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Determination of Residual Stress Distribution 
from in situ Curvature Measurements for 

Thermally Sprayed WC/Co Coatings 
H. Liao, P. Vaslin, Y. Yang, and C. Coddet 

An in situ monitoring of curvature of the specimen during spraying using a high speed video system was 
implemented to determine stresses in thermally sprayed WC/Co coatings. Influences of different spray- 
ing techniques (atmospheric plasma spraying and high-velocity oxygen fuel) and cooling levels were con- 
sidered using a mathematical model. Results show that temperature history of a part is of paramount 
importance in stress generation and distribution. 

I Keywords curvature measurement, high speed video, residual 
stresses, stress distribution, tungsten carbide coating 

1. Introduction 

THERMAL SPRAYING is often used to deposit coatings for wear 
resistance applications; for example, coatings of tungsten car- 
bide in a cobalt matrix are used due to high hardness and tough- 
ness. 

However, WC/Co coatings may crack or spall from the sub- 
strate during or after thermal spraying because of  stresses gener- 
ated during the fabrication process. These stresses, which also 
determine various properties of  the coating such as resistance to 
abrasion, are influenced not only by material properties but also 
by thermal spraying parameters. Thus, understanding, predict- 
ing, and reducing the level of  residual stresses in coatings is an 
important technological aim. Stresses in coatings deposited by 
thermal spraying may induce deformation of the specimen if the 
specimen is thin enough. If it is possible to measure the deforma- 
tion, the curvature for example, the value of  these stresses can 
then be estimated. 

Two main techniques can be used to measure the curvature of 
specimens. Measurement of  the final curvature occurs after 
processing of  the sample. Using this method, estimation can be 
made qualitatively (Ref 1) with calculations of the final residual 
stress on the coated surface (Ref 2). This method is useful to op- 
timize thermal spray parameters, but it does not allow discrimi- 
nation between various origins of  stress. The second technique 
is continuous in situ measurement of the curvature. In this 
method, the curvature is continuously recorded during spraying. 
Therefore, the distribution of  the stress (Ref 3), especially distri- 
bution of  the quenching stress (stress produced in the splats 
upon cooling from melting point to the substrate temperature), 
can be analyzed (Ref 4). Measurements are made with a dis- 
placement sensor (Ref 4) or a video camera (Ref 3). Usually, 
during measurements, the specimen is fixed, and the spray gun 
is scanned. It is, therefore, difficult to follow optimum or usual 
kinematic parameters (100 mm �9 s -1, for example, against 1250 
mm - s -1 for the relative linear velocity of the torch across the 
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substrate). In this work, the authors used a mobile specimen to 
reach the usual relative velocities of the torch with respect to the 
substrate and a high speed video system for continuously recording 
the curvature of the sample during spraying. Calculation of the 
stresses in the coating and the substrate through-thickness was then 
possible at different stages of the spraying process. 

2. Experimental Conditions 

Spray facilities used in this study were a Plasma-Technik A- 
2000 console (Sulzer-Metco, Rigackerstrasse 21, 5610 Wohlen, 
Switzerland) with a PT-F4 gun for plasma spraying and a 
Plasma-Technik CDS-100 (Sulzer-Metco, Rigackerstrasse 21, 
5610 Wohlen, Switzerland) for high-velocity oxygen fuel 
(HVOF) spraying. 

Nomenclature 

a displacement of the top end of  the specimen, Jam 
e thickness, lam 
E elastic modulus, GPa 
K curvature, m -1 
Y0 position of the neutral fiber in the specimen 

through thickness, ~m 
y distance between the point studied and Yo, ~tm 
T temperature, ~ 
et thermal expansion coefficient, ~ 
G residual stress, MPa 
Gy yield strength of the substrate material, MPa 

Subscript 

i ith layer 
s substrate 
m coating/substrate system 
c coating 
g total 
q quenching 
th thermal 
bc prior to the cooling 
ec end of the cooling 
0 room temperature 
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Specimens used for curvature measurements were 304L 
stainless steel plates with dimensions 80 mm length by 15 mm 
width by 1 mm thickness. The elastic modulus of the steel is 200 
GPa, and the expansion coefficient is 16 • 10 -6 ~ -1. Spray pa- 
rameters are presented in Table 1, and the main characteristics of 
powders are shown in Table 2. 

The specimen was clamped at one end of a cylindrical alumi- 
num drum, 100 mm in diameter (Fig. 1). The other end was not 
clamped, so the specimen could respond to the stress field gen- 
erated during the spray process. 

The specimen holder was rotated to allow a relative linear 
speed of  the specimen with respect to the torch of 75 m �9 min -1. 
Deformation of the specimen on its support during spraying was 
recorded with a high speed video system (NAC HSV 1000; IPI, 
24 rue Robert Witchitz, 94200 Ivry Sur Seine Cedex, France) at 
a recording frequency of 500 frames per second (500 Hz) with a 
shutter speed of 1/5000 second (Fig. 2). 

The video camera was equipped with a 100 mm objective 
and placed approximately 40 cm from the specimen. In these 
conditions, the field of view of  the camera was: for horizontal 
axis, L = 16 cm and for vertical axis, H = 12 cm. 

Images analysis was performed with an Ariel performance 
analysis system (APAS), including (a) an S-VHS/NTSC video 
recorder that reads video bands recorded by the system NAC 
HSV1000 and (b) a microcomputer AST-PREMIUM II 
equipped with a video card that uses image digitizing and acqui- 
sition of  software for data processing. 

Displacement measurement of  the free end of  the specimen 
was performed only when the specimen surface was perfectly 
parallel to the camera axis. Considering the high recording fre- 
quency and the deflection level of  the specimen, only one image 
per four revolutions of the specimen holder was digitized. The 
rotation speed of the support was 240 rpm, and because F = 4 
Hz, the digitizing frequency of  the images was 1 Hz. 

This operation was performed manually because the stability 
of  the rotation control (+1 rpm) did not allow automatic selec- 
tion of the frames. 

Two measurement points were set on each digitized image, 
the top end of the specimen (point D in Fig. 3) and the fixture 

Table 1 Thermal  spraying parameters 

APS1 APS2 HVOF 

Ar flow rate, l �9 rain -1 47.5 47.5 ... 
He flow rate, 1 �9 r a i n  -1 170 170 ... 
02 flow rate, 1 �9 min -1 . . . . . .  420 
C3H 8 flow rate, 1 �9 min -1 ... ... 60 
Powder flow rate, g- rain -1 40 8 (preheating) 48 

40 (spraying) 
Preheating no yes yes 
Cooling yes yes yes 
Tmax, ~ 130 160 180 
Stand off distance, mm 125 125 300 

Table 2 Powders reference and composition 

Spraying Reference Composition Size range, lam 

APS Amdry 983 WC 17% + Co -63 
HVOF Amdry 1983 WC 17% + Co +11-45 

point of  the specimen on the drum (point A). Precision of the 
measurement was estimated to be about +150 [tm. It was neces- 
sary to add an error linked to the theoretical precision of the 
measurement because of an instability in the rotation speed of  
the drum. This error led to analyzed images that did not always 
correspond exactly to the instant when the specimen was per- 
fectly parallel to the camera axis. Therefore, recorded values 
were smoothed using Cricket Graph III software (Computer As- 
sociate). 

Curvature "K" was obtained from the value displacement of  
the free end of the specimen by the following method (Fig. 3). 
After specimen deformation, it was approximated that the angle 
ADB is 90 ~ because a is small compared to L. Furthermore, be- 
cause the specimen deforms homogeneously over all its length 
AB, the AB arc is a circular arc with a center found in O and a ra- 
dius of r. 

C is the middle of AD, then from simple geometry (angles 
with two perpendicular sides), triangle AOC is similar to trian- 
gle DAB (if specimen deformation is very small), therefore: 

DB A D  

A C  - OA 

with DB = a, AD = L, AC = L/2 ,  and OA = r. Thus: 

a L 
7/ r 

and so: 

1 2a 
K -  - 

r L 2 

Temperature of the specimen was determined during spray- 
ing using an infrared pyrometer. This pyrometer was calibrated 
before the tests by recording the temperature of  a WC/Co coat- 
ing simultaneously with the pyrometer and a thermocouple. To 
limit initial emissivity problems, the aluminum drum was en- 
tirely covered by a plate of stainless steel. 

m___.__._..__-- - - s u p p ~  

s p e c i m e n  

s c r e w  

Fig. 1 Specimen holder and setting of the specimens 
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3. Calculation Procedure 

To calculate stress distribution in the coating, the following 
assumptions were made. (a) Temperature gradient is negligible 
for a thin specimen. (b) The substrate and the deposit behave as 
isotropic materials. (c) Two main stress generating factors, 
quenching stress due to cooling of  splats and thermal stress due 
to the difference in thermal expansion coefficient of  the coating 
and substrate, occur during the spraying. 

The coating is formed layer by layer. A layer on the substrate 
with a temperature T O induces quenching stress t~q. Then, if the 
temperature of the coating and the substrate increases to TI, a 
thermal stress ath is generated due to the difference in the expan- 
sion coefficients between the layer and the substrate. If  the tem- 
perature remains stable during the spray process, only the 
quenching stress is considered (Ref4). 

Thus, during spraying, the total stress in the last layer depos- 
ited on the substrate is: 

t~g = Oq + Oth (Eq 1) 

where Og is the total stress, O'q is the quenching stress, and oth is 
the thermal stress. The specimen curvature produced by this 
layer can be written as: 

Kg = Kq + Kth (Eq 2) 

where Kg is the total curvature, Kq is the curvature due to the 
quenching stress, and Kth is the curvature due to the thermal 
stress. The parameter Kg is measured during the spray process, 
and Kth can be calculated from the evolution of temperature, the 
thickness of the layer, the expansion coefficients, and the elastic 
modulus of  the layer and the substrate. Therefore, curvature Kq, 
due to the quenching stress, can also be calculated. 

From these boundary conditions, stress was determined by 
the following method. For the ith and last deposited layer on the 
substrate, the stresses are: 

(Ig i = Oqi + Oth i (EQ 3) 

Applying Stoney's formula (Ref 5) and taking into account 
the composite structure of  the substrate having i-1 layers, the 
quenching stress can be written as: 

Em(i-1)les+ ~_=1 ei-II 2 Agqi 
(Eq4) 

O'qi = 6 ei 

and the thermal stress 

6th i = Ec(~mi - tXc) (T i - Ti_l) + E c (Y-Yo) AKth i (EqS) 

D a B 

where e i is the thickness of  the ith layer and AKth i is the increase 
in the curvature of  the specimen due to the increase of  the tem- 

Increase in coating thickness (deMt) during spraying was 
also considered to be linear with time, assuming that the deposi- 
tion rate did not change with time or with specimen temperature. 

perature. The parameter ~ t h i  is obtained from the following 
equation (Ref6): 

6EnfiEcerojei(erm + e i) (Otmi - Otc) (T i - Ti_l) 
/~r~'thi= 2 4 2 4 

Emienfi + Ece i + 2EnfiEcemiei(2e2_;, + 2e 2 + 3emie i) 

(Eq6) 

where Emi is the composite elastic modulus of the specimen hav- 
ing i layers that can be calculated according to the law of  mix- 
tures, that is: 

n 

Ese s + E c , ~  ei 
i=l 

E ~  = (Eq7) n 

es + X ei 
i=l 

where E s is the elastic modulus of  the substrate and E c is the elas- 
tic modulus of  the deposit, es is the thickness of  the substrate, 
n 

X ei is thatofthe deposit, and IXmiiS the expansion coefficient 

i=l 
of the composite specimen, which can also be calculated using 
the same principle: 

speciineu holder 

p r o t e c t . . . , .  

plasma gun 

Fig. 2 

IR pyrometer 

specimen 

high speed video camera 

Setting for the in situ measuring of the specimen deformation 

A r 

Fig. 3 Geometric relationships in the curvature system 

O 
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n 

Esesas + Ee Z eiCtc 

i=l (Eq8) 
~mi = n 

Eses + Ec Z ei 
i=l 

with ac and as being the expansion coefficients, respectively, of  
the layer and the substrate. 

I fyo is the position of  the neutral fiber, and y is the distance 
between this position and the point where the stresses are calcu- 
lated, as shown in Fig. 4, their values can be calculated using the 
following equation: 

e/ 
Yoi - (Eq 9) t n/ 2 ses + Ec Z ei 

i=l 

the yield strength of  the material, the level of stress is considered 
equal to the yield strength; the substrate thickness is correspond- 
ingly reduced to take into account the plastic deformation. 

Thus, stresses in the coating are calculated within the elastic 
limit of  the material with a substrate thickness that is artificially 
decreased when plastic deformation appears in the substrate to 
keep the maximum stress level equal to the level of the yield 
strength. 

Y 

substrate 

X 

y o  - 

Fig. 4 Definition ofyandy 0 

coating 

Y = - Z  ei 
i=l 

10) 

This calculation is only suitable for the ith layer at the moment 
when it is the last layer. With the occurrence of successive lay- 
ers, the stresses in the former layers are modified. 

For example, when the jth layer is formed, the stress in the 
first layer becomes: 

Ol,j =01 + Oj _._) 1 (Eq 11) 

where oj ~ I is the increase of  stress in the first layer due to the 
jth layer. This increase can be expressed according to the follow- 
ing equation: 

~j ~ I = Ec(C~mj - (~c)(~ - Tj-1) + Ec(-el -Yoj)(Kgj - Kgj-1) 

12) 

Similarly for the ith layer, the same calculation can be per- 
formed: 

Oi, j = O i + I~j ---) l (Eq 13) 

with 

Oj _~ i = Ec(amj - ac)(~ - Tj-1) + Ec(-e, - Y0j)(Kgj - Kgj-1) 

(Eq 14) 

Stress in the substrate was calculated by assuming that it de- 
formed independently from the coating under the action of  the 
stress in the coating. According to the specimen curvature, this 
stress can be determined by considering that the substrate mate- 
rial is not work hardenable. When the calculated stress exceeds 

Selection of tile spraying teclmique APS, HVOF I 

_l 
I 

[ inputT, K [ 
cah.'ulate: Era, Ctrn 

[ 
Calculate file stress in a layer of 
ate coating (oij) 

No 

Ye•@ No 

[ calculate the stress due t~ l g r i t  blast 

I 
ICalculatefltestressfflstributi~ the suttstrate 

I 
lateral force in specimen 

I 
Calculate the effect 
of cooling: Tf, Kf ] 

I 
Calculateoij and osflle stress after cooling: 

I 
I Force ba]allCg ] 

Yes 

L ~esU1L~ Ou~u[ t 

No 

I 
Save file results ] 

Fig. 5 Computer program flow chart 
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Therefore, calculations are performed according to the fol- 
lowing sequence: (1) determination of the stress in the substrate 
due to AK; (2) determination of  the totality of lateral forces in the 
substrate; (3) balancing lateral forces in the substrate with those 
of  deposited layers; and (4) calculation of the equivalent elastic 
thickness of the substrate by comparing the stress at each point 
of  thickness with the yield strength Cry. 

After spraying, the specimen enters the cooling period that 
again produces a modification of  the stress level and a partition 
between the coating and the substrate. The cooling stress in the 
coating can be expressed as: 

(~cr : Ec(Otm - Otc)(Tec - Tbc) + Ec(Y - Yo)(Kec - Kbc)  

(Eq J5) 

and in the substrate by: 

crsr = Es(am - as)(Tec - T~) + Es(Y - yo) (rec  - Kbc)  

(Eq 16) 

where Tec and Tbc are, respectively, the temperature at the end of  
cooling and prior to cooling, and where Kec and Kbc are, respec- 
tively, the curvature at the end of cooling and prior to cooling. 

Final stress distribution is expressed in the coating b y  

cra=%+o c (Eq 17) 

and in the substrate by: 

crsf = Osr + ~ s  (Eq 18) 

Software was written on the basis of  the above-described proce- 
dure to calculate the stress (Fig. 5). 

The initial grit blasting also generates stresses in the su bstrate 
(Ref 7), which influences the calculation because the superposi- 
tion of stresses brings the substrate into the plastic zone. In this 
work, the stress caused by grit blasting was measured by the cur- 
vature method by gradually reducing the thickness of  the speci- 
men with chemical etching (Fig. 6). This stress state was 
considered the original state of  the sample for later stress calcu- 
lations in the substrate during the spraying. 

Centrifugal force produced by rotation of the specimen may 
also induce a small deflection of  the plate. A calculation, accord- 
ing to the beam theory of  mechanics, gives maximal displace- 
ment of  the free end of  the specimen of  about 500 lam without the 
coating and 400 lam with a coating thickness of 300 lam. To ease 
the calculations, all measurements were corrected according to 
these data to eliminate the influence of  the centrifugal force on 
the stress determination. 

In all calculations, the elastic modulus of the WC/Co coating 
was estimated at 150 GPa (Ref 8), and assuming minimal differ- 
ence between a massive material and the coating (Ref 9), the ex- 
pansion coefficient was taken as 5 • t0-6/~ (Ref 10). 

4. Results and Discussion 

This study focused on three different thermal spraying condi- 
tions: (a) APS I, four successive spraying sequences (50, 90, 90, 

and 80 s); (b) APS2, one sequence o f  330 s duration; and (c) 
HVOF, one sequence of 300 s duration. 

For specimen APS1, strong air jet cooling was chosen to 
minimize the specimen average temperature. When the tem- 
perature reached t 30 ~ spraying was interrupted to allow the 
specimen to cool (Fig. 7). It was observed that four cycles oc- 
curred during the spray procedure and that between the cycles, 
the specimen was cooled to about 30 ~ for one minute. 

Three steps can be considered in the evolution of specimen 
curvature during each cycle (Fig. 8). (a) At the beginning of  the 
spraying, the curvature increases rapidly, with the temperature. 
(b) After a certain period of  time, the curvature evolution is al- 
most linear, and temperature of  the specimen is almost stable. (c) 
At the end of  the cycle, the curvature decreases because the 
specimen temperature falls rapidly. 

