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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract  

Thermoplastic matrix carbon fibre reinforced polymers (CFRP) are extensively utilized for composites structures in the aerospace 
and aeronautical industries. Diverse techniques were currently applied to joining composite parts, the most promising method is 
the induction heat treatment. In this paper, experimental tests were performed on thermoplastic matrix CFRP specimens by varying 
the induction heat treatment parameters: power, frequency and current. An advanced ultrasonic (UT) non-destructive evaluation 
based on pulse-echo technique was employed for the investigation of the utilized process parameters through the UT evaluation of 
the process induced damage and its depth along the thickness of the thermoplastic matrix CFRP laminates. 
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1. Introduction 

Nowadays, the use of carbon fibre reinforced polymer 
(CFRP) thermoplastic composites in the aerospace industry is 
increasing due to their better damage tolerance properties than 
thermosetting ones [1]. Moreover, thermoplastic composites 
offer the possibility to be joined by welding. Joining by 
welding avoid problems related to mechanical fastening as 
possible delamination and stress concentrations [2, 3] as well 
as long curing time and the need for extensive surface 
preparation linked to adhesive bonding [4]. 

Welding allows joining two or more parts by fusing their 
contact interfaces. The most promising techniques for joining 
high-performance thermoplastic composites for aerospace 
applications are resistance, ultrasonic and electromagnetic 
induction welding [5, 6]. All these processes permit to obtain 
an efficient production of heat by an external energy source.  

Induction welding is considered to have the highest 
potential due to the rapid rate of heating and the ease of 
automation. This technique is based on eddy currents induced 
in a ferromagnetic or conductive material placed close to an 

alternating magnetic field with a frequency range between kHz 
and MHz. Thermoplastic composites cannot be heated by 
electromagnetic induction because they are neither 
electromagnetic nor electrically conductive. A susceptor, such 
as particles, metallic or carbon fibre fabric, may be used [7]. 
Thermoplastic matrix CFRP may be heated directly due to the 
presence of electrically conductive carbon fibres, but only as 
fabric reinforcement. The fundamental condition for the 
generation of eddy currents is the formation of closed electrical 
loops [8, 9]. 

The main parameters that characterise induction heating of 
thermoplastic matrix CFRP are: coil geometry, applied 
electrical power, and coil current; moreover, the frequency and 
the coupling distance play a key role. 

Until now, the attention of researchers has been dedicated 
to study the role of parameters such as heating time, pressure 
and temperature and never the frequency [10, 11]. 

The frequency is a fundamental parameter, since from it 
depend the characteristics of the generated alternating magnetic 
field, and consequently, the eddy currents induced in the 
material. The frequency influences the heat penetration depth: 
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keeping constant the current, a higher frequency results in more 
power in the workpiece and faster heating of composites [8]; 
but, high frequencies limit the penetration depth of the 
electromagnetic field due to the “skin effect” [12]. For metal 
alloys, the heating depth of penetration can be obtained by 
Maxwell’s equations, the formula of which is as follows: 

 
𝛿𝛿  = √(𝜌𝜌/(𝜋𝜋 ∗ 𝜇𝜇 ∗ 𝑓𝑓))                                                        (1) 

 
where ρ is the material resistivity, µ is the magnetic 
permeability and f is the frequency.  

In this paper, diverse experimental tests were conducted by 
varying the induction heat treatment parameters: power, 
frequency and current. The power level is keeping almost 
constant giving iso-power conditions whereas the frequency 
and current are variable for each selected power level. 

The aim of this paper is to evaluate the role of the induction 
heat treatment parameters (power, frequency and current) 
through the ultrasonic evaluation of the process induced 
damage and its depth along the thickness of thermoplastic 
matrix CFRP laminates. 

For this reason, an ultrasonic (UT) non-destructive 
evaluation (NDE) technique based on full volume (FV) 
ultrasonic scanning [13 - 16] was applied to thermoplastic 
matrix CFRP specimens in order to generate UT images of the 
internal material structure of the laminates. The evaluation of 
the induction heat treatment was achieved through the analysis 
of the generated multiple UT images. Moreover, a metrological 
analysis was carried out in order to identify the process induced 
damage depth in the CFRP thickness direction. 

 
 

2. Materials and methods 

The utilized materials were provided by TenCate advanced 
composites (TenCate Cetex) consisting of Polyphenylene 
sulfide (PPS) semicrystalline matrix and a T300 Carbon fabric, 
with a volume fraction of 50%. The carbon fibre PPS laminates 
are composed of 8 plies arranged according to [0°/90]4s and 
have a thickness of 2.5 mm. Squared specimens of 40 mm x 40 
mm size were cut from the manufactured laminates and were 
subjected to an induction heat treatment (Fig. 1). 

The experimental tests were carried out using an Egma 
30R generator designed and developed by Felmi (Italy). The 
power can be tuned to 30 kW ranging from 20% to 100%. The 
frequency range can vary only changing the coil geometry. The 
shape of the adopted coil was chosen after a study on the edge 
effect [17, 18] with the aim to obtain a uniform temperature 
distribution on the surface. Figure 2 shows the coil geometry 
realised to obtain the frequency of 150 kHz: the coil has an 
external diameter of 24 mm, while the diameter of the utilized 
copper tube is 4 mm with 2 mm of thickness.  

The experimental set-up using a 200 kHz coil was shown 
in Figure 3 and was characterised by a heating unit including a 
“circular” coil and a ceramic support. The coil was not in 
contact with the composite laminate, but it is at a fixed distance 
of 2 mm from the specimen’s surface. 

 

 
Fig. 1. Induction heat treatment of thermoplastic matrix CFRP specimens. 

 

 

Figure 2: Coil geometry for the frequency of 150 kHz with copper shunts. 

 

Figure 3: Experimental set-up for the induction heat treatment on thermoplastic 
matrix CFRP with the 200 kHz coil. 

A generator controls the frequency by an automatic coupling 
system called “auto-tuning system”, but the only way to vary 
the frequency is to change of the geometry and the size of the 
coil. The frequency at which the generator oscillates is that of 
resonance between the inductance of the connected coil and the 
capacitance of the capacitor placed inside the generator. The 
formula to apply is: 

 
𝑓𝑓 = 1

2𝜋𝜋√𝐿𝐿𝐿𝐿                                                                          (2) 
 

where L is the inductance and C is the capacitance. 
The high-frequency alternate current in the coil produced 

a time-variable magnetic field of the same frequency in near 
surroundings, which then induced eddy currents in the 
composite laminate to be heated.  

The alternating magnetic field induced a voltage, V, in a 
conductive fibre loop is defined as [8]:  

 
𝑉𝑉 = 2π ∗ f ∗ μ ∗ H ∗ A                                                         (3) 
 
where f is the frequency, H is the magnetic field intensity, µ is 
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the magnetic permeability, and A is the area. 
The value of the inductance depends on the geometrical 

features of the coil such as length l, the section A of the spire, 
the number of turns N (span density n = N / l); moreover, by 
keeping the geometry constant, the way to change the 
frequency, is varying the total length of the coil. 

The induction heating experiments were performed with 
different values of the frequency: 130 kHz, 150 kHz and 200 
kHz in order to highlight the effect of the frequency on the 
heating depth penetration. 

As stated above, to obtain a frequency of 200 kHz, the coil 
has a length of 200 mm, as shown in Figure 3. Conversely, to 
obtain a frequency of 130 kHz and 150 kHz was used the coil 
shown in Figure 2, with the same geometry of the coil at 200 
kHz, but with a total length of 500 mm and of 300 mm, 
respectively. The length of 300 mm was obtained by inserting 
two copper shunts in the “two wings”, thus reducing the total 
length of the coil and allow to change the final frequency. 

The actual frequency set, varying the coils, was verified by 
the machine display used for the experimental tests. The 
display shows the operating parameters of the machine, such as 
coil current and frequency. 

Finally, nine induction heat treatment tests were performed 
by varying the frequency and current values in an iso-power 
regime (power level = 97 W, 135 W and 162 W) as summarized 
in Table 1. In particular, the frequency values increase when 
the current values decrease and vice versa according to the 
following equation: 

 
𝑃𝑃 = 𝑉𝑉2

𝑅𝑅𝑓𝑓
= 4𝜋𝜋2∙𝑓𝑓2∙𝜇𝜇2∙𝐻𝐻2∙𝐴𝐴2

𝑅𝑅𝑓𝑓
                                                       (4) 

 
where Rf is the electrical resistance of the carbon fibres. 
Furthermore, the magnetic field intensity H is given by: 

 
𝐻𝐻 = 𝑖𝑖

4𝜋𝜋 ∙ ∫ 1
|𝑟𝑟|2 ∙ ⌊𝑑𝑑𝑙𝑙  ×  ( 𝑟𝑟

|𝑟𝑟|) ⌋                                              (5) 
 

where i is the coil current, dl a section of the coil length, and r 
is the distance between the coil and some point P [8]. 
According to Eq. 4 and 5, P is also proportional to the current 
squared. 

3. Ultrasonic (UT) non-destructive evaluation (NDE) 

3.1. UT NDE system  

The system utilized for the ultrasonic non-destructive 
evaluation of the induction heat treatment applied to the 
thermoplastic matrix CFRP specimens is developed at Fh-
J_LEAPT UniNaples, Italy [19]. This UT NDE system is based 
on the employment of a 6-axis robotic arm for the UT probe 
displacement. An oscillator/detector is utilized for the UT 
probe excitation and the detection of the UT returning signals 
which are sent to a digital oscilloscope for their acquisition, 
visualization and digitization. A custom made software allows 
the UT waveform acquisition and processing as well as the 
control of the robotic arm for probe displacement [18-20]. 

 

 

Table 1. Induction heat treatment parameters for the experimental tests. 

Power level 
[W] 

Frequency 
[KHz] 

Current 
[A] 

Specimen 
ID 

97 
130 15 A 
150 13 B 
200 10 C 

135 
130 22 D 
150 20 E 
200 15 F 

162 
130 27 G 
150 25 H 
200 20 I 

3.2. Pulse-echo UT scanning tests  

A pulse-echo UT technique [21- 23] was utilized for the 
detection of the complete UT waveform (full volume – FV) for 
each probe position in the x-y raster scanning of the CFRP 
specimens as shown in Figure 4. 

The FV UT scans were executed in water by positioning 
the CFRP specimens with not treated surface as front surface 
(Figure 5). 

A focused high frequency (15 MHz) UT probe with focal 
length of 5.09 mm was used as immersion probe. The 
oscillator/detector was set at 90 dB gain and medium damping 
whereas the digital oscilloscope was set at 1 V (Volts/div), 0.5 
µs (Time/div) and 100 MHz sampling frequency, achieving 
500 samplings for each detected UT waveform. 

The UT scanning area was equal to 30 mm x 30 mm with a 
scan step of 0.3 mm. After each scan, the obtained UT data 
were stored in a volumetric file containing the entire set of 
digitized UT waveforms for each material x-y interrogation 
point. 

3.3. UT images generation  

The UT data files were pre-processed using a custom made 
software in order to generate single or multiple UT images that 
highlight the internal structure of the thermoplastic matrix 
CFRP specimen under investigation. 

This pre-processing phase consists of two main steps: 

1. Selection of the typical UT waveform from the volumetric 
data file obtained for the specific thermoplastic matrix 
CFRP specimen. This typical UT waveform is a diagram 
(Figure 6) having the time-of-flight (in seconds) as x axis 
and the UT signal as y axis (in Volt/div). The time-of-flight 
(ToF) is the time taken by the UT signal to traverse the 
complete composite thickness back and forth. 

2. Time axis subdivision: two red lines were utilized to define 
the portion of the UT signal to be subdivided. The possible 
UT equal subdivisions ranged from 1 (corresponding to a 
single UT image) to 16 for multiple UT images generation. 
As the time axis represents the UT travel in the thickness 
direction of the specimen, each subdivision (sub-gate width) 
represents the internal material structure of the 
corresponding thickness portion of the thermoplastic matrix 
CFRP specimen. 

For each of the 9 thermoplastic matrix CFRP specimens, 
the time gate subdivisions were fixed equal to 16. 
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Fig. 1. Induction heat treatment of thermoplastic matrix CFRP specimens. 

 

 

Figure 2: Coil geometry for the frequency of 150 kHz with copper shunts. 

 

Figure 3: Experimental set-up for the induction heat treatment on thermoplastic 
matrix CFRP with the 200 kHz coil. 

A generator controls the frequency by an automatic coupling 
system called “auto-tuning system”, but the only way to vary 
the frequency is to change of the geometry and the size of the 
coil. The frequency at which the generator oscillates is that of 
resonance between the inductance of the connected coil and the 
capacitance of the capacitor placed inside the generator. The 
formula to apply is: 

 
𝑓𝑓 = 1

2𝜋𝜋√𝐿𝐿𝐿𝐿                                                                          (2) 
 

where L is the inductance and C is the capacitance. 
The high-frequency alternate current in the coil produced 

a time-variable magnetic field of the same frequency in near 
surroundings, which then induced eddy currents in the 
composite laminate to be heated.  

The alternating magnetic field induced a voltage, V, in a 
conductive fibre loop is defined as [8]:  

 
𝑉𝑉 = 2π ∗ f ∗ μ ∗ H ∗ A                                                         (3) 
 
where f is the frequency, H is the magnetic field intensity, µ is 

 

Coil CFRP sample 

 Tiziana Segreto et al. / Procedia CIRP 00 (2019) 000–000  

the magnetic permeability, and A is the area. 
The value of the inductance depends on the geometrical 
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probe excitation and the detection of the UT returning signals 
which are sent to a digital oscilloscope for their acquisition, 
visualization and digitization. A custom made software allows 
the UT waveform acquisition and processing as well as the 
control of the robotic arm for probe displacement [18-20]. 

 

 

Table 1. Induction heat treatment parameters for the experimental tests. 

Power level 
[W] 

Frequency 
[KHz] 

Current 
[A] 

Specimen 
ID 

97 
130 15 A 
150 13 B 
200 10 C 

135 
130 22 D 
150 20 E 
200 15 F 

162 
130 27 G 
150 25 H 
200 20 I 

3.2. Pulse-echo UT scanning tests  

A pulse-echo UT technique [21- 23] was utilized for the 
detection of the complete UT waveform (full volume – FV) for 
each probe position in the x-y raster scanning of the CFRP 
specimens as shown in Figure 4. 

The FV UT scans were executed in water by positioning 
the CFRP specimens with not treated surface as front surface 
(Figure 5). 

A focused high frequency (15 MHz) UT probe with focal 
length of 5.09 mm was used as immersion probe. The 
oscillator/detector was set at 90 dB gain and medium damping 
whereas the digital oscilloscope was set at 1 V (Volts/div), 0.5 
µs (Time/div) and 100 MHz sampling frequency, achieving 
500 samplings for each detected UT waveform. 

The UT scanning area was equal to 30 mm x 30 mm with a 
scan step of 0.3 mm. After each scan, the obtained UT data 
were stored in a volumetric file containing the entire set of 
digitized UT waveforms for each material x-y interrogation 
point. 

3.3. UT images generation  

The UT data files were pre-processed using a custom made 
software in order to generate single or multiple UT images that 
highlight the internal structure of the thermoplastic matrix 
CFRP specimen under investigation. 

This pre-processing phase consists of two main steps: 

1. Selection of the typical UT waveform from the volumetric 
data file obtained for the specific thermoplastic matrix 
CFRP specimen. This typical UT waveform is a diagram 
(Figure 6) having the time-of-flight (in seconds) as x axis 
and the UT signal as y axis (in Volt/div). The time-of-flight 
(ToF) is the time taken by the UT signal to traverse the 
complete composite thickness back and forth. 

2. Time axis subdivision: two red lines were utilized to define 
the portion of the UT signal to be subdivided. The possible 
UT equal subdivisions ranged from 1 (corresponding to a 
single UT image) to 16 for multiple UT images generation. 
As the time axis represents the UT travel in the thickness 
direction of the specimen, each subdivision (sub-gate width) 
represents the internal material structure of the 
corresponding thickness portion of the thermoplastic matrix 
CFRP specimen. 

For each of the 9 thermoplastic matrix CFRP specimens, 
the time gate subdivisions were fixed equal to 16. 

 



470	 Tiziana Segreto  et al. / Procedia CIRP 88 (2020) 467–472
 Tiziana Segreto et al. / Procedia CIRP 00 (2019) 000–000 

 
 

Fig. 4. Pulse-echo FV-UT scans of thermoplastic matrix CFRP specimen. 
 

 
Fig. 5. Thermoplastic matrix CFRP specimens: ultrasonic inspection side. 

 

 
Fig.6. Typical UT waveform for the thermoplastic matrix CFRP specimen. 

3.4. UT image analysis results 

For the UT non-destructive evaluation of the induction heat 
treatment, the generated 16 UT images for each of 9 
thermoplastic matrix CFRP specimens were analysed. The 16 
equal subdivisions of the UT signals correspond to 1/16 of the 
CFRP specimen thickness, i.e. about 0. 16 mm. 

Figures 7 - 10 show the 16 UT images obtained for the A, 
B, C, G thermoplastic matrix CFRP specimens arranged in 
succession from left to right and from top to bottom and relates 
to 0.16 mm of the laminate nominal thickness. Each 
thermoplastic matrix CFRP specimen was scanned on the not 
heat treated surface, therefore the first UT image corresponds 
to the 2.50 mm - 2.34 mm thickness portion of the CFRP 
sample, the second UT image corresponds to the 2.34 mm - 
2.19 mm thickness portion of the sample, and so on, up to the 
last UT image corresponding to the first laminate thickness 
portion ranging from 0.16 to 0 mm (induction heat treatment 
start).  

As regards the A thermoplastic matrix CFRP specimen with 
induction heat treatment parameters equal to 97 W, 130 KHz, 
and 15 A, from Figure 7 it can be noticed that the process 
induced damage is present starting from the 5th UT image 
whereas in the first four UT images no induced damage is 
highlighted. 

The B and C thermoplastic matrix CFRP specimens are 
subjected to an induction heat treatment with the same power 
level of the A CFRP specimen (97 W) but with diverse 
frequency and current values. Figures 8 and 9 show that the 
induced process damage is clearly visible in the 2nd UT image 
but it is not evident in the 1st UT image for both the B and C 
laminate. Moreover, the UT images reveal that the induced 
process damage develops differently for the sample B and C. 
In particular, for the B specimen, the induce damage develops 
also at the center of the laminate making difficult to recognize 
the fiber orientation whereas for the C specimen the induce 
damage permits to identify the fiber orientations for each layer. 

As regards the G thermoplastic matrix CFRP specimen with 
power level (162 W) higher than the A sample but having the 
same frequency value of 130 KHz, the UT images (Figure 10) 
show that the process induced damage covers almost the whole 
sample area, unlike what happens with laminate A. 

3.5. Estimation of the process induced damage depth 

A metrological analysis was performed in order to estimate 
the depth of the process induced damage along the composites 
thickness using the following formula: 

 

2
T
sv


               (6) 

 
where s is the nominal thickness of the thermoplastic matrix 
CFRP composite, v is the UT velocity in the CFRP composite 
and ΔT is the time-of-flight. 

After the 16 UT images generation and analysis, each image 
representing the induced damage end (e.g. the 5th UT image for 
the A specimen) was analyzed once again by using a dedicated 
time gate subdivision generating new UT images revealing the 
presence of the damage in a precise ΔT.  

By using the formula 6, it is possible to calculate the depth 
of the process induced damage using the known ΔT and the UT 
velocity. Table 2 summarized the calculated end depth of the 
induced process damage along the thickness direction for each 
CFRP specimen.  

