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Ultrasonic inspection is widely used for non-destructive evaluation of composite adhesive joints. However, there
are serious challenges in applying ultrasonic testing on metal to composite hybrid joints, because they are multi-
layered, made out of dissimilar materials and relatively thin. The ultrasonic signals reflected by different layers
are overlapped, scattered and attenuated. The aim of this research was to develop an ultrasonic inspection
technique suitable for defect detection in hybrid metal to composite joints where the metal part has pin arrays,

which entangle with the composite part. The immersion pulse echo technique was used to collect data. In order
to overcome the problems related to the rough surface and non-parallel layers a novel signal post-processing
algorithm for reconstruction of the joint area was developed and validated experimentally. It is shown that using
the proposed technique the positions of different defects can be determined.

1. Introduction

The transport sector has been increasingly growing in the past few
decades. This leads to huge emissions of carbon dioxide (CO5) and other
greenhouse gasses that continually drive the global warming and ocean
acidification. To reduce the carbon dioxide emissions, the concept of
lighter hybrid structures has been introduced which is based on com-
bining two or more lightweight materials, such as metals and compo-
sites. However, hybrid structures made of dissimilar materials can only
be reliable if their joint is effective. Since the joined materials possess
mechanical property mismatch, different surface chemistry and tem-
perature behaviour, many challenges have to be solved in order to
produce reliable and high strength joints.

There are many existing methods for joining dissimilar materials,
e.g. mechanical fastening or adhesive bonding. The mechanical fas-
tening, i.e. bolted joints or riveting requires drilling, which damages the
fibres of the composite and creates a potential weak spot in the struc-
ture. A huge attention has been paid by the researchers to improve the
quality of the mechanical joints, analysing the relations between the
stress-strain and the joint geometry [1,2], bolt diameter [3], bolt torque
tightening hole clearance [4-6], washer size [7], rivet features [8] etc.
However, since the joining process involves the use of composites, the
adhesive bonding is often used as an alternative. Such approach is non-
invasive, even more lightweight and provides uniform distribution of
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stresses across the joint. On the other hand, adhesive bonds are vul-
nerable to delaminations, voids and zero volume disbond type defects
that create a weak bond spots having the tendency to develop. Thus
such joints possess relatively low adhesion strength and require larger
bonding areas, good surface preparation and pre-treatment like etching
[9-14]. Moreover, the adhesives itself tend to degrade over time; hence,
the failure can be very sudden and unexpected [15].

Recently the concept of the hybrid joints was introduced in which
the adhesive bonds are strengthened with metal/fibre inserts or bolts,
combining the advantages of both mechanical fastening and adhesive
bonding [16-18]. A comprehensive study related to hybrid bolted/
bonded joints was presented by Marannano et al. [19] and Di Franco
et al. [20], who analysed mechanical performance of these joints to
highlight their advantages over regular adhesively bonded and simply
bolted joints. Lately, a great amount of attention was paid on the hybrid
joining techniques that are based on special metal pin arrays, which
provide mechanical interlocking between bonded materials. In contrast
to bolted/bonded joints, such pinning technology minimizes the da-
mage to the composite fibres and improves mechanical properties of the
joint. The mechanical properties of such joints depend mainly on three
major factors: the technology, which is used to build or insert the pins;
volume, diameter of the pins; and the quality of the adhesion [21,22].
In case of composite-composite joint, the special z-pins are inserted as
reinforcements in the uncured prepreg stack using the ultrasonically
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assisted z-fibre UAZ technique [23-25]. Since the technology uses
carrier foam and ultrasonic horn to insert the z-pins, it is vulnerable to
inaccurate insertion, which may swell the laminate and reduce the
mechanical performance of the joint. Meanwhile, for the metal com-
posite joints, the pins are being built on the metal part mostly using
either surface treatment ST [10], additive manufacturing AM [26] or
cold metal transfer CMT [27,28]. Due to the manufacturing technique,
the ST and CMT are usually limited to some certain pin geometries only
[10,29]. The additive manufacturing (AM) is one of the most attractive
among them, since it ensures low scrap rate and freedom of designing
complex geometