5406 Å, 40 kV and

45 mA). Phase identification was done with HighS-

corePLUS software (PANalytical, Netherlands). Coating

hardness and elastic modulus were measured using an

instrumented indenter (Zwick ZHU 0.2, Zwick-Roell, Ulm,

Germany) with a Vickers tip. Hardness and indentation

modulus were measured on the polished cross sections at a

load of 300 g. Ten indentations were performed on each

coating. Elastic modulus was calculated from the load-

displacement data taken from the indentations at the

coating cross section following the procedure proposed by

Oliver and Pharr (Ref 35). For fracture toughness deter-

mination, ten indents were taken on polished cross sections

at a load of 5 kg. Corner crack lengths of the indents were

analyzed by optical microscopy, and the fracture tough-

ness’s were calculated by the equation proposed by

Lankford (1) (Ref 36):

KIC ¼ 0; 0363 E=HVð Þ
2
5� P=a1:5
� �

� a=cð Þ1:56; ðEq 1Þ

where E is indentation modulus with 0.3 kg, HV is Vickers

hardness with 0.3 kg, P is indentation load, a is half-length

of the indentation diagonal and, c is average crack length

measured from the center of the imprint of the indent.

Equation 1 is valid for both crack modes: radial cracks

(known as Plamqvist cracks) formed radially from the

corners of the imprint and median cracks formed with

higher loads under the pyramid tip.

Wear Tests

Cavitation erosion tests were performed with an ultrasonic

transducer (VCX-750, Sonics & Materials, USA) accord-

ing to the ASTM G32-16 standard for indirect cavitation

erosion. The vibration tip was an alloy of Ti-6Al-4 V and
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tip diameter was 13 mm. In the test, the frequency was

20 kHz, amplitude 50 lm. Samples were attached at

0.5 mm distance of the transducer and water temperature

was kept at 25 �C. The coating surfaces were ground flat

and polished with a polishing cloth and 3 lm diamond

suspension to produce a mirror finish. Samples were

cleansed in an ultrasonic bath with ethanol, dried, and

weighed after 0, 2, 4, and 6 h. Volume loss rate (mm3 -

min-1) was determined from the cumulative volume loss

curve by using linear fitting. The material densities used for

calculating the volume losses from the weight losses was

14.6 g cm-1. The volume losses were further divided by

the tip area of 123 mm2 and multiplied by a 1000 to get the

maximum rate of erosion (lm h-1).

Rubber wheel abrasion tests were performed according

to ASTM G65 procedure D. Prior to testing samples were

ground to a surface finish of Ra 0.3. Samples were placed

in contact against a rubber wheel at a static force of 45 N.

A rubber wheel of 227 mm diameter was used at 200 rpm

for a total sliding distance of 4.279 m (6.000 revolutions).

The quartz sand used consisted of rounded particles with an

average size between 212 and 300 lm. Sand mass flow rate

was 270 g min-1. One sample per coating was tested.

Determination of Residual Stresses

An ICP-sensor monitors the curvature and temperature of a

flat bar sample during the deposition process. Three lasers

in the center and 45 mm from the both ends of the beam

detect the curvature. A simultaneous measurement of

temperature was recorded via multiple thermocouples.

Laser data was converted to the sample curvature, which

can be used to determine the stresses evolved during

deposition and cooling. Average deposition stresses and

thermal mismatch stresses inside the coating was calcu-

lated by Brenner and Senderoff’s equation (Ref 29) for

thick coatings (2):

rc ¼
E

0

sts ts þ b1:25dtc
� �

6dRdtc
; b ¼ E

0
c

E0
s

ðEq 2Þ

where rc is the average stress in the coating, Ec
0 is the in-

plane modulus of the coating, Es
0 is in-plane modulus of the

substrate, ts is thickness substrate and dR is change in

radius caused by deposition of layer thickness dtc. Depo-

sition stresses were calculated from the initial curvature (0)

to the curvature, which exists immediately after deposition,

while the thermal stresses were calculated from the end of

spraying to the cooling down of the substrate-coating

system to final curvature at 30 �C. The final average stress
in the coating is the sum of the deposition stresses and

thermal mismatch stresses. The material-specific values for

WC-CoCr and steel, which were used to calculate the

stresses with Eq 2-5 are presented in Table 2.

Residual stress distribution in the coating was deter-

mined by Tsui-Clyne analytic model. Compared to the

Brenner and Senderoff’s equation, it results in through

thickness residual stress data. In addition, the effect of

varying substrate temperatures on the residual stresses can

be considered. In the following it will be only explained

how the model was used in the scope of this study, while

the complete description of the model can be found in its

original source (Ref 30). The model considers the

Table 1 Spray parameters used for the deposition of the coatings, corresponding particle temperature and velocity, and resulting coating

thicknesses

HVOF 1 HVOF 2 A HVOF 2 B HVOF 2 C HVAF A HVAF B HVAF C

Propane pressure, kPa … … … … 517 600 676

Propane flow, L min-1 … … … … 94 106 134

Air pressure, kPa … … … … 648 758 827

Kerosene flow, m3 h-1 … 14 16 18 … … …
Oxygen flow, L min-1 215 960 940 920 … … …
Air flow, L min-1 350 … … …
Hydrogen flow, L min-1 635 80 80 80 35 35 35

Nitrogen flow, L min-1 15 16 ? 16 16 ? 16 16 ? 16 35 35 35

Chamber pressure, kPa 538 1358 1338 1331 469 545 600

Stand off distance, mm 230 200 200 200 250 250 250

Particle temperature, �C 1867 1643 1732 1785 1500 1510 1630

Particle velocity, m s-1 621 844 872 851 798 835 908

Powder feed rate, g min-1 40 69 68 67 95 94 97

Thickness, lm 350 275 340 370 380 330 310

Number of passes 26 34 34 34 30 30 30
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deposition stresses generated by each individual coating

layer, as well as the stresses caused by the different thermal

expansion coefficients of the coating and substrate. The

model determines the stress in the middle of the coating

layer and can be calculated between the first and last

coating layers (1\ j\ n). For example deposition stress in

the middle of the nth layer (last deposited layer) can be

calculated by using formula (3) (Ref 30):

rdn ¼
Fn

bw
� Ed jn � jn�1ð Þ n� 1

2

� �
w� dn

� �
; ðEq 3Þ

where Fn = normal force, b = beam width, w = layer

thickness, Ed = Young’s modulus of the deposit,

jn � jn�1 = curvature change due to the deposition of

layer n, dn = location of neutral axis. Each deposited layer

causes deposition stresses, either being of peening or

quenching nature, which either increases or decreases the

stresses of underlying layers, respectively. The stress of

these layers are added to the underlying layer by super-

posing the effect of each following layer by (4) (Ref 30):

ri¼
Xn

i¼jþ1

�EdFi

b HEsþ i�1ð ÞwEdð Þ�Ed ji�ji�1ð Þ j�1

2

� �
w�dl

� �
;

ðEq4Þ

where 1\ j\ n, Es = Young’s modulus of the substrate

and H = thickness substrate. The normal force (Fn) for

each layer in Eq 3 and normal force ðFi, found by replacing

n with i) in Eq 4 for following layers is calculated by using

Eq 5 (Ref 30):

Fn ¼ rdbw
HEs þ n� 1ð ÞwEd

HEs þ nwEd

� �
; ðEq 5Þ

where term rd is the deposition stress, which is needed to

be determined in order to further calculate the stresses in

each layer. In this case, an iteration process described by

Tsui and Clyne (Ref 37) was used, in which the deposition

stresses were adjusted as such, that the measured curva-

tures from the ICP sensor and the curvatures from the Tsui

and Clyne model were equal. Only that part of the curva-

ture curve was used, where the temperature was constant,

and curvature caused by each pass was changing relatively

linearly. In practice, this meant curvature change between

the passes 5 and 25.

Stresses due to CTE mismatch can be determined if the

decline in temperature, the specimen dimensions, the

Young’s modulus and the CTEs of the materials are known

from Eq 6 (Ref 30):

rCTE ¼
F CTEð Þ
bh

� Ed jj � jn
� �

j� 1

2

� �
w� dn

� �
ðEq 6Þ

where F(CTE) is a balancing force due to CTE mismatches,

and other symbols as earlier. The calculation of the thermal

mismatch stresses can be found more detailed in the orig-

inal source (Ref 30).

Finally, the stress in the middle of each coating layer

was calculated by superposing the stresses from (a) the

layer in question, (b) stresses caused by layers deposited

after layer in question, and (c) thermal mismatch stresses

during the cool down. In these calculations, the only

modification on the original procedure was that the actual

temperature before each pass was used instead of a con-

stant temperature. The temperature was recorded by ICP

from the back of the flat steel bar. This allows capturing the

effect of altering temperature on the residual stress profile.

Often at the beginning of the spray process the temperature

increases until it stabilizes on a certain level for the rest of

the deposition.

As a summary, in this case the residual stresses distri-

bution inside the coatings was determined by using Tsui

and Clyne analytical model with following procedure:

(a) The deposition stresses either quenching or peening

were determined by iterating the deposition stress by using

the real curvature data from the ICP, (b) through thickness

stresses were calculated for progressive deposited coatings

(Eq 3, 4, and 5), (c) the temperature data before each

coating layer was used for the calculation of the thermal

mismatch stresses (Eq 5) and (d) stresses from (b) and

(c) were superposed.

