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INTRODUCTION l, w and h are the beam length, width and 
thickness respectively  
 Many components in gas turbines are coated, 

either to protect them from degradation due to 
the atmosphere or as a thermal barrier system.  
Young’s modulus is an important input 
parameter to models of lifetime prediction, but 
methods to measure this property in coatings 
have not been thoroughly validated.  This 
Measurement Note compares several existing 
methods for modulus measurements and 
highlights the main features and limitations of 
each method. 

For beams coated on both sides, the modulus 
of the coating can be calculated from the 
frequency of vibration of the composite beam 
and the known Young’s modulus of the 
substrate using the expression: 
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 where the subscripts c, s and t refer to the 

coating, substrate and total specimen 
respectively. 

IMPACT EXCITATION 
 
This method is well established [1] and utilises 
the natural resonant frequency of a material, 
which is a function of its Young’s Modulus.  A 
beam specimen is supported on two stands, 
which are spaced approximately 25 and 75% 
along its length, and vibrations are introduced 
by dropping a small sapphire ball onto the 
centre of the beam.  The resultant acoustic 
vibrations are directed to a microphone 
thorough a hollow ceramic tube and analysed 
to identify the fundamental frequency of the 
beam.  The experimental setup is shown 
schematically in Figure 1. 

 
One major advantage of this technique is that it 
can be used at elevated temperatures.  An 
example of data obtained on a corrosion 
resistant coating using this technique is shown 
in Figure 2. 
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Figure 2 Modulus as a function of temperature for 
CMSX-4 and Amdry 995 coating on a CMSX-4 
substrate 
 
LASER SURFACE ACOUSTIC WAVE 
(LSAW) 
 

 During this test [2] the specimen surface is 
energised using a short impulse from a laser.  
This results in a localised thermo-elastic 
expansion that generates high bandwidth 
surface acoustic waves (SAWs). The SAWs 
propagate along the sample and are detected by 
a piezo-foil transducer (Figure 3) at a set 
distance from the incident pulse.  The surface 
waves are restricted to a depth of ~50 µm in 
metallic specimens, thus for typical coatings 
used in gas turbines the waves travel 
exclusively through the coating. 

Figure 1 Schematic Representation of Impact 
Excitation Apparatus 
 
The Young’s modulus for a simple material 
can be calculated from the fundamental 
frequency using the expression: 
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where 
E is the Young’s modulus   

 f is the fundamental frequency of vibration 
m is the mass of the beam 
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     (a) Figure 3 Detection system in LSAW apparatus 
 
The Young’s modulus is calculated from the 
simple expression: 
 
 
 
 
Where  ρ is the density 
 c is the velocity of the acoustic wave 

in the specimen 
 υ is Poisson’s ratio 
 
Using this technique the Young’s modulus of 
Amdry 995 on CMSX-4 substrate was 
measured as 197 GPa at room temperature. 
 
At present the technique is limited to ambient 
temperatures and certain materials, however 
within these limitations it provides a simple 
and rapid measurement method for modulus. 
 
INDENTATION 
 
Analysis of unloading curves during depth-
sensing indentation allows calculation of 
indentation modulus.  The technique is well 
established and characterised [3].  Coatings 
may be indented either from the surface or in 
cross section.  Indenting the coating surface is 
the most straightforward method as it does not 
require any specimen preparation, however 
surface roughness and/or cracking may cause 
problems.  This is illustrated in Figure 4 where 
the load/displacement curve for a valid indent 
(Figure 4a) is shown alongside the curve 
produced when the loading cycles is disturbed 
by cracking of the coating (Figure 4b). 
 
Previously published work has used 
indentation in cross-section to measure coating 
hardness and modulus [4].  This method 
requires metallographic preparation of 
specimens but produces more consistent 
measurements. 

     (b) 

( ) ( ) 2

12.187.0
112 





+
−

+=
υ

υυρ cE

Figure 4 Load/displacement curves during 
nanoindentation of Amdry 995 on CMSX-4 (a) no 
apparent cracking (b) measurement compromised 
by cracking of coating 
 
UNIAXIAL STRAINING 
 
The method that appeals most strongly to the 
traditionalist is the simple tensile test.  This 
may be done in two ways: 1) by producing a 
‘free-standing’ coating of sufficient thickness 
that tensile specimens may be produced 
directly, or 2) by using a substrate that is thin 
enough that the stress/strain response of the 
substrate and coating can be de-convoluted 
from the behaviour of the composite.  This 
latter approach has been used successfully to 
measure the creep properties of coatings (5) 
and work is in progress to apply a similar 
analysis to tensile behaviour. 
 
This technique can be used at elevated 
temperatures but there are potential problems 
(eg buckling of the specimens) in producing 
coatings on thin substrates.  There is also the 
question of whether a thick, free-standing 
coating is representative of the structure 
produced on coated components. 
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CONCLUSIONS 
 
Two techniques, impact excitation and uniaxial straining, have been 
identified that allow measurement of the Young’s modulus of coatings 
at elevated temperature.  Both of these methods require accurate data 
for the substrate when composite specimens are used. The alternative 
of using specimens produced from thick, free-standing coating raises 
the question of whether the structure of the coating in that form is 
representative of coated components. 
 
Two other techniques, indentation and LSAW, are currently limited to 
ambient temperature although high temperature stages for both these 
techniques are becoming available.  These techniques require care in 
operation but are capable of producing accurate data. 
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