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Young's modulus and Poisson's ratio oť thermal 
spray coatings are necessary to evaluate coating 
properties and characteristics such as residual 
stresses, bond strength etc. A cantilever beam 
method to determine the Young s modulus and 
Poisson s ratio oť coatings requires only a simple 
loading rig and makes use oť laminated plate theory 
to compute these values from strain gauge data oť 
the cantilever beam under static loads. 

1 . lntroduction 

Two important properties of thermal spray coatings, that are not easily determined, 

are Young's modulus and Poisson's ratio. Accurate values oť the Young's modulus Ec and 

Poisson's ratio ve oť the coating are needed to evaluate residual stresses by the hole drilling 

strain gauge method. 

The main problem is that the coating is usually thin and therefore it is very difficult to 

obtain a specimen made entirely of coating material to perform a modulus test. Another 

problem is that as-sprayed properties are desired. Therefore, it is necessary to use a coated 

substrate specimen and determine these properties from the composite material behaviour. 
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2. Experimental Eguipment and Procedure 

Fig. 1 shows a scheme of the experimental equipment used for determining YOlmg's 

modulus and Poisson's ratio of the coating. A thermal spray coating is applied to a beam 

from one side by the same spraying parameters and conditions as the real product or 

component. Dne biaxial HBM 3/120 XYI I strain gauge is bonded on the coated surface, one 

is placed directly opposite on the substrate side. Fig. 1 shows the location of the two strain 

gauges .  The instrumented beam is then cIamped in a testing rig and the strain gauges are 

connected to the four channel strain indicator. A simple loading is applied by hanging 

weights in steps to the end of the cantilever beam. 

The known moment and measured strain gauge data are recorded and are used as 

input for numerical or graphical solution of the Young's modulus Ec and Poisson's ratio ve of 

the coating. 

3. Analysis of Strain Gauge Data 

The laminated plate theory is used in this cantilever beam method to relate the unknown 

Young's modulus and Poisson's ratio of the coating to the loading at the gauged section. The 

above mentioned laminated plate theory assumes a linear strain distribution through the 

thickness of the coated cantilever beam and plane stress conditions. Fig. 1 and 2 show a 

schematic of the strain and stress distribution respectively in the X- and Y-direction for the 

coated cantilever beam with the applied loading. The difference in mechanical properties 

between the coating and substrate introduces the stress discontinuity at the interface. 

The stresses are related to the forces and moments in the equilibrium equations (I) to 

(4) by 
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Fig. 1 .  Strain distribution for coated cantilever beam (one coating) 
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Fig. 2. Corresponding stress distribution 

The equil ibrium equations for coated beam: 

0 =  'L Fx = B(O"xsl + O"xsG) ·  � + B(O"xc/ +  O"xcG) . �c 

0 =  'L Fy = B(O"ysl +  O"ysG) · � + B(O"ycI + O"ycG) "  � 
p .  L = 'L Mx = B[ O"xsG " �2 + (O"xsI - O"xsG) " �2} 

+B[ O"jC/ " Tc(� + �) + O"xcG · Tc(�c + �) ] 
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The suďace stresses 0"'0 and uso are related to the strains and to the mechanical 

properties ofthe coating and substrate from the following 

(5) 

(6) 

where E, and v, are the Young's modulus and Poisson's ratio for the coating, and Es and Vs are 

the substrate properties, which are known. The surface strains Exco , Ey,o ' Exso and Ey'G are 

measured with strain gauges. 

The interface stresses can be calculated from 

(7) 

(8) 

where the interface strains Excl , Eycl ' ExsI and EYSI can be found from the assumption of a linear 

strain distribution from the sUĎace strains. 

AH dimensions, forces and properties are known exactiy, therefore the four 

equilibrium equations ( 1 )  to (4) can be used to solve the Young's modulus and Poisson's ratio 

of the coating. 

The evaluation of Young's modulus and Poisson's ratio using a cantilever beam 

specimen with two coatings can be solved on the analogy of the mentioned solution for one 

coating. 

4. Experimental Results 

The cantilever beam method was used to determine the Young's modulus and 

Poisson's ratio of four thermal spray coatings. A coating of plasma sprayed 7 % yittria 

stabilised zirconia with interlayer of NiCoCrAIY was applied to an aluminium substrate. A 

plasma sprayed coating of Cr3C2 + 25 NiCr and/or Zr02 + 7wt% Y20 were applied to a CSN 

1 1  523 carbon steel substrate. AIso a coating of NiAI and Metcoloy 2 were applied by Wire 

Are Spray System to a CSN 1 1  523 carbon steel substrate. 

