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Abstract. The present research attempts to characterize mechanical properties, 

which are representative of the adhesive and cohesive states of adhesively bonded 

assemblies, using through-transmission immersion ultrasonic method. 

Transmission coefficients of an ultrasonic wave incident from different angles are 

measured for an assembly made of 2 substrates bonded with an adhesive. Knowing 

thicknesses and mass densities of the components, as well as the substrates elastic 

moduli (previously measured), the stiffness layer method serves as a support for 

solving an inverse problem, which provides the desired adhesive and cohesive 

properties. Firstly, a study of the influence of the interphase properties on the 

characterization of the elastic moduli of the adhesive is presented. The inverse 

problem resolution is performed assuming that the adhesive is an anisotropic solid. 

This study demonstrates that an abnormal apparent anisotropy of the adhesive 

layer is observed in the case of imperfect interfaces, revealing their imperfection. 

This is observed when the experiments are fully simulated numerically (with a full 

control of the state of the interphases) and confirmed by real experiments carried 

out using specifically made samples. Then, assuming that the adhesive layer 

moduli are known, and taking into account two thin layers (h = 1 µm) to simulate 

the interphases, the assessment of these interphase characteristics is presented. 

These results show the strong potential of the method to distinguish between 

adhesive and cohesive weaknesses of bonded joints, and to quantify corresponding 

mechanical properties (elastic moduli or interfacial stiffnesses). 

Introduction  

The increasing production of adhesively bonded joints requires NDT methods to be developed for 
safety reasons. In an adhesive joint, two classes of defects may appear: "cohesive" defects can come 
for example from an imperfect curing of the adhesive, and "interphase" defects can result from 
inappropriate surface treatment of the substrate. An industrial need is to non-destructively 
distinguish those two types of defects. Thus, ultrasonic methods for the evaluation of bonding 
assemblies have been proposed [1-2]. For example, Baltazar et al [1] have developed a procedure to 
determine some of the physical, geometrical, and interfacial properties of an adhesive layer between 
two aluminium substrates using an ultrasonic spectroscopy method. The process used for the 
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substrate/adhesive properties degradation is assumed to lead to a “slip bond” type defect. From the 
ultrasonic reflected spectra for two incident angles (zero and oblique), the adhesive thickness, the 
Lame coefficients, as well as interfacial tangential stiffness have been obtained. The present paper 
aims to both numerically and experimentally study the influence of the interfacial conditions on the 
evaluation of the elastic moduli of the adhesive layer, when those elastic moduli are evaluated 
assuming perfect interfacial conditions. The method is based on the plane-wave transmission 
coefficient measurements [3]. The isotropy of the adhesive layer is not a priori assumed. Elastic 
moduli are estimated from transmitted acoustic field measurements for several angles of incidence 
(θ). We demonstrate that the proposed method allows under certain conditions, to differentiate a 
cohesion weakness from an adhesion one. Then, if the elastic properties of the adhesive layer are 
known, we show that the ultrasonic characterization of the mechanical properties of the interphases 
is possible. 

1- Elastic moduli measurement principle 

The elastic moduli measurement principle is presented in Figure 1. An incident plane wave, radiated 
in a water tank by a large transducer (E) is transmitted through a single or multi-layered plate with 
an incident angle θ and then received by a second transducer (R). The spectrum AT (θ, f) of the 
transmitted field is measured for various incident angles. In order to infer the elastic moduli of one 
of the layers, assuming that the elastic properties of the others layers are known, an optimization 
process, based on theoretical plane wave transmission coefficient, is proceed [3].  

 

 
 Figure 1: Measurement principle 

 
For a given plane of incidence (P12 in the present study) the 4 moduli (C11, C22, C12 and C66) can be 
inferred. A calculation of the error is performed using the insensitivity matrix [4]. In this paper, a 
study of the influence of the interfacial properties on the measurement of the apparent elastic 
moduli of an adhesive layer between two substrates is first presented. 
 

