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Abstract
Numerous techniques of nondestructive testing and structural health monitoring of

CFRP structural parts are studied. In this research, we focus on electromechanical

impedance (EMI) technique. This technique is based on a piezoelectric sensor that

is surface mounted on or embedded in the inspected structure. Because of direct

and converse piezoelectric effects, the electrical response of the sensor is related

to mechanical characteristic of the structure. In the reported research, adhesively

bonded CFRP samples were investigated. The EMI characteristics of samples with

modified bonds were compared with properly bonded referential samples. The fol-

lowing modifications were considered: prebond thermal treatment, prebond contam-

ination with de‐icing fluid, and precuring of the adhesive. The EMI spectra were

investigated searching for anomalies and changes caused by modification of the

adhesive bonds. Numerical indexes were used for the comparison of EMI character-

istics. The sensitivity of the EMI method to modified bonds was observed.

KEYWORDS

adhesive joints, CFRP, composite laminates, composite materials and repairs, composites,

electromechanical impedance, NDT
1 | INTRODUCTION

The research presented here is focused on nondestructive
assessment of adhesive bonds of CFRP parts. It is important
to have a reliable tool that allows to verify the integrity of the
bond after manufacturing or bonded repair. The structural
joints should ensure safe usage of a structure. The perfor-
mance of adhesive bonds depends on the properties of the
surfaces to be joint. Improper preparation of the surface
may lead to weak bond that cannot carry the desired load.
This is the reason why there is a search for methods of surface
eptance; d3x = piezoelectric
e‐I energy release rate; IR =
; N = number of samples;
YE = complex Young's

field; ZA(ω) = mechanical
mechanical impedance of

ro stress dielectric constant
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assessment before bonding. One of the promising methods
for surface assessment is the electronic nose.1 The another
important subject is to assess the bonded part. An example
of technique investigated for this task it the one based on
laser‐induced shock waves.2

The prebond contamination or modification has an influ-
ence on the fracture toughness of the CFRP bonded joints.
Markatos et al. studied the influence of prebond release
agent contamination and moisture absorption on mode‐I
fracture toughness of CFRP bonded joints.3 A mode‐I double
cantilever beam specimen was used to determine the mode‐I
energy release rate (GIC) referring to crack initiation. The
lowest considered contamination with release agent does
not seem to affect the bond. The increase of the contamina-
tion causes at least 60% drop of the GIC value in relation
to the reference case.

The research reported here aims to nondestructively
assess the adhesive bonds with preboned modification
Fatigue Fract Eng Mater Struct. 2017;40:1592–1600.rnal/ffe
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(thermal treatment, precuring) or with contamination
(de‐icing fluid). Regarding the improper curing, it was shown
that lowered temperature of adhesive curing have great
impact on the bond performance.4 The GIC for sample cured
at 120 °C drops nearly by 95% in relation to GIC for sample
properly cured at 180 °C. The prebond thermal treatment
results reported in the literature shows that the GIC value
decreases by 10% and 13% for treatment at 190 °C and
200 °C, respectively.5 In the case of treatment at 210 °C, an
increase by 9% was observed.5 Published investigations on
prebond contamination with de‐icing fluid were not found
at the time of submission of this paper.

The intention of this paper is to investigate the electro-
mechanical impedance (EMI) as a promising technique that
is sensitive to adhesive bonds condition. The initial research
of the EMI method was focused on damaged metallic parts.6

Later also the adhesive bonds were investigated with the
EMI method.7,8 It was performed by embedding a transducer
in the lap joint.7,8 The investigations were both numerical
and experimental, but they focused only on aluminum lap
joints. Here we focus on the sensitivity of the EMI method
to the adhesive bonds of CFRP composites. The first results
in this topic were published in a journal paper in 2015.9

High‐frequency conductance curves in the range of the
thickness resonance were studied. The investigated cases
comprised of moisture contamination, release agent contam-
ination, and improper curing temperature of the adhesive.
Only 1 sample of each kind was measured.9 In the new
research reported here, we present new prebond modifica-
tions (thermal treatment, de‐icing fluid contamination, local
precuring of the adhesive). Three samples of each kind
(the same level of modification/contamination) are investi-
gated. The lay‐up and used film adhesive is also different.
Previously, contamination with release agent and moisture
was investigated.9 Here the contamination with de‐icer is
considered. Previously, the faulty curing of adhesive was
achieved by lowering the curing temperature.9 Here the
curing temperature is correct but the adhesive was locally
pre cured by IR‐spot.

It should also be noted that there are certain bond
modifications that may lead to improvement of the bond.
An increase on the mode‐I fracture toughness of adhesively
bonded joints for a small exposure to moisture was
observed.3 This increase was explained as an increasing
ductility (plasticization) of the adhesive layer due to a
specific water uptake. In other research, it was shown that a
maximum improvement of 69% in the fracture energy
can be achieved with the addition of graphene oxide
nanoplatelets into the adhesive layer.10However, this
paper focuses on weakening of the bonds by certain
prebond modifications. Summarizing, in comparison with
previously published results, the novelty of the paper is
as follows:
• CFRP composites with adhesive bonds are investigated
with different lay‐up and adhesive.

• Prebond modifications are different than before.
• The chosen prebond modifications lead to weaker bond.
• Three samples prepared with the same level of modifica-

tion are investigated for comparison purposes.

The paper is structured as follows. First, the EMI method
is described with emphasis on the thickness mode approach.
Second, the samples are described. Third, the results are pre-
sented and are followed with the discussion and conclusions.
1.1 | EMI approach

EMI method is based on the measurements of electrical
parameters of a piezoelectric transducer coupled with the
investigated structure. Because of the electromechanical cou-
pling of piezoelectric transducer and the host structure,
mechanical resonances of structure can be observed in the
electrical characteristics of piezoelectric transducer. Accord-
ing to Na and Lee,11 the coupled relationship between the
electrical and mechanical impedance was first introduced in
the literature by the 1‐dimensional equation proposed by
Liang et al12:

Υ ωð Þ ¼ iωa εT 1−iδð Þ− ZS ωð Þ
ZA ωð Þ þ ZS ωð Þ d

2
3xY

E
� �

; (1)

where the Y(ω) is the electrical admittance of the piezoelec-
tric element. ZA(ω) and Zs(ω) are the mechanical impedance
of the piezoelectric element and the host structure, respec-
tively. a, εT, δ, d3x, and YE are the transducer geometric con-
stant, zero stress dielectric constant, dielectric loss tangent,
piezoelectric coupling constant, and complex Young's modu-
lus of the transducer at the zero electric field, respectively.

In the EMI method, electrical quantities like impedance,
admittance, their real parts (respectively resistance and con-
ductance), and their imaginary parts (reactance and
susceptance) are registered and analyzed. According to some
published papers, the imaginary part of electrical quantities is
used for monitoring of bonding layer between transducer and
the structure, and also for assessment of the transducer
itself.13 The real part of electrical quantities is used for mon-
itoring of the structure. Reactance was used for detection of
transducer debonding, whereas resistance was used for
assessment of the structure.14 However, also both the resis-
tance and the susceptance were used to detect sensor faults
in other research.15

In the experimental investigation of EMI method imped-
ance, analyzers like HP4194,14 HIOKI IM3570,9 or
AD59336 integrated circuits are used. Laboratory impedance
analyzers are expensive, large, and heavy, but their frequency
range is up to megahertz. AD5933 chip is small, light, and



FIGURE 2 Preparation of samples for bonding in the autoclave,
vacuum bag. Copyrights: Fraunhofer IFAM. [Colour figure can be
viewed at wileyonlinelibrary.com]
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very cheap; therefore, it is suitable for embedded structural
health monitoring systems. However, its frequency range is
limited only to 100 kHz, and it needs to be calibrated. In
the literature also, another approach can be found. It utilizes
signal generator, FFT analyzer, and a resistor.16 In research
reported here authors utilize the IM3570 analyzer. The inves-
tigation is focused on the thickness mode of the transducer
that appears at about 4 MHz.9 Measurements were performed
with a piezoelectric disc transducer that was bonded at the
middle of the sample surface. The disc had 10 mm diameter
and 0.5 mm thickness and was manufactured by CeramTec
(SONOX P502 material). In this paper, we focused on the
conductance (G) spectra. G is the real part of the admittance:

Y ¼ Gþ iB: (2)

The unit is Siemens [S = 1/Ω], and the imaginary part (B)
is called susceptance. The admittance itself is an inverse of
the impedance Z [Ω]. In order to quantitatively compare
and analyze the G spectra, an RMS index was chosen:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

j¼1
Gj

2

s
; (3)

where frequency for j = 1 is 3 MHz, whereas frequency for
j = N is 5 MHz. Gj is the conductance value at frequency
denoted by index j.
1.2 | Investigated prebond modification cases

The material used for samples manufacturing was Hexcel
M21E. Figure 1 and Figure 2 show the preparation of samples
for bonding in the autoclave. Plates with a size of 30 × 30 cm
were bonded and afterwards cut into the size of 10 × 10 cm for
measurements. The samples were bonded with FM 300‐2
adhesive film cured at 121 °C. Each plate before bonding is
made with 8 plies and layup sequence: [0, 0, 45, −45, −45,
45, 0, 0]. In total, 3 cases of prebond modifications were
investigated. The prebond modifications were chosen to sim-
ulate the condition that can be encountered during a bonded
FIGURE 1 Preparation of samples for bonding in the autoclave.
Copyrights: Fraunhofer IFAM. [Colour figure can be viewed at
wileyonlinelibrary.com]
repair of a composite structure. The modified samples were
compared against reference samples. The measurements
included 3 reference samples, 9 samples with prebond thermal
treatment, 9 samples with prebond contamination, and 9 sam-
ples with faulty curing of the adhesive.

The thermal treatment was performed by the exposure of
the samples to elevated temperatures in air‐circulated oven
for 2 hours. This case accounts for structural parts that may
be exposed to external heat source or lightening impact. High
temperatures can cause local overheating and damage the
resin. It leads to a loss of the mechanical properties of the
CFRP structure and repair bonding can also be affected. After
the exposure to elevated temperature, the samples were
grinded before bonding. Three temperature levels were used:
220 °C, 260 °C, and 280 °C. Three samples were prepared
for each temperature. A significant loss in bond strength is
observed for the samples treated at 280 °C. The fracture pat-
tern already shows an impact with 260 °C heat treatment.

The prebond contamination case was prepared by dip
coating of the plates in a water solution of the de‐icer with
3 concentrations. Later, the samples were dried. The
SAFEWAY KF de‐icer was used. It is a runway de‐icing fluid
that can affect the aircraft parts. After drying, the potassium
formiate, which is present in the de‐icing fluid, forms a thin
layer on the CFRP. When cleaning the aircraft before a repair,
this fluid can be transported to bonding areas and contami-
nate the bond. This may lead to a weak bond. During the
preparation step, the de‐icer was diluted with demineralized
water to obtain solutions with the following volumetric con-
centrations: 2%, 5%, 7%, 10%, 30%, and 50%. It was applied
on the surfaces by dip coating (aqueous solution) and then
dried in the oven for 2 h at 40 °C. Then acclimatization at
room temperature was allowed for at least 24 h. The dip coat-
ing results were controlled by X‐ray photoelectron spectros-
copy (XPS) measurements (Figure 3).5 Because the de‐icer
contains potassium formiate, the potassium (K) content on
the surface is taken as a measure of the degree of contamina-
tion. XPS results are shown in Table 1. The correlation

http://wileyonlinelibrary.com
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FIGURE 3 Chamber for XPS measurements. Copyrights: Fraunhofer
IFAM. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Correlation between de‐icer dip coating concentration
and K concentration on the CFRP surface (XPS results). Copyrights:
Fraunhofer IFAM
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between dip coating concentration and K‐content
(controlled by XPS) is shown in Figure 4. With the same
de‐icer concentrations, 3‐lap shear specimens were used for
adhesive bonding and subsequent mechanical testing. A sig-
nificant loss in bond strength was observed for approximately
4 at% K. The fracture pattern also showed an impact for the
same level of contamination. Based on these preliminary
tests, it was decided to prepare samples in solutions with
the following concentrations: 2%, 7%, and 10% of de‐icer in
demineralized water. For this concentrations, the following
contamination levels were obtained: 6.4 ± 1.8, 10.9 ± 2.3,
TABLE 1 XPS‐results for CFRP samples with different de‐icer dip coatin

C (at%) O (at%) N (at%) S

2% DI, position 1 68.1 21.1 6.5

2% DI, position 2 68.6 20.8 6.4

5% DI, position 1 67.3 21.8 4.8

5% DI, position 2 66.7 22.7 4.1

7% DI, position 1 65.9 21.8 6.1

7% DI, position 2 64.9 23.0 5.7

10% DI, position 1 66.1 22.6 5.1

10% DI, position 2 62.8 23.7 5.3

10% DI, position 3 63.6 23.8 5.0

10% DI, position 4 60.8 25.1 4.8

30% DI, position 1 58.3 27.9 2.8

30% DI, position 2 61.6 25.1 4.0

30% DI, position 3 62.1 25.5 3.7

30% DI, position 4 60.0 26.0 4.2

50% DI, position 1 56.6 28.8 2.7

50% DI, position 2 50.2 31.6 3.0

50% DI, position 3 59.6 26.8 3.7

50% DI, position 4 53.8 30.2 2.8
and 12.0 ± 1.4 at.% K. Three samples at each level were
prepared.

The case of faulty curing of adhesive (sample symbol:
RFC) was prepared by local precuring of the adhesive by
IR‐spot. This precuring was made at the middle of the sam-
ple. In this scenario, the bonded joint does not contain any
foreign materials. The adequate adhesive bonding processes
requires that all parameters such as curing times, shelf life,
etc, comply will the regulations. In the considered case, the
loss of performance of the bonded joint is related to irregular-
ities in the curing of the adhesive that was caused by
precuring. Such precuring could happen accidentally during
the repair process.
g concentrations

i (at%) S (at%) Cl (at%) K (at%) Na (at%)

0.7 1.0 0.2 2.4 ‐
0.9 0.9 <0.1 2.4 ‐
1.3 1.0 0.3 3.6 ‐
1.4 0.9 0.2 4.0 ‐
0.7 0.6 0.1 4.6 <0.1

0.9 0.8 0.2 4.3 0.1

0.4 0.7 0.1 4.9 0.1

0.4 0.6 0.2 6.8 0.2

0.5 0.5 0.1 6.1 0.2

0.5 0.6 0.1 7.4 0.3

0.4 0.5 0.1 9.6 0.3

0.5 0.5 0.2 7.9 0.2

0.7 0.5 0.1 7.2 0.2

0.6 0.5 0.1 8.3 0.2

0.3 0.5 0.2 10.8 0.2

0.4 0.3 0.2 13.8 0.5

0.3 0.4 0.2 8.8 0.2

0.3 0.4 0.2 11.9 0.3

http://wileyonlinelibrary.com


FIGURE 6 RMS results for the samples with prebond de‐icer
contamination. Change of the mean value at each contamination level
in relation to mean value for the set of reference samples. [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 7 RMS results for the samples with prebond de‐icer
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2 | RESULTS

The samples were measured, and the RMS index was calcu-
lated for the earlier chosen 3–5MHz frequency band. For each
level of modification, there were 3 samples available so it was
assumed that samples modified at 1 level are similar so the
results were presented as a mean value for these 3 samples
of each kind. In order to facilitate the comparison, the mean
RMS values were presented as a percent change in relation
to the mean RMS value calculated for the reference samples.
Figure 5 depicts the result for the thermally treated samples.
An increasing value of RMS is observed. The samples treated
at 220 °C differ from the reference by less than 20%, whereas
samples treated at 280 °C have the largest value, exceeding
50%. In the results for contamination with the de‐icing fluid,
one can notice an anomaly (Figure 6). The RMS value
increases with the increasing amount of contaminant, but for
the contamination at 12.0 at.% K case, the RMS value drops.
This case was investigated more thoroughly because of the
fact that samples with the highest contamination level have
lower RMS value than the samples at middle level. Looking
at the level of contamination that was estimated by XPS, one
can notice that level 2 (10.9 ± 2.3 at.% K) and level 3
(12.0 ± 1.4 at.% K) are almost the same when taking into
account the error of determination of the contamination level.
It was decided to consider these 2 levels as 1 level. The new
result was plotted in Figure 7. A clear increase is observed
with the increasing level of contamination.

The last scenario was related to faulty curing of the adhe-
sive. The result with RMS values is depicted in Figure 8. One
can notice high values for RFC1 and RFC3 samples and a
drop for the middle level RFC2. Such behavior was not
expected initially, because the time of IR radiation for
precuring was the longest for RFC1 samples and the shortest
FIGURE 5 RMS results for the thermally treated samples. Change of
the mean value at each treatment temperature in relation to mean value
for the set of reference samples. [Colour figure can be viewed at
wileyonlinelibrary.com]

contamination. Two levels of contamination taken as one. Change of
the mean value at contamination level in relation to mean value for the
set of reference samples. [Colour figure can be viewed at
wileyonlinelibrary.com]
for RFC3 samples. These samples were also investigated with
ultrasonics in previously published research.17 The ultrasonic
testing revealed large disbonds in all samples of the first level
(RFC11, RFC12, and RFC13). The disbonds areas observed
for these samples were 1350 (RFC1), 517 (RFC2), and
1328 mm2 (RFC3). The samples of the second level
(RFC21, RFC22, and RFC23) had small disbondings. None
of the disbondings were observed for the third level
(RFC31, RFC32, and RFC33).17 The ultrasonic testing con-
firmed that the largest disbonds were obtained for the RFC1x
samples. However, another important observation is that the
size of the disbond differs from sample to sample for the
same level of modification (RFC1x). Thus, we decided to
analyze RMS values for all 9 samples separately and to study

http://wileyonlinelibrary.com
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FIGURE 8 RMS results for the samples with prebond local
precuring of the adhesive. Change of the mean value at contamination
level in relation to mean value for the set of reference samples. [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Part of conductance curve for RFC32 sample and a free
piezoelectric sensor before bonding it to the RFC32 samples
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their values. The result is depicted in Figure 9. The highest
value is observed for RFC32 sample. After inspecting the
spectrum of this case, one can notice that there is some prob-
lem with sensor bonding because the conductance value
increases after the bonding (Figure 10). This case should be
rejected from the analysis. So the next 3 highest values are
observed for samples RFC11, RFC12, and RFC13
(Figure 9). These are the samples that have large disbonds
in the bond line caused by infrared precuring. Moreover, it
should be noted that the values for RFC11 and RFC13
samples clearly differ from RFC12 sample. This could be
assigned to the fact that the disbond area observed for
RFC12 is approximately 61% smaller from the disbonds
observed for RFC11 and RFC13 samples.17 The cases for
the first level of modification (RFC1x) can be clearly distin-
guished from the rest of the faulty cured samples.
FIGURE 9 RMS results for the samples with prebond local
precuring of the adhesive. Change of the values for each sample in
relation to mean value for the set of reference samples. [Colour figure
can be viewed at wileyonlinelibrary.com]
2.1 | Detailed analysis

In the case of RFC32, sample we observed an increase of
RMS value after bonding that was unexpected. The other
spectra were also investigated in this context. The spectra
for which anomalies were observed were presented in
Figure 11. It was found that

1. The conductance curve for one of the reference samples
(REF2) has no clear maximum but 2 separate ones.

2. The curve for one of the samples treated at 220 °C
(RTD12) behaves similarly like for RFC32 sample
(Figure 10). There is an increase of the magnitude after
bonding.

3. The conductance curve of one of the samples treated
at 260 °C (RTD32) has no clear maximum but 2
separate ones.
FIGURE 11 Conductance curves near the maximum for REF2,
RTD12, and RTD32 samples and for the free piezoelectric sensors
before bonding it to these samples. [Colour figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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FIGURE 13 Change of conductance maximum location for the
reference samples (REF1 and REF3) and the thermally treated
samples. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 14 Change of conductance maximum location for the
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Taking into consideration all these observations,
results for samples with symbols REF2, RTD12, RTD32,
and RFC32 were discarded from analysis. The new mean
RMS values for all the samples were calculated. The
result is depicted in Figure 12. I can be noticed that the
lowest level of thermal treatment case is characterized
by a drop in relation to the reference case. A significant
increase is observed for the next 2 levels of thermal treat-
ment. None of the samples contained with de‐icer were
rejected but there is a change in the values in relation
to the results depicted in Figure 7. The reason for this
is the change in the referential case because the result
for sample REF2 was rejected from calculation. Still the
contamination increase is reflected as an increase in the
RMS index value. For the faulty curing scenario a clear
detection is observed at the first level (RFC1) for which
the precuring caused disbonds. This was discussed in
previous section and showed in previously published
paper.17

In previous research also, the location of the conduc-
tance maximum was tracked as an indicator of weak
bonds.9 In research reported here, we can observe that
the conductance characteristic differ significantly even for
the free (unbonded) sensors. This is seen in Figure 11
for curves denoted as “REF2 piezo,” “RTD12 piezo,”
and “RTD32 piezo” and was also observed for other
sensors. Taking this into account, it was decided to track
the conductance maximum but relate its location to the
maximum for the free sensors before bonding. The results
for the samples for each scenario are depicted in
Figures 13–15. Depending on the sample, the curve
maximum shifts either to the left (Δf < 0) or to the right
(Δf > 0). There is no clear dependence of the shift with
FIGURE 12 RMS results after discarding samples REF2, RTD12,
RTD32, and RFC32. Change of the RMS mean value for all the cases
in relation to mean value for the set of reference samples. [Colour figure
can be viewed at wileyonlinelibrary.com]

reference samples (REF1 and REF3) and the samples with prebond
de‐icer contamination. [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 15 Change of conductance maximum location for the
reference and the precured samples. [Colour figure can be viewed at
wileyonlinelibrary.com]
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the type and level of the modification studied. Samples
modified at the same level not necessarily shift to the
same direction. All except one of the faulty cured samples
shift to the right (Figure 15). Moreover, the shift absolute
value also varies even for samples with the same modifi-
cation level.
3 | CONCLUSIONS

The presented research addresses an important problem of
nondestructive assessment of adhesive bonds of CFRP.
The EMI method was investigated for this task. The authors
proposed to investigate conductance in the frequency band
containing the thickness mode resonance of the piezoelec-
tric sensor. It was observed that changes of the conductance
in this frequency band could be related to the level of adhe-
sive bond modification.

It was shown that the EMI method indicates some
sensitivity to the modification of adhesive bonds of CFRP
samples. There is an increase in RMS index as the
modification severity is higher so the bond quality level
determination could be possible. This is observed both
for samples that were thermally treated and contaminated
with de‐icing fluid before bonding. The exception is the
lowest level of the thermal treatment. The detection of
faulty cured adhesive for RFC samples was also possible
in the case when the precuring caused disbonds. There
was no relation observed between the location of the
conductance maximum and the type and level of bond
modification.

We considered rather small samples with single trans-
ducer. One can imagine that application of this method in real
structures (such as aircraft) could be realized, for example,
using network of piezoelectric sensors that are bonded to
the inner surface of the fuselage or are embedded in the
composite material.

The research will be continued taking into account the
bond performance assessment obtained from mechanical
testing. Moreover other indices and other scenarios will also
be investigated. In particular, cases considering production‐
related modifications such as moisture or release agent are
planned to be studied.
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