Table 2. Induced process damage depth. 

Specimen ID Induced process damage depth 
A ~ 1.80 mm 
B ~ 2.36 mm 
C ~ 2.42 mm 
D ~ 2.03 mm 
E ~ 2.38 mm 
F Cover the entire sample 
G ~ 2.26 mm 
H Cover the entire sample 
I Cover the entire sample 
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Fig. 7. Sixteen UT images of the A thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 
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Fig. 8. Sixteen UT images of the B thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 
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Fig. 9. Sixteen UT images of the C thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 
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Fig. 10. Sixteen UT images of the G thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 

 
 



	 Tiziana Segreto  et al. / Procedia CIRP 88 (2020) 467–472� 471
 Tiziana Segreto et al. / Procedia CIRP 00 (2019) 000–000 

 
 

Fig. 4. Pulse-echo FV-UT scans of thermoplastic matrix CFRP specimen. 
 

 
Fig. 5. Thermoplastic matrix CFRP specimens: ultrasonic inspection side. 

 

 
Fig.6. Typical UT waveform for the thermoplastic matrix CFRP specimen. 

3.4. UT image analysis results 

For the UT non-destructive evaluation of the induction heat 
treatment, the generated 16 UT images for each of 9 
thermoplastic matrix CFRP specimens were analysed. The 16 
equal subdivisions of the UT signals correspond to 1/16 of the 
CFRP specimen thickness, i.e. about 0. 16 mm. 

Figures 7 - 10 show the 16 UT images obtained for the A, 
B, C, G thermoplastic matrix CFRP specimens arranged in 
succession from left to right and from top to bottom and relates 
to 0.16 mm of the laminate nominal thickness. Each 
thermoplastic matrix CFRP specimen was scanned on the not 
heat treated surface, therefore the first UT image corresponds 
to the 2.50 mm - 2.34 mm thickness portion of the CFRP 
sample, the second UT image corresponds to the 2.34 mm - 
2.19 mm thickness portion of the sample, and so on, up to the 
last UT image corresponding to the first laminate thickness 
portion ranging from 0.16 to 0 mm (induction heat treatment 
start).  

As regards the A thermoplastic matrix CFRP specimen with 
induction heat treatment parameters equal to 97 W, 130 KHz, 
and 15 A, from Figure 7 it can be noticed that the process 
induced damage is present starting from the 5th UT image 
whereas in the first four UT images no induced damage is 
highlighted. 

The B and C thermoplastic matrix CFRP specimens are 
subjected to an induction heat treatment with the same power 
level of the A CFRP specimen (97 W) but with diverse 
frequency and current values. Figures 8 and 9 show that the 
induced process damage is clearly visible in the 2nd UT image 
but it is not evident in the 1st UT image for both the B and C 
laminate. Moreover, the UT images reveal that the induced 
process damage develops differently for the sample B and C. 
In particular, for the B specimen, the induce damage develops 
also at the center of the laminate making difficult to recognize 
the fiber orientation whereas for the C specimen the induce 
damage permits to identify the fiber orientations for each layer. 

As regards the G thermoplastic matrix CFRP specimen with 
power level (162 W) higher than the A sample but having the 
same frequency value of 130 KHz, the UT images (Figure 10) 
show that the process induced damage covers almost the whole 
sample area, unlike what happens with laminate A. 

3.5. Estimation of the process induced damage depth 

A metrological analysis was performed in order to estimate 
the depth of the process induced damage along the composites 
thickness using the following formula: 

 

2
T
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
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where s is the nominal thickness of the thermoplastic matrix 
CFRP composite, v is the UT velocity in the CFRP composite 
and ΔT is the time-of-flight. 

After the 16 UT images generation and analysis, each image 
representing the induced damage end (e.g. the 5th UT image for 
the A specimen) was analyzed once again by using a dedicated 
time gate subdivision generating new UT images revealing the 
presence of the damage in a precise ΔT.  

By using the formula 6, it is possible to calculate the depth 
of the process induced damage using the known ΔT and the UT 
velocity. Table 2 summarized the calculated end depth of the 
induced process damage along the thickness direction for each 
CFRP specimen.  

Table 2. Induced process damage depth. 

Specimen ID Induced process damage depth 
A ~ 1.80 mm 
B ~ 2.36 mm 
C ~ 2.42 mm 
D ~ 2.03 mm 
E ~ 2.38 mm 
F Cover the entire sample 
G ~ 2.26 mm 
H Cover the entire sample 
I Cover the entire sample 
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Fig. 7. Sixteen UT images of the A thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 

 
 
 

    

 

I 
2.50 - 2.34 mm 

II 
2.34 - 2.19 mm 

III 
2.19 - 2.03 mm 

IV 
2.03 - 1.88 mm 

 

    

 

V 
1.88 - 1.72 mm 

VI 
1.72 - 1.56 mm 

VII 
1.56 - 1.41 mm 

VIII 
1.41 - 1.25 mm 

 

    

 

IX 
1.25 - 1.09 mm 

X 
1.09 - 0.94 mm 

XI 
0.94 - 0.78 mm 

XII 
0.78 - 0.63 mm 

 

    

 

XIII 
0.63 - 0.47 mm 

XIV 
0.47 - 0.31 mm 

XV 
0.31 - 0.16 mm 

XVI 
0.16 - 0.00 mm 

 

Fig. 8. Sixteen UT images of the B thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 

 
 

    

 

I 
2.50 - 2.34 mm 

II 
2.34 - 2.19 mm 

III 
2.19 - 2.03 mm 

IV 
2.03 - 1.88 mm 

 

    

 

V 
1.88 - 1.72 mm 

VI 
1.72 - 1.56 mm 

VII 
1.56 - 1.41 mm 

VIII 
1.41 - 1.25 mm 

 

    

 

IX 
1.25 - 1.09 mm 

X 
1.09 - 0.94 mm 

XI 
0.94 - 0.78 mm 

XII 
0.78 - 0.63 mm 

 

    

 

XIII 
0.63 - 0.47 mm 

XIV 
0.47 - 0.31 mm 

XV 
0.31 - 0.16 mm 

XVI 
0.16 - 0.00 mm 

 

Fig. 9. Sixteen UT images of the C thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 
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Fig. 10. Sixteen UT images of the G thermoplastic matrix CFRP specimen. 
Each UT image relates to 1/16 of the component nominal thickness. 
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By combining the results obtained from the UT image 
analysis and the estimation of the depth of the process induced 
damage for each of the 9 thermoplastic matrix CFRP 
specimens, it can be noticed that the frequency values 
influenced the damage development during a heat induction 
process. In particular, for higher values of the frequency, the 
magnetic field penetrates more deeply, and consequently, the 
distribution of heat within the CFRP specimen is more uniform 
and, keeping constant the power, the composite tends to heat 
up faster. 

4. Conclusions 

An advanced UT NDE system was utilized for the 
evaluation of induction heat treatment applied to thermoplastic 
matrix CFRP specimens through the identification of the 
process induced damage and its depth along the thickness of 
the laminates. 

Diverse experimental tests were performed by varying the 
induction heat treatment parameters: power, frequency and 
current. The evaluation of the role of the utilized induction heat 
treatment parameters was carried out through an analysis of the 
obtained UT images for each thermoplastic matrix CFRP 
specimens. 

The UT NDE results showed that the utilized frequency 
values play a key role during the induction heat treatment. In 
particular, when a same power level was used, the higher the 
frequency, the higher the heat penetration in the material 
thickness. On the contrary, the lower the frequency, the lower 
the heat penetration. For higher values of the frequency less 
power is needed to reach the target temperature of the defined 
point, since the time to reach the target temperature is less than 
in the case of lower frequency case. 

As future developments, a new experimental campaign will 
be carried out with different process parameters and an analysis 
on further set-up (e.g. coupling distance between coil and 
laminate, dimension of the coil) will be performed. 
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