8 3  



Dimensions of the beam specimens, thickness óf the coatings, measured strains and 

evaluated values of stresses, Young's modulus and Poisson's ratio ca1culated by the cantilever 

beam method for these four coatings are given in Table I .  

Table 1 .  Results determined by the cantilever beam method 

�EAM WITH COATING 

Substrate material 

Substrate 
cross section 

ayer thickness 

Bending moment 

Strain ExCG 
Strain EyCG 
Strain ExSG 
Strain EVSG 
Strain ExCI =ExSI 
Strain EVCI = EvSI 
Stress O"xSG 
Stress O" vSG 
Stress 0",51 

Stress O"v51  
Es substrate 

ll. 5ub5trate 

E, coating 

Ilo coating 

[mm] 
[mm] 

[N.mm] 
[f!mIm] 
[f!mIm] 
[f!mIm] 
[f!mIm] 
[f!mIm] 
[f!mIm] 
[MPa] 
[MPa] 
[MPa] 
[MPa] 
[MPa] 

[I] 
[MPa] 

[I] 

5_ Conclusions 

NiCoCrALY + NiAI 
ZrO, +7wt%Y,O, 

AI-Anoy Carbon steel 
CSN 1 1 523 

5.0 x 20.0 3.03 x 30.2 

0.7 0.77 

1 569.6 4 4 1 4. 5  

1 1 8 . 1  49 1 . 5 

-3 1 . 7 - 1 1 0.25 

- 1 1 2.3 -384.25 

33 .2  93 .38 

90.2 3 1 4.05 

-23 . 8  -68.99 

-8. 1 962 1 3478 -80.642435 1 4  

0.0057 1 02402 -4.956450548 

6.620053 944 66.4073 824 

0.2 1 9 1 659 1 3 6  5 . 7 1 0274723 

70 576 206 000 

0.295 0.26 

49 970 66 850 

0. 1 5  0. 1 3  

METCOLOY 2 Cr,C,+25NiCr 

Carbon steel Carbon steel 
CSN 1 1 523 CSN 1 1 523 

3 .02 x 30.2 3 .05 x 30.2 

0.42 0.2 

4 70 8 . 8  2 943 

536.38 298.75 

- 1 24 . 8 1  -76.08 

-462.76 -288.5 

1 1 3 . 1 3  7 1 .83 

4 1 4.39 262.61  

-95.76 -66.98 

-97.0737648 -60.430665 9 1  

- 5 . 8 1 7349449 -3 .3322 1 9779 

87.303 70547 54. 89922636 

6.4645 5 1 646 2 .67 1 88791 1 

206 000 206 000 

0.26 0.26 

68 500 1 35 000 

0 . 1 0 .3 1 

Two important characteristics of thermal spray coatings, that are not easily evaluated 

and that are needed to evaluate residual stresses, are Yoling's modulus and Poisson's ratio. 
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The cantilever beam method was developed and verified experimentally to determine 

" in situ" values of Young's modulus and Poisson's ratio of thermal spray coatings. This 

method has several advantages that make it very useful. It is easy to use and inexpensive. The 

equipment needed is a coated substrate beam, clamping rig, strain gauges, a strain indicator, 

a micrometer, a slide ruler, a hanger and a set of weights. 

Errors in the measurements of dimensions, strain gauge readings and substrate 

properties needed for input to the method can intluence the values Young's modulus less than 

± 5 % for a steel substrate and ± 3 % for the aluminium substrate. The values of Poisson's 

ratio are more sensitive to errors in the measurements used for input to this method but are 

accurate enough for practical applications. 

References 

[ I ] Dolhof V.  et al . :  Strength Characteristics of Coatings and Layers. Research report 

ŠKODA Výzkum Ltd. ,  Plzeň, November 1 996. (In Czech). 

[2] Dolhof V., Musil J . :  Residual Stress Analysis of Ceramics and Cermet Coatings 

Using Hole Drilling Method. Second Intemational Conference on Composites 

Engineering, New Orleans, August 2 1 -25, 1 995 . 

[3] Lauschmann H. et al . :  Elastic Young Modulus of Plasma Sprayed Materials. 

Proceedings of the 7th. National Thermal Spray Conference, Boston, 

Massachusetts, June 1 994. 

Václav Dolhof , Ing . ,  CSc. 
ŠKODA VÝZKUM s.r.o. ,  Tylova 57, 3 1 6  00 Plzeň 
Tel . :  + 420 0 1 9  7044861 , Fax: + 420 0 19 533358 

85  