100 

~= 0 

-100 

t~ -200 
O 
,= -300 
r,~ -400 

Fig. 6 
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Thickness, p.m 

Distribution of stress in the substrate, which is sand blasted on 
two sides 
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1 2 0 0  ~yvle2 

cycle 1 ,ooL  
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Fig. 7 Evolution of the curvature, temperature, and coating thickness 
as a function of time for APS 1. (During cooling between cycles, the de- 
flection of the specimen was not recorded.) 
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K L / , _  / 

t 

Fig, 8 Evolution of the specimen curvature as a function of time 
(schematic only) 
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Fig.9 Distribution of stress in the coating and the substrate for APS 1 
(heated, after spraying; cooled, after cooling) 
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Fig. I I  Stress distribution in the specimen APS2 (a) after the pre- 
heating period, and (b) at the end of spraying (heated) and the end of 
cooling (cooled) 

Calculated stress evolution ofAPS 1 is shown in Fig. 9, which 
indicates the stress distribution after four cycles. Stress in- 
creases rapidly at the beginning of the cycle and then decreases 
during spraying within a given cycle. It is noted that stress in the 
substrate is not homogeneous because the elastic deformation 
limit is exceeded during the spray procedure. 

Specimen APS2 was preheated, and a small amount of  pow- 
der was sprayed to protect the substrate from oxidizing. The 
evolution of specimen curvature, temperature, and thickness, as 
a function of time, is shown in Fig. 10. Deposition rate changed 
at 120 s (0.48 lam/s before and 1.28 Ixm/s after) by adjusting the 
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Evolutin of the curvature, the temperature, and the coating 
thickness as a function of time for APS2 
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Fig. 12 Evolution of the curvature, the temperature, and the coating 
thickness as a function of time for the high-velocity oxygen fuel 
(HVOF) spraying 

powder feed rate. The increase in the specimen temperature was 
much slower than that for APS 1 due to the lower initial powder 
feed rate. 

Three steps are also observed with regard to the evolution of  
curvature. In the first step, when spraying begins, the curvature 
increases slowly because the powder feed rate is low. After tem- 
perature stabilization, around 150 ~ the powder feed rate was 
increased, and the curvature started to increase linearly, showing 
the effect of the deposition alone, which was nearly independent 
of  the temperature. 

The corresponding stress evolution is shown in Fig. 11. 
Overall, stresses are lower for APS2 than for specimen APS 1, 
and they are more homogeneous. From these results, it appears 
that preheating can decrease the stress level in the coating, espe- 
cially at the coating/substrate interface. 

Figure 12 shows the evolution of temperature, curvature, and 
coating thickness for HVOF spraying. Prior to powder feeding, 
a short preheating period (10 s) rapidly increases the substrate 
temperature to ~ 100 ~ 

During spraying, the temperature remained relatively stable 
but rather high (210 ~ compared to the APS spraying. The evo- 
lution of curvature as a function of time is slow and nearly linear. 
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Final curvature after cooling is almost zero (0.01 l/m). The cal- 
culated stress distribution in the coating is shown in Fig. 13. Av- 
erage stress is almost identical to that of specimen APS2, in spite 
of lower curvature. In fact, the rate change of the curvature de- 
termines the stress level more than the final curvature. 

Results show that at the beginning of spraying, stress in- 
creases rather rapidly in all cases due to the rapid increase of 
the substrate temperature and to the difference in the expan- 
sion coefficients between the coating and the substrate. At 
this period, the thermal effect is the dominant factor in stress 
generation. 

During spraying, stresses in the coating are tensile and higher 
than after cooling. A higher temperature during spraying in- 
duces greater stress reduction after spraying because the sub- 
strate contracts more than the coating during the cooling period 
(that is, the expansion coefficient of the substrate is greater than 
that of the coating). Once the temperature and the powder feed 
rate are stable, the stress increase in the coating is almost linear. 
This confirms that the quenching stress is always tensile, and it 
increases regularly if the temperature is stable. 

5. Conclusions 

Temperature history of the specimen during spraying plays 
an important role in the level and distribution of residual stresses 
in the coating, particularly when the difference in the value of 
expansion coefficient is important. 

Preheating of the specimen decreases the stress in the coating 
by counter balancing the difference in the expansion coeffi- 
cients. Preheating with a small powder feed rate improves the 
stress distribution, especially at the interface, and increases the 
adhesion of the deposit to the substrate by reducing the inter- 
facial stress. 

Continuous increase of the quenching stress with the increase of 
the coating thickness under typical spray conditions demonstrates 
the need for thickness limitations during thermal spraying. 
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