Results

Coating Microstructures and Phase Compositions

The microstructures of the coatings with the measured

porosity in the upper right corner of the image are shown in

Fig. 1. Coatings HVOF 2 and HVAF are very dense and

only some minor micro-porosity in the coatings can be

Table 2 Material-specific

values for WC-CoCr and steel

used for calculations

Steel substrate WC-CoCr coating

Young’s modulus, GPa 200 In Table 4

Coefficient of thermal expansion, 10-6 C-1 11 5.2a

Poisson’s ratio 0.3 0.22

aRef 40
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detected. Although the porosity of all coatings is relatively

low, there is a clear difference in pore size and location

between HVAF/HVOF 2 and HVOF 1 coatings. In HVAF

and HVOF 2 coatings, the pores are small and evenly

distributed in the coating structure. HVOF 1 coating clearly

has larger size pores and some microcracking, which are

concentrated on interlamellar region. HVAF coatings are

the densest and have a lower porosity as the particle

velocity increases. Regarding to HVOF 2 process, it can be

stated that the coldest spraying parameter (A) does not

sufficiently compact the initial porosity of the powder

which has remained in the coating structure.

Further observations on coating structures can be made

based on the XRD analysis and contrast differences. There

are two mechanisms for WC-CoCr coatings, which change

the coating microstructure. These can be detected either

from the microstructure or from the XRD: (a) carbon loss

reactions and (b) dissolution of carbide into a liquid matrix.

In general, heavier elements appear brighter in SEM

backscattering images. Thus, dissolution of W can be

estimated to some extent from contrast differences. Carbon

loss results in a formation of W2C on the surface of original

WC, which is detectable by XRD. In all the coatings, some

of the WC is dissolute into the matrix, which appears

lighter after intake of tungsten. In HVAF process, due to

lower flame temperature and longer residence time com-

pared to HVOF 2 process particles the particles have

heated more evenly and coatings shows relatively

homogenous microstructure and no major differences

between parameters A, B, and C was found. The HVOF 2

coatings are more inhomogeneous compared to the HVAF

coatings. Carbide dissolution into the matrix seems to be

more concentrated on the surface of the particles, which

causes the visible concentration difference between the

inner and outer regions of the lamellae. In the HVOF 1,

coating significant amount of carbide dissolution was evi-

dent in the microstructure and small carbides are missing

inside the microstructure. The W2C peak in Fig. 2 (location

of 2h = 40�) for HVOF 1 coating the highest among all

coatings. Other coatings contained an increasing amount of

W2C with the increasing measured particle temperature

resulting from decarburization process, but to such an

extent that it has no significant effect on the coating

properties. Other observations from the XRD are that the

HVOF 2A coating has either a visible Co3W3C- or Co/Cr-

peak (location of 2h = 42.7�), which most probably origi-

nates from the powder, and shows that the heating of the

particles during the deposition of HVOF 2A coating has

been the lowest among all coatings. For all of the coatings

except for HVOF 2A, there was also a notable increase in

the background intensity between 2h angles 35� and 45�,
from the formation of amorphous and nanocrystalline

phases due to carbide dissolution can be inferred (Ref 38).

Curvature and Temperature Measurements

and Calculated Residual Stresses

Table 3 presents the deposition stress, thermal mismatch

stresses and final residual stresses at the surface of the

coating evaluated by Tsui and Clyne model and average

residual stresses by Brenner and Senderoff equation. The

temperature and curvature curves from the ICP device are

presented in Fig. 3 and corresponding residual stresses at

the coating surface according to Tsui and Clyne-model in

Fig. 4. Through thickness residual stresses of the coatings

by Tsui and Clyne analytical model are given in Fig. 5.

The coating HVOF 1 shows the increasing convex

(positive) curvature during spraying, which means that

negative deposition stresses (tensile quenching stresses) are

dominating during the spraying process. During the cool

down, the beam convexity decrease and the coating shifts

toward a lower tensile stress state. After the cool down, the

beam is still convex and final residual stress in HVOF 1

coating is tensile, compare Figs. 3 and 4. The average

residual stress in the coating by Brenner and Senderoff

equation was ? 166 MPa. Tsui and Clyne through thick-

ness residual stress profile shows increasing tensile stress

toward the coating surface as the thickness increases. The

residual stress on the surface was ? 299 MPa for HVOF 1

process.

In contrast to HVOF 1, HVOF 2 and HVAF processes

produced negative or very slight positive curvature during

the deposition stage, which shows that compressive depo-

sition stresses were mainly dominant. Post-deposition

thermal mismatch stresses for HVOF 2 developed similarly

as for HVOF 1 and are almost constant across variations.

For HVAF, thermal mismatch stresses were higher due to

the higher deposition temperature and decreased with ris-

ing particle velocity. The final average residual stresses

determined by Brenner and Senderoff equation varied from

- 404 to - 652 MPa for HVOF 2 and from - 422 to

- 965 MPa for HVAF. The residual stress on the surface

of HVOF 2 and HVAF coatings according to Tsui and

Clyne model were highly compressive varying from - 281

to - 586 MPa and - 289 to - 628 MPa, respectively.

As it is shown in Table 1, the particle temperatures in

the HVOF 2 process were higher, when the kerosene level

was increased, while the particle velocities were compa-

rable. Having higher kerosene flows causes higher flame

temperature, which heats up the substrates more and thus

results in higher thermal mismatch stress during cool down.

From the HVOF 2 curvature changes in Fig. 3, lower

particle temperatures increase the peening effect during the

deposition as a negative curvature change is developing in

the HVOF 2B and 2A coatings. For the HVOF 2 coatings it

was evident that a lower flame temperature correlates with

higher developed compressive deposition stresses, which is
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Fig. 1 Microstructures of the coatings by scanning electron microscope with backscatter detector. Porosity, if measured, in the upper right

corner of the image
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summarized in Fig. 4. It was noticed that the HVOF 2A

coating had the highest amount of positive deposition

stresses (peening stresses) among all coatings.

In the HVAF deposition (Fig. 3), rapid curvature chan-

ges to a positive direction during the first 4-5 passes were

seen, which can obviously be attributed to a simultaneous

temperature increase. The effect of the temperature during

early passes on the residual stresses can be seen in through

thickness residual stress profile in Fig. 5. It shows lower

compressive stresses for the first passes than for subsequent

passes. For HVAF, the particle temperature and velocity

both increased from parameters A to B to C. From the

curvature curves in Fig. 3 and Brenner and Senderoff

presentation in Table 3 for HVAF, lowest particle T and v

parameter (HVAF A) produces tensile deposition stresses

while the highest T and v parameter (HVAF C) results in

compressive deposition stress.

Mechanical Properties and Wear

Mechanical properties and wear resistances of the coatings

are shown in Table 4. Hardness and elastic modulus are

clearly the highest for the HVAF coatings and relatively

similar for the both HVOF coatings. Fracture toughness

Fig. 1 continued
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results with 5 kg loads show significant differences

between coatings. The best coatings, HVAF 2B, HVOF 2C

and HVAF A, had very good fracture toughness’s while

HVAF B and C had surprisingly low fracture toughness’s.

HVAF B and C coatings had crack lengths typical of ‘‘half-

penny’’-type cracking while other coatings had crack

lengths typical of Palmqvist type cracking. The abrasion

wear resistances of the coatings, in Fig. 6(b), did not vary

significantly, while significant differences in the cavitation

erosion resistance was evident in Fig. 6(a). Compared to

the HVOF 1 coatings, of HVOF 2 coatings had 4-5 times

and HVAF coatings even 7-11 times better cavitation

erosion resistances.

SEM studies revealed a clear difference in remained

non-eroded surface areas of the eroded surfaces of coatings

depending on the spray method used as shown in Fig. 7.

Coatings sprayed by HVAF process had large amount of

non-eroded surface after the 6 h of erosion and HVOF 2

coatings had some. HVOF 1 coatings surface was almost

completely eroded. It was clear that at the areas where the

surface of the coating had the appearance of an original

polished surface there were no signs of matrix or carbide

removal. In the worn, area fractured surfaces and already

Fig. 2 XRD patterns of the coatings

Table 3 Average residual

stresses of the coatings by

Brenner and Senderoff (B&S)

approximation, and surface

residual stresses by Tsui and

Clyne (T&C) model (? tensile

and - compressive)

Coating Deposition stress, MPa Thermal mismatch stress, MPa Final residual stress, MPa

T&C

(on surface)

B&S

(average)

T&C

(on surface)

B&S

(average)

T&C

(on surface)

B&S

(average)

HVOF 1 ? 553 ? 498 - 254 - 332 ? 299 ? 166

HVOF 2 A - 369 - 302 - 217 - 349 - 586 - 652

HVOF 2 B - 181 - 129 - 225 - 364 - 406 - 493

HVOF 2 C - 61 - 24 - 219 - 381 - 281 - 404

HVAF A ? 18 ? 147 - 307 - 568 - 289 - 422

HVAF B - 121 ? 1.1 - 373 - 711 - 494 - 710

HVAF C - 192 30.5 - 436 - 995 - 628 - 965

Fig. 3 Temperature and curvature of the deposited samples measured in situ by ICP-sensor
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initiated cracks were observed. Examination of the wear

surfaces showed that cavitation erosion of the coatings

takes place by fatigue crack growth preferably along the

weak lamellae boundaries and removal of fractured areas,

similarly as shown by Matikainen et al. (Ref 13) and

Lamana et al. (Ref 15). The maximum depth of the wear

scar shown in topography images (Fig. 7) was 60-70 lm
for HVOF 1 coating, 20-30 lm for HVOF 2A coatings, and

10-15 lm for HVAF C coating. Thus, the crack growth rate

was clearly the highest with HVOF 1 coating, next highest

with HVOF 2 coating and slowest with HVAF coating.

Discussion

Residual Stresses

In the present study, the curvature data from the deposition

process was used for determination of deposition stress and

real temperature data from in situ curvature device for

determination of thermal mismatch stress. This data was

used for residual stress calculation with the Tsui and Clyne

Fig. 4 Deposition stresses, thermal stresses and final residual stresses at the surface of the coatings by (a) Tsui and Clyne and (b) Brenner and

Senderoff

Fig. 5 Through thickness residual stress profiles of the coatings by

Tsui-Clyne analytical model. Substrate is on the left side
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procedure layer by layer. It was found, that residual

stresses calculated by using Brenner and Senderoff

approximation and Tsui Clyne model showed mostly

similar tendencies. However, it was evident that the

Brenner and Senderoff’s equation overestimated especially

the thermal mismatch stresses quite much. This result

corresponds to the error analyses of Zhang et al. (Ref 39)

regarding the use of Brenner and Senderoff equation for

relatively hard coating with high thickness ratio of coating

and substrate. They stated, that in the worst-case residual

stress values can be overestimated approximately 30%

using this method. However, in this case most of the errors

for Brenner and Senderoff calculations came from the

temperature increase during the first 3-5 passes. Temper-

ature increase in the beginning causes the positive curva-

ture change and hence shifts the deposition stresses, which

are determined from curvatures between ‘‘start spray’’ and

‘‘end spray’’ (Fig. 3), toward the tensile stresses and thus

exaggerates the thermal mismatch stresses by increasing

the ‘‘end spray’’ curvature. If the temperature could have

been kept constant during the deposition the difference

between Brenner and Senderoff and Tsui and Clyne cal-

culations would probably have been less.

Analytical model as per Tsui and Clyne had two

advantages compared to Brenner and Senderoff calcula-

tion: (a) it represents through thickness residual stresses for

progressively deposited coatings and (b) stresses arising

from different origins can be evaluated. However, this

requires that the deposition stresses and temperature

change during the spraying process can be defined realis-

tically by using real data from the deposition, which can be

done by using an ICP sensor. It was clear that the tem-

perature data during the spraying is significant for the

resulting final stress state. Thus, in this case, the substrate

Table 4 Mechanical properties and wear resistances of the coatings

Vickers hardness

(0.3 kg)

Elastic

modulus, GPa

Fracture toughness (crack type*),

MPa m1/2
Cavitation erosion resistance,

min lm-1
Abrasion resistance,

min mm-3

HVOF 1 1455 ± 198 303 ± 29 4.6 ± 1.3 (P or M) 18.4 42.1

HVOF 2

A

1400 ± 195 306 ± 32 5.4 ± 0.5 (P) 91.0 49.8

HVOF 2

B

1395 ± 125 318 ± 26 6.5 ± 1.0 (P) 90.0 48.1

HVOF 2

C

1355 ± 192 301 ± 8 6.1 ± 0.6 (P) 75.0 47.6

HVAF

A

1505 ± 119 396 ± 25 7.2 ± 1.3 (P) 134.5 47.1

HVAF

B

1591 ± 56 375 ± 62 5.5 ± 0.9 (M) 177.8 47.1

HVAF

C

1691 ± 97 359 ± 21 2.4 ± 0.4 (M) 209.0 46.1

*P for radial Palmqvist cracks when c/a\ 2.5 and M for median crack, when c/a[ 2.5

Fig. 6 (a) ASTM G 32 cavitation wear resistance and (b) ASTM G65D abrasion resistance of the coatings
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temperature data from the beginning of each pass was used.

Considering the temperatures, it was evident that the

HVAF process heats up the substrates more effectively

than the two HVOF systems used in this work. Therefore,

the high substrate temperature, which in this case created

compressive thermal stresses due to CTE differences of

coating and substrate materials, was the main reason for

extremely high compressive residual stresses in the HVAF

coatings. In the experiments, the temperatures of the sub-

strates were under 230 �C for HVOF systems as they were

between 280 and 340 �C when the HVAF system was used.

High temperature of the HVAF substrates was certainly

affecting the residual stresses, and it should be noted that

these high temperatures are usually not possible in indus-

trial coatings in cases where the workpieces are large, or

the dimensions of the workpieces are critical. In this

regard, the substrate temperatures in this study might not

correspond exactly to those demanded in industry. How-

ever, the residual stress profiles presented here are realistic

for the current sample geometry.

From the residual stress profiles in Fig. 5 and deposition

stresses from Table 3, it can be seen that using the DJH

2700 HVOF (HVOF 1) process creates tensile stresses,

which increase toward the surface of the coatings as the

number of passes increase. In the CJS HVOF (HVOF 2)

and Kermetico AK7 HVAF-processes, the peening stresses

were dominant and the final residual stress states were

compressive. The compressive deposition stresses (peening

stresses) increased along with a lowered thickness/pass,

which shows that the stresses here were related to the heat

transfer onto the particles. However, the amount of heat

transfer could not be deduced from the surface tempera-

tures of the particles. Actually, it was found that in the

HVOF 2 process the peening stresses (compressive depo-

sition stresses) were of higher amount compared to HVAF

process although the particle surface temperature in the

HVOF 2 process was higher. The explanation for this can

most likely be the particle dwell time, which is different in

these spray guns due to the particle feeding location. In the

CJS (HVOF 2) -process, the particles were fed radially into

the nozzle, while in Kermetico AK7 HVAF and DJH

Fig. 7 SEM and optical profilometer images of cavitation erosion surfaces of the HVOF 1-, HVOF 2A- and HVOF 2C-coatings
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(HVOF 1) processes, the powder was injected axially into

the combustion chamber. This resulted in a shorter dwell

time for particles in the HVOF 2 process compared to the

HVAF process. Albeit the higher flame temperature (and

particle surface temperature) the dwell time kept the par-

ticle melting rate lower, which meant lower deposition

efficiency and a higher peening effect. Furthermore, it was

found that for HVAF process the lowest particle surface T

parameter produces the highest tensile deposition stress,

which can also be explained by the dwell time effect.

Decrease of the total gas flows in HVAF increases the

dwell time of the particles and therefore melting rate

increases. This can also be witnessed by highest thick-

ness/pass with HVAF A parameter.

Mechanical Properties

Hardness and elastic modulus were on a good level for all

of the coatings, but the highest elastic modulus and hard-

ness were clearly achieved with HVAF coatings. Hardness

and elastic modulus of thermally sprayed coatings typically

increase, when the coating is denser. However, the hard-

ness of a WC-CoCr coating may increase as well if the

particle temperature has been sufficiently high to create

hard and brittle secondary phases in the matrix (e.g., eta

phase) and on the surface of carbides (W2C) by carbon loss

and carbide dissolution (Ref 38, 40). By looking at the

microstructure and considering that the HVOF 1 coating

was the only coating, which had significant amount of W2C

in the XRD analysis, it can be proposed that its high

hardness is a result of the high spray temperature. For the

HVOF 2 and HVAF coatings, the microstructures were

extremely dense and no major W2C was found. From the

microstructure, a high amount of retained small carbides

was detectable too, which may partly explain the good

mechanical properties of HVAF coatings. Obviously, the

significant advantage of the HVAF and HVOF 2 coatings is

the achievement of very good mechanical properties by

relying on their high density and structural homogeneity

without a risk of formation of brittle phases.

The good mechanical properties and wear resistance of

thermally sprayed coatings are to be improved by the well-

bonded lamellae. Lamellae boundaries often weaken ther-

mally sprayed coatings, which resembles grain boundaries

in solid material. In particular, the high elastic modulus and

high hardness (without significant W2C formation) of

HVAF-coatings indicate good lamella cohesion. In this

study, the lamellae cohesion was further evaluated by

indentation fracture toughness measurements, in which the

cracks were formed from the edge of Vickers tip. It was

earlier found that Palmqvist type of cracks initiating from

the edge of the Vickers indenter tip usually follow the path

of lamellae boundaries. Hence, fracture toughness, which is

measured from the cross section of the coating, is linked to

the lamellae cohesion (Ref 40). In the current study, there

was no indication of improved cross section fracture

toughness for coatings, which had excellent other

mechanical properties. In contrast, fracture toughness of

coatings HVAF B and C was clearly reduced. For these

coatings, the thermal mismatch stresses were - 373 to

436 MPa, respectively. In order to understand the observed

reduction of fracture toughness’s linked to high compres-

sive stress the occurrence of cracking under indentation

needs to be discussed. Indenting the material with rela-

tively small loads the plastic deformation at the edge of the

Vickers tip creates usually Palmqvist type cracks. These

cracks initiates at the edge of the indenter and develop in

the surface of the material driven by tensile stresses when

the lateral faces of the Vickers tip push the material in

different directions (Ref 41). Palmqvist cracks are

addressed to be present if ratio of average crack length to

indenter half diagonal (c/a) is\ 2.5 (Ref 42). Median

cracks are formed with higher loads. First, a plastic zone is

formed under the indenter and if the load is increased

enough the median cracks parallel to the loading direction

are formed under the plastic zone (Ref 41, 43). During the

unloading plastic zone do not relax and stress field remains

and is responsible of development of the ‘‘half-penny’’ -

cracks onto a surface (Ref 41). These cracks are visible at

the same locations on the sample surface as Palmqvist

cracks and are addressed to be present if c/a[ 2.5 (Ref

42). Considering the high compressive stresses in the

HVAF and HVOF 2 coatings it is obvious that in our case

they have an influence on the crack initiation and growth.

When hardness measurement is made on the cross section

of the coating, it is likely that compression at the crack tip

hinders the crack growth at the Palmqvist crack region. On

the other hand, compressive stresses parallel to indentation

direction increases the depth of plastic region and thus

median cracks develop deeper into the material resulting to

longer ‘‘half- penny’’-cracks as they develop onto the

surface (Ref 44-46). It is conceivable that, due to the stress

state in the coating,’’ half-penny’’-cracks become more

favorable. Since the effect of the stress state on the for-

mation of indentation cracks was not the scope of this

study, it is sufficient to state that due to the strong effect of

the residual stresses in the coatings on the indentation

fracture toughness measurements, the fracture toughness

values cannot be considered comparable figures without

taking into account of these residual stresses.

It was further noted that high compressive stresses did

not reduce the fracture toughness of the HVOF 2A coating,

which had high compressive residual stress (- 580 MPa)

on the coating surface as well. On this basis it may be

suggested that HVOF 2A had either better lamella cohesion

compared to HVAF B and C or then the way the tensile
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stress is created (peening or CTE mismatch) has an effect.

It may be possible that the residual stresses generated from

the peening are not that detrimental in terms of crack

propagation due to their local nature. In contrast, thermal

mismatch stresses uniformly affect the entire structure and

provide steady stress field under the indentation tip for the

formation of longer half-penny cracks.

Wear

Cavitation erosion resistance results varied considerably

between different coatings. In addition, the cavitation

erosion resistance of the HVAF coatings was superior

compared to the both HVOF coatings. These results are

consistent with the findings of other recent studies carried

out on WC-10Co4Cr coatings (Ref 13, 15, 47). Matikainen

et al. that the cavitation erosion performance of the coat-

ings can be improved by increasing kinetic energy and

decreasing particle temperature from HVOF to HP/HVOF

to HVAF, which they linked to higher density and lower

degree of decarburization. Similar results have been found

in other studies as well (Ref 47). Based on the results in

this study, seems evident that the high compressive residual

stress state of these coatings plays a very important role in

improved cavitation erosion resistance. This suggestion is

supported by a higher cavitation erosion resistance of the

HVOF 2 an HVAF coatings, which showed compressive

residual stresses compared to the HVOF 1 coating, which

were characterized by tensile residual stresses. Moreover,

the cavitation erosion resistance increased for the HVOF 2

and HVAF processes, when compressive residual stress

increased too. Cavitation erosion can be considered as a

cyclic fatigue load caused by continuous collapsing of

cavitation bubbles on the surface. Therefore, the erosion

rate is controlled by fatigue crack growth mechanism

preferably along the weak lamellae boundaries and a rate of

removal of fractured areas. Probably the high compressive

stresses resulted from the spraying process of the WC-

CoCr coatings impede the fatigue crack formation and

growth along the lamellae interfaces and therefore improve

the cavitation erosion resistance, which is supported by the

literature (Ref 15). Furthermore, it may be more advanta-

geous if the compressive stresses are originated from

thermal stresses rather than peening stress, since the stress

in previous case is more homogeneous and acts at the

macro-level. This may explain the improved performance

of the HVAF coating over the HVOF 2 coatings.

The influence of other factors on the good cavitation

erosion performance may be important as well. Consider-

ing the cavitation erosion resistance of solid material, in

addition to hardness, the strain-hardening ability of mate-

rial plays an important role in resisting the crack growth

caused by pressure of the collapsing cavitation bubbles.

The CoCr matrix in solid WC-CoCr has a relatively high

strain-hardening exponent and thus resists cavitation well.

However, the thermally sprayed WC-CoCr coatings always

reveal some amount of the dissolution of the WC into the

matrix, which increases the tendency of formation of mixed

(Co,W)xC -carbides or amorphous phases during the rapid

cooling. Hence, the matrix is not an optimally composed

metal alloy, but instead hardened and more brittle. Based

on the microstructure and XRD it seems evident that less

solution occurs in the HVAF and HVOF 2 coatings com-

pared to the HVOF 1 coatings and that spraying conditions

do not affect the properties as much as compared to HVOF

1. It is known that too much carbide dissolution into the

matrix can decrease the fracture toughness of the matrix

(Ref 40), which may result to the poor cavitation erosion

performance of HVOF 1. Actually, Matikainen et al. (Ref

13) showed that especially brittle phases in HVOF-sprayed

coatings are susceptible to brittle fractures. In addition, the

lamellae cohesion is commonly believed to affect the wear

performance of the thermally sprayed coatings. Superior

performance of the HVAF and HVOF 2 coatings might be

therefore partly related to optimal particle heating. This

results in good lamellae cohesion and lack of brittle areas

inside the coatings and thus hinders brittle fracture in the

lamellae interfaces. Lamana et al. (Ref 15) showed that

fatigue cracking caused by cavitation mainly began at the

interface between the lamellae and found a strong corre-

lation between fracture toughness measured at the cross

section of the specimens and cavitation erosion resistance

of the coatings. In this study, such a correlation could not

be demonstrated since residual stress state was found to

significantly influence the fracture toughness measured

from the coating cross section. Perhaps, a better correlation

might have been obtained if the fracture toughness had

been measured from the surface of the coating, since the

cracks produced would then have been initiated corre-

spondingly to those generated by cavitation. However, this

was not possible, because very high loads and thus thick

coatings would have been needed that such an experiment

could have been done.

With respect to abrasive wear resistance, it was rela-

tively unaffected by the used spray process, and residual

stresses and the spray parameters. Only the abrasion wear

resistance of HVOF 1 coating was slightly lower compared

to HVOF 2 and HVAF coatings. In order to consider, the

removed material volumes in various wear tests in

Fig. 6(a) and (b), it should be noted that in abrasion tests

the wear area is about twice as large as in cavitation ero-

sion test. Proportional to the same area material removal

rate for most worn sample (HVOF 1) in abrasion test is

roughly two times more than in cavitation test. The most

cavitation-resistant coating the material removal rate is

approximately 20 times higher in abrasion test. The large
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difference in wear rates between tests can be explained by a

different wear mechanism. Considering the abrasion wear

the proposed mechanism is mainly micro-cutting, i.e., sand

particle needs to penetrate on the material and remove the

material from the surface in the form of a chip (Ref 48).

Therefore, in the abrasion test unlike the cavitation erosion

test, the wear rate is not controlled by fatigue crack growth

and it is not surprising that residual stresses do not have

effect on abrasion wear rate. Rather, the abrasion wear rate

is controlled by such factors as hardness of the softest

phase in material, carbide size related to the abrasive size,

mean free path of carbides related to the abrasive size. For

thermally sprayed WC-CoCr, the wear may further be

affected by the factors related to spray process such as

porosity, lamellae adhesion, toughness reduction/hardening

of matrix due to the dissolution of carbides onto a matrix,

which may explain the minor differences between HVAF

and HVOF 2 coatings. The surface porosity may be in this

case an important factor, which may explain the lower

wear resistance of HVOF 1 coating, which had larger size

porosity in the microstructure. The abrasive particles can

more easily cut the chip from the material from the edge of

the pore as presented by Ghabchi et al. (Ref 49). However,

it may be concluded that the abrasion resistance was good

for all of the coatings and the coating characteristics did

not affect significantly on abrasion wear resistance.

Conclusions

In the study, the residual stress state of the high kinetic

thermal spray processes such as high-pressure HVOF and

HVAF were compared to conventional thermal spray pro-

cesses. Residual stress state of WC-CoCr coatings was

determined by Tsui and Clyne laye-by-layer analytical

model. The in-situ coating property device was utilized to

determine the realistic quenching stress and temperature

data as input to the analytical model. By this way, a real-

istic through thickness calculation of residual stresses was

achieved. Cavitation erosion, abrasion wear and mechani-

cal property tests were conducted, and the effect of the

residual stress state on the wear resistance and mechanical

performance was discussed.

Following conclusions were made from the study:

• The analytical residual stress model by Tsui and Clyne

combined with the data from ICP curvature and

temperature-sensing device allows for the determina-

tion the through thickness residual stress state of the

coating. However, to achieve a result the specific flat

bar samples needs to be used. Compared to the values

achieved by Brenner and Senderoff equation, which is

commonly used for average residual stress

approximation, the final residual compressive stresses

were significantly lower.

• The spray parameters of the Kermetiko AK7 and

Thermico CJS high kinetic thermal spray processes can

be adjusted to produce compressive deposition stresses.

For DJ Hybrid, the deposition stress was tensile. As a

result, relatively high compressive final stress states

inside the WC-CoCr coatings can be achieved by the

high kinetic processes and altered significantly by

spraying parameters. In this study, the final compres-

sive stress state at the surface of coating, determined by

Tsui and Clyne analytical model, altered from - 289 to

- 628 MPa for the AK7 HVAF process and form

- 281 to - 586 MPa in the case of Thermico CJS

(HVOF 2) process.

• Thermally sprayed WC-10Co4Cr coatings sprayed by

high-pressure HVOF and HVAF processes can provide

significant performance improvements in cavitation

erosion resistance. The cavitation erosion resistance of

the HVAF-sprayed coatings was 7-11 times higher and

for high-pressure HVOF still 4-5 times higher com-

pared to conventional gas-fuelled HVOF processes.

• Superior cavitation erosion resistance of the HVAF and

high-pressure HVOF coatings was partly a result from

the dense and homogenous non-brittle microstructure.

Moreover, it seems that the most important factor

behind the superior cavitation erosion resistance might

probably be the high compressive residual stress state

in the coatings. The high compressive stresses make the

fatigue crack formation more difficult and hinder the

fatigue crack growth along the lamellae interfaces and

in this way improves the cavitation erosion resistance.
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