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Abstract

Bonded joints provide a means of assembling that reduces the stress concentration. However, to
ensure the joints have a good mechanical strength, is necessary to control various factors
including the adhesion of the two surfaces of the joints.

Glass-fiber reinforced thermosetting plastic (GFRP) adhesive joints were characterized through
ultrasonic imaging (UT C-Scan) and lock-in thermographic (LIT) analysis in order to assess the
adhesion quality before being subjected to static tensile mechanical tests. Furthermore, samples
of the same lot were subjected to accelerated aging cycles to evaluate their behaviour in
temperate zones.

The mapping of each sample using non-destructive testing has been obtained. Visual testing
were performed on all specimens after the mechanical tests in order to obtain a comparison
with ultrasonic and lock-in thermography technique.

A quantitative analysis has been carried out to evaluate the ability of lock-in thermography in
investigating inadequate bonding between the adherents and obtaining the validation of the
technique by the consistency of the results with the well-established ultrasonic testing.

Keywords: Glass-fiber reinforced plastic (GFRP), adhesive joints, ultrasonic C-scan, lock-in
thermography, hygrothermal aging

1. Introduction

Wind turbine blades are made from polymer composites to provide high specific stiffness,
strength, and good fatigue performance. However, large composite structures are prone to
manufacturing defects such as delamination and adhesive failure, which can lead to crack
initiation and propagation [1].

Adhesive bonding failure is a key manufacturing defect typical of blade joined using adhesives
paste of several millimeters thick. In fact, they can be expected to experience significant static
and fatigue loads under various environmental conditions over their service life. National
renewable energy laboratory, USA statistics shows in Fig.1 that manufacturing defects and in-
service damages are the main reason for early blade failure [2].
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Figure 1: Blade damages at manufacturing and operational stage [2].

Despite great attention given to maintain quality in manufacturing processes, the data available
for joints of this class with composite adherents indicate significant sensitivity to adhered
properties and surface preparation, adhesive composition (chemistry, additives, mixing,
curing), adhesive thickness, temperature, and moisture, as well as joint geometry [3].

Many researchers have done extensive work to identify different types of defects in adhesive
joints and have suggested suitable non-destructive test methods to evaluate them [4-8].
Although, the influence of overlapped reflections, scattering and attenuation of the reflected
ultrasonic waves from the multi-layered structure appears and the scattering effect also has a
negative impact to the propagating ultrasonic waves and requires to use lower frequencies [9],
ultrasonic methods have been widely used in the non-destructive testing and inspection of
adhesive joints showing a high sensitivity to the defects commonly found in wind rotor blade.
The propagation characteristics of ultrasonic waves are used to determine material properties
throughout the volume of turbine blade and to detect and characterize the surface and
subsurface flaws and also are suitable for quality control and for estimation of the adhesion
level between composite layers. The ultrasonic C-scan imaging can be used for the area
mapping of the component [10]. C-scan is 2D image representation using ultrasonic wave
signal acquired point-by-point as A-scan signal from the structure. For automated inspection,
C-scan system consists of motorized scanner to move ultrasonic probe over the structure.
Manual A-scan provides qualitative information whereas C-scan provides quantitative
information about damage extent, type of damage etc [11].

Thermal techniques can be also used to investigate defects in adhesively bonded components
[12], [13]. Stimulated Thermography is able to detect defects in homogeneous materials thanks
to different thermal behavior that they have if subjected to a thermal stimulation. This behavior
is due to the different thermal- physical properties involved in the heat transmission phenomena
such as the thermal conductivity, the heat capacity at constant pressure and the density of
material [12], [13].

In literature many works regard the application of stimulated thermography for the NDE of
FRP strengthening system bonded on concrete structures [14-16]. In these works it was shown
the capability of thermography for the estimation of defects and the strong and weak points
with respect to other NDT techniques were highlighted.

The ability of thermography to characterized defects in adhesively bonded composite joints was
demonstrated in various works [17], [18]. In particular, Genest et al., [19] used flash
thermography and a novel signal processing to improve the debond visibility and reduces the
influence of the repair edges. The new technique was demonstrated considering simulated and
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real (debonding) in CFRP bonded patches. Quantitative analysis shows results in good
agreement with ultrasonic and destructive technique.

In the work of Schroeder et al., [20] Pulsed Thermography was used to evaluate large
automotive assemblies, composite parts and bonded joints. All tests were carried out with Flash
Thermography technique that requires short cycle time and then can be used for on-line tests
for part validation.

Johnson [21] proposes a new approach based on TSA (Thermoelastic Stress Analysis)
technique to characterized the damage initiation and progression in FRP single lap shear joints.
This technique allows to obtain information about the damage extent of material and can be
used for the monitoring of damage during the fatigue test.

In this paper we analyze, the results of an experimental investigation aimed at determining the
capability and reliability of the lock-in thermography [12], [13], [22], [23] as a non-destructive
method of assessing the integrity of glass-fiber reinforced thermosetting plastic (GFRP)
adhesive joints used for the construction of wind rotor blades.

Different tests were carried out on single lap adhesive joints designed according to ASTM D
3165 [24], using lock-in thermography and ultrasonic C-scan technique. It was carried out a
quantitative analysis in order to evaluate the ability and the advantages of lock-in thermography
with respect to the ultrasonic C-scan technique that is considered well established in literature
for the debonding detection of joints.

2.Materials and methods
2.1 Specimens

Single lap adhesive joints were prepared as per ASTM D 3165 [24] standard using glass fiber
reinforced thermosetting plastic (vinyl ester GFRP) as substrate and a two part epoxy adhesive:
AMEG000 INF (Ashland Composite Polymers) and ADH 90.91 (Altana Electrical Insulation).
Adherends were characterized by multiple layers of quadriaxial 0 °/ +45 ° /90 ° / -45 ° fabric
glass fiber and were obtained from a laminate fabricated using the technique of infusion of the
resin under vacuum (VARI). Surface preparation was carried out according to ASTM D 2093
[25] standard for surface preparation of plastics. The panels, properly cleaned and treated, were
placed inside a tool for bonding where they were lined up by reference pins. After spreading a
thin layer of adhesive, the assembly was closed and the pressure was applied. As regards the
conditions of care, they are observed as indicated by the manufacturer of adhesive.

The planar and three-dimensional geometry of the joints are shown in Figure 2.

The single-lap samples were cut from the panels according to scheme imposed by ASTM D
3165.

Since the legislation provided for the use of metals, while the present study is based on
adherends in composite materials, changes have been made, in the thickness of the adherends,
which are set to a value of 2.5 mm, while the thickness of the adhesive remains equal to 0.76
mm.

A total of 12 single lap joints were used for the experimental tests and they were denoted by the
initials VA followed by a sequential cardinal number and the indication of the production lot.



Figure 2: Planar and three-dimensional geometry of the joints

2.2 Hygrothermal aging

The aging cycles for testing were determined on the basis of the monthly average of maximum
temperature, minimum temperature, and moisture percentage of the last thirty years in Alpine
and Apennines Italian region at about 1500 meters above sea level. The cycle time was 4
months. Within 24 hours there were 3 sub-cycles, which had been assigned a specific weight
according to their average duration in a year. The sub-cycles were:

e Cool: the temperature was set to the average of the minimum of the months January,
February, March, October, November, December, which was -6 ° C;

e Mild: the temperature was set to the average of the maximum of the months of April
and September, corresponding to 5 ° C;

e Warm: the temperature was set to the average of the maximum of the months of May,
June, July, August, or 15 ° C.

Figure 3 shows the daily cycle of aging.
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Figure 3. Daily hygrothermal aging: cool, mild and warm sub-cycles within 24 hours

The described accelerated aging was implemented in a climatic chamber.
The 12 adhesive joints studied in this paper were aged for 4 months.




2.3 Ultrasonic testing

Before carrying out thermographic and mechanical testing, all single-lap joint sample were
subjected to a volumetric UT scanning analysis procedure. The ultrasonic inspections were
performed with an automatic acquisition system developed in the laboratories of ENEA and
available in the Brindisi Research Center. The system, by means of a management software
implemented in LabVIEW™, acquires the radio-frequency signal (RF) coming from the
instrument through the UT oscilloscope and controls a movement system (two axes at a time)
in order to associate the RF signal with the spatial position. At the end of scan, UT data are
saved in files containing the whole set of complete UT waveforms. From the UT file, UT
images for any portion of the material thickness can be obtained and analyzed. The software
allows the visualization in the A-Scan, B-Scan, C-Scan mode.

The experimental apparatus consists of the following elements:

e digital oscilloscope generating the voltage pulses, acquisition, visualization and
digitalization of UT pulses;

e transmitter/receiver UT probe;

e PC for UT data processing and mechanical displacement control;

e mechanical displacement system, consisting of a 3-axis for UT probe motioning and
control;

e immersion pump for coupling ultrasound with driven jets of water.

The UT inspection technigue chosen for this study was the "pulse - echo™ and the coupling of
ultrasound has been realized with driven jets of water. This choice was necessary to avoid the
specimen to stay in the water for not altering the physical and chemical characteristics and for
preventing the absorption of water in the material. The probe for this application was a focused
immersion transducer of 1 MHz frequency. Water and GFRP material UT speed were 1483m/s
and 2578m/s, respectively. The correct focal distance, to focus the UT beam at mid joint, has
been established experimentally evaluating the maximum amplitude of the reflected signal.

For each single lap joint sample, a 80 mm x 24 mm area over the bonding was scanned with a
0.2 mm scan step (Figure 4).

The UT scanning was performed before aging the joints and after 4 months aging.

Figure 4. Scan direction and scanned area

2.4 Lock-in thermographic analysis



Lock-in thermography is based on the generation of thermal waves inside the specimen, for
example, by depositing heat periodically on the specimen surface [12], [13]. The resulting
oscillating temperature field in the stationary regime can be recorded remotely through its
thermal infrared emission by an IR camera. Thermal wave can be reconstructed by measuring
temperature evolution over the specimen surface: by a suited algorithm, information about
magnitude (A) and phase (¢) of the thermal wave can be obtained.

Phase data are relatively independent of local optical and infrared surface features and phase
signal allows to penetrate deeper into the material than the analysis of the magnitude signal.

In the phase image, the defects appear with a different phase signal respect to the homogeneous
material. Moreover, the phase of thermal wave is related directly to depth z [13]:
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with A thermal wavelength and p the thermal diffusion length:
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where k is the thermal conductivity, p is the density, cp is the specific heat at constant pressure,
o is the modulation frequency and « is the thermal diffusivity.

Eqg. (1) indicates that higher modulation frequencies restrict the analysis in a near-surface
region, while low-frequency thermal waves propagate deeper but very slowly [13].

Lock-in thermography tests were performed by IR camera Flir 640 with thermal sensitivity
(NETD) < 30 mK and based on a microbolometer detector with 640x512 pixels.

The set-up used is shown in Figure 5 (B = 30°, DT = 30 cm, DL = 20 c¢cm). In particular two
halogen lamps with power 500 W were controlled by MultiDES® system in order to heating
specimens with a series of sinusoidal waves. Thermal data were processed by IRTA® software
in order to obtain amplitude and phase images.
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Figure 5. Top view of set-up used for lock-in thermography ( = 30°, DT =30 cm, DL = 20
cm)

2.5 Mechanical tests

Mechanical tests were conducted according to ASTM D3039 [26]. The tests were carried out
at room temperature on the electromechanical machine MTS model Alliance RT/50 available in
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the laboratory of mechanical tests ENEA. In mechanical testing, bonded joints are loaded to the
point of breaking. The rupture of the specimens allowed to validate the results of non-
destructive investigations. The broken joints have been visually inspected to locate correctly
the defects highlighted with non-destructive controls. Anyway, mechanical tests, so accurately
conducted, and their quantitative results will be the subject of a future work.

3. Results and discussion
3.1 Ultrasonic C-scan results

The 1 MHz probe have allowed the complete UT signal penetration of the single-lap joints and
the bonded area is reliably observed in the UT images .

All UT images are obtained selecting the distance of the slice from the probe, calculated by the
software using the wave propagation speed and the time of flight, corresponding to the joint
adhesive layer immediately over the first interface.

C-scan images of the section of interest show, according to the scale, areas with a great
amplitude of the reflected signal, and areas with low amplitude of the signal.

The first are indicative of areas in which the bonding has occurred, then the adhesive layer is
present. The signal, despite having undergone reflections to the first interface adhering/
adhesive and despite having attenuated crossing the composite material, propagates to adhesive
thickness reaching the second adhering/adhesive interface where it was reflected. The signals
having low amplitudes indicate areas associated with defects in the adhesive layer. Indeed, in
this case the signal has been completely reflected at the first interface adhering/adhesive.

The images make us appreciate significant bond defects in all investigated sample.

In Figure 6, UT images from C-scan of no aged (UTO) and aged (UT4) single-lap joint samples
are reported.

C-scan images of the section of interest show, according to the scale, areas with a great
amplitude of the reflected signal, and areas with low amplitude of the signal. Comparing the
images, before and after the aging of the same sample, does not appear any variation in the
bonding. The comparison suggests that the adhesives yield the same bond quality.
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Figure 6. UT images from C-scan of no aged (UTO0) and aged (UT4) single-lap joint samples

3.2 Lock-in thermography results

Lock-in tests were carried out considering only one side of specimen and then defect was
detected at the first interface adhering/adhesive. Different preliminary tests were carried out on
a reference sample specimen, called VAO, in order to assess the optimum value of the
modulation frequency for lock-in thermography tests. Debonded area it was simulated by
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means of a teflon foil inserted between the adhesive and the adherent. As example, in Figure 7
is shown the phase image obtained with a modulation frequency of 0,0125 Hz on the sample
specimen VAO.

The optimum modulation frequency was chosen as the one that gave higher phase contrast [Ag|
determined as follows:

[AG] = |0ey = Prg| 3)

Pma, = Mean A ] Pma, = Mear[A,] (4)

where A; and A, are respectively defected and sound areas and @u4; and @n42 are the mean
values of the phase on areas 4; and 4> Figure 7.
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Figure 7: Evaluation of the maximum phase contrast by tests carried out on sample specimen
VAO. A1 and A; are respectively defected and sound areas considered for the evaluation of
phase contrast.

As shown in Figure 7, 6 different modulation frequencies were used and the max value of
phase contrast was obtained in correspondence of 0,0125 Hz. This frequency was then used for
all lock-in thermography tests.

Figure 8 shows the phase images obtained by IRTA® software of all specimens before the
aging. Black areas indicate the presence of bond defects while green lines delimitate the area of
interest. Almost all specimens seem affected by debonding.
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Figure 8: Phase images obtained with the modulation frequency 0,0125 Hz.

4. Discussion of results
4.1 Quantitative data analysis

The quantitative thermographic and UT data analysis was carried out in order to identify the
defects using a decision threshold values criterion [27]. In this way, the detectable and
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undetectable defects are expressed as 1 and 0 (hit/miss data), respectively and it is possible a
comparison between techniques.

In this work, the threshold value Th was defined through a statistical analysis of data
considering the following equation [27]:

Th=u+no n=1,2,...1 N ®)

where [ is the average value of signal measured in the healthy area of material, o is the
standard deviation of the signal measured in the sound area of material and n is a integer
number that indicates the width of the confidence intervals.

From the previous paragraphs, both techniques detect, in section of interest between the two
grooves, on the specimen VAL1, entirely non defected area, thus it was considered as reference
for Th evaluation. Figure 9 shows the total area At used to evaluate mean value and standard
deviation of phase and UT data (square dotted line). In particular, indicating with 1 the detected
defect and O the undetectable one, the hit/miss response is obtained by the following relations:

p<Th=pu-noc=1 s<Th=u-no=1
@>Th=u-no =0 forphase data, |s>Th=,-ng =0 for UT data (6)

where ¢ is the phase signal (degree) and s is the UT signal expressed as % signal amplitude.
The area At was also considered to quantify the equivalent damage due to debonding defects.
In fact, if different debonded areas are present within the total area At, an equivalent debonded
area can be assessed by hit/miss phase data as follows:

Ay =ii¢(i,j) (7)

where N and M represent the number of rows and columns of the pixel matrix related to the
area At. In these terms, an expression of equivalent debonded area normalized with respect to
At area can be provided:

N M

D> D el i)
i

A% = *100 ®)

while the equivalent normalized bonded area can be defined as:

{At —?ZMJZ(p(i, j)}

A

A, % = *100 (9)
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Equations (7), (8), (9) can be written in similar way for UT data substituting ¢ with s. At is
composed by 8064 pixels for phase data and by 12000 pixels for UT data, Figure 9.

For both techniques n value was assessed as the smallest number that gives a null defect for the
specimen VA1l. The n values that provide an A% area close to 100% for phase and UT data
are respectively 3 and 2.

S+ e =~ e

L
% signal

VA1l amplitude

Figure 9: Area (At) considered to evaluate the equivalent debonded defect area on phase (left)
and UT (right) data.

4.2 Comparison between Lock-in thermography and UT technique

The comparison of images of both NDT techniques, grouped in figure 7 and figure 10, shows a
good visualization of defects, allowing us to know their shape and dimensions. Lock-in
Thermographic results agree with the ultrasonic inspection, thus its capability to locate and
identify defects into bonded joints caused by environmental exposures or manufacturing
process can be qualitatively assessed.

As always in NDT, the thermographic (lock-in) technique must be quantitatively validated by a
rigorous mathematical argument. Phase images and ultrasonic images processed using the
chosen threshold value criterion show almost the same equivalent normalized bonded area
(Figure 10). The small difference in percentage can be attributed to measurement errors and to
the use, however, of different techniques.

A further validation of the results of both non-destructive investigation comes from visual
inspection of the broken specimens. For samples whose images give a response symptomatic of
the absence of imperfections in bonding (white areas), the observation of the optical photos
after the breakup confirms the goodness of the bonding, as in the case of samples that show the
presence of defects (black areas and dotted lines on optical photos), which appear located in the
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identified positions and with correct shapes and size. In Figure 11, pictures of the broken
specimens are reported in comparison with the non-destructive results.
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Figure 10. Comparison of equivalent normalized bonded area calculated for both techniques
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Fig 11: Binarized phase images, binarized UT images and images of the broken joints of the
samples VAO1, VAO7, VA0S
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5. Conclusions

In the present work the results of an experimental activity have been presented and discussed to
determine the capability and reliability of lock-in thermographic techniques as non-destructive
testing for the debonding evaluation in glass-fiber reinforced plastic joints.

Different tests were carried out either with lock-in thermography and UT, on single lap
adhesive joints designed according to ASTM D3165, before and after a cycle of accelerated
aging. Both techniques confirm the presence of defects which were found without an
appreciable change in their size and shape.

Ultrasonic C-scan tests were also used in order to validate thermographic results. In this regard,
a quantitative analysis was carried out using a decision threshold values criterion. Lock-in
thermography provides results in good agreement with UT C-scan inspection and besides,
visual inspection, after the rupture of the sample, provides evidence of the results of non-
destructive investigations.

Lock-in thermography has shown itself to be an excellent NDT tool to evaluate the condition of
an initial, as-manufactured, bonded composite assembly, as well as an effective tool to follow
part performance under various environmental conditions. Lock-in thermography can provide
information with respect to the ‘correctness’ of the manufacturing process and can give
indication of where the process might be improved.
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