2- Studied assemblies 

 

In this purpose, six assemblies have been made. The substrates are aluminium plates (2 mm thick). 
3 of the assemblies are made of a 100% cured epoxy adhesive layer (1mm thick), while the epoxy is 
only 80% cured for the 3 others. The viscoelastic properties of those components have been first 
measured on single plates made of adhesive or of aluminium only using the time-of-flight method. 
The results are listed in Table 1. As expected, both the epoxy and aluminium are found to be 
isotropic. Lower values for the incompletely cured epoxy are obtained. 
 
Table 1: Elastic moduli measured on individual samples. The real parts are estimates with errors of ±1% and 

the imaginary parts are measured equal to 3% of real parts for the epoxy. 

Medium ρ (g/cm
3
) Thickness (mm) C11 (GPa) C22 (GPa) C66 (GPa) C12 (GPa) 

Aluminium 2.76  2 107  108  26  55  

Epoxy100% 1.16 2.93 7.77  7.75  1.71  4.35  

Epoxy 80% 1.16 2.96 7.56  7.52  1.53  4.25  
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Then for each level of curing, three different surfaces treatments are applied before assembling, in 
order to vary the quality of adhesion: (1) degreasing, sandblasting and silanization treatment 
(reference sample with nominal adhesion properties, noted “DSSi”), (2) degreasing and 
sandblasting (intermediate adhesion level, “DS”) and (3) degreasing only (weak adhesion, “D”). 
 

3- Numerical study of the influence of interfacial properties on the determination 

of elastic moduli of an adhesive between two substrates  

 

The procedure used is described as follows: First, we model the bonded assembly as a 5 layer 
staking: 2 Aluminium substrates, 1 epoxy layer with Cij listed in Table 1 and 2 interphases modelled 
as a 1µm thick isotropic layers (hint= 1 µm), with elastic moduli Cij

int
=α.Cij

epoxy where α is a 
parameter introduced in order to model the interfacial degradation (α ≤1). For nominal interfacial 
properties the values of interfacial elastic moduli (C11

int
, C66

int) are equal to the elastic moduli of the 
adhesive layer. Then, the simulation of the transmission of plane waves through the assembly is 
performed for different θ and the computed transmitted acoustics fields are then considered as 
experimental results for the optimization process. As it is performed assuming perfect interfaces, it 
provides the apparent elastic moduli Cij

app of the adhesive layer. 

 

 

Figure 2: Evolution of optimized elastic moduli of an epoxy between two substrates versus the state of 

degradation of interphases 
 
The evolution of apparent elastic moduli of epoxy adhesive between two substrates, as a function of 
α is presented in Figure 2. We observe a decrease of all apparent elastic moduli of the adhesive 
epoxy with an apparent anisotropy that gets strong as the interphases are degraded (α ≈ 10-2). This 
apparent anisotropy is indicative of the presence of anomalies at interphases. 
 

4- Experimental validation 

 

Measurements are done for the six assemblies described in section 2. The transmitted spectra (in the 
0.5 to 1.5 MHz frequency range) through each assembly are measured for different θ. The deduced 
apparent elastic moduli for epoxy adhesives 80% cured are shown in Table 2. Results confirm those 
obtained by simulations: all the apparent moduli decrease when the interphases are slightly or 
severely degraded, with the apparent anisotropy (C11

app 
 < C22

app
 and C12

app 
≠ C11

app 
– 2 C66

app). Thus, 
the surface treatment applied has a significant influence on the determination of the adhesive layer 
elastic moduli. When the joint has nominal interphases, the apparent moduli match those obtained 
on the individual adhesive plates. The same results are obtained for epoxy adhesive 100% cured. 
Conversely, if interfacial properties are nominal (good interphases), a weakness in the cohesive 
properties (uncompleted cured state) is manifested by a decrease of the apparent elastic moduli, but 
still satisfying isotropy.  
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Table 2: Presentation of Cij
app

 for the epoxy adhesive layers 80% cured measured on the different bonded 

joints assemblies (Surface T: Surface Treatment and h: thicknesses). The error are evaluated from the 

insensitivity matrices 

 
5- Characterization of the interfacial properties 

 

We focus in this section on the evaluation of the interfacial stiffness (kL= C11
int

/h
int and kT=C66

int
/h

int) 
representative of the state of adhesion for each surface treatment of substrates. The interfacial 
stiffness’s are obtained from the measurements of the transmission coefficient for two given θ using 
least squares minimization algorithm [5], assuming now that the Cij of the adhesive layer 
correspond to the apparent ones measured on the reference DSSi samples (Table 2). kL is estimated 
at normal incidence (θ=0°) and kT is obtained for θ=21°. For assemblies made with 80% cured 
epoxy, Table 3 presents the measured interfacial stiffness values. Significantly low interfacial 
stiffness values are obtained when interphases are degraded. kT appears to decrease more than kL. 
Whether the adhesive epoxy is 100% or 80% cured, the same substrates surfaces treatment lead to 
the same interfacial elastic moduli values (Table 3). 

 
Table 3: Presentation of the interfacial stiffness values estimated for the six samples assembled with an epoxy 

adhesive partially and totally cross-linked (1PPa=10
15

 Pa). 

 DSSi100 DS100 D100 DSSi80 DS80 D80 

kL (PPa/m) 2.08 0.25 0.10 2.09 0.23 0.13 
kT (PPa/m) 1.00 0.10 0.02 1.00 0.10 0.02 
        

6- Comparison with shear lap joint	mechanical tests 

Standard (NF EN 2243-1) shear lap joint mechanical test carried out on single lap joints samples 
made with the same adhesive epoxy 100% and 80% cured and using the same surface treatment 
processes (DSSi, DS and D) have been published by Galy et al. [6]. The average strength values for 
the samples made with an adhesive 100% cured and the standard deviations are listed in Table 4. 
The values of mechanical strength decrease with interphases degradation.  

Table 4: Presentation of the average mechanical strength values and corresponding standard deviations for 

samples assembled with an 100% cured epoxy adhesive. 

Average of mechanical 

strength 

DSSi100 DS100 D100 

τ(MPa) 14.32 ± 1.13 13.16 ± 1.36 7.76 ± 0.66 

 
Mechanical strength evolves in a similar manner as the interfacial stiffnesses. When the substrates 
are only degreased (D samples), low values of the mechanical strength are observed and correspond 
to the lowest values of both kL and kT. The sandblasting (S) of the substrates improves the 
mechanical strength, and lead to values of kL and kT that are substantially higher. The highest values 
of the mechanical strength are obtained for samples that present the highest values of both kL and kT. 
 
Conclusion 

 
The measurement of the adhesive layer apparent elastic moduli, performed without any isotropy 
assumption can provide an indication about the weakness of interphases between substrates and 
adhesive layer. Furthermore, if the adhesive layer’s elastic moduli are known, an evaluation of the 
interfacial stiffnesses is possible. The obtained results show that both the longitudinal and 
transverse interfacial stiffness are sensitive to the surface treatment of the substrates. Comparison 

Surface T h (mm) C11
app

 (GPa) C22
app

 (GPa) C66
app

 (GPa) C12
app

 (GPa) 

DSSi80 1.09 ± 0.01 7.42±0.04 7.05 ± 0.28 1.67 ± 0.08 4.35 ± 0.13 
DS80 0.78 ± 0.01 6.23 ± 0.07 6.87 ± 0.50 1.41 ± 0.19 4.10 ± 0.11 
D80 0.75 ± 0.01 5.51 ± 0.05 6.79 ± 0.61 1.26 ± 0.11 3.92 ± 0.20 
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with mechanical tests allows to affirm that, using our method, when characterizing an adhesive 
layer between two substrates it is possible to distinguish between a good or weak adhesion. Efforts 
in progress aim to apply the proposed method to the case of bonded assemblies of composite 
materials, and also to evaluate the potentiality to map interfacial stiffness variations using finite 
sized ultrasonic beams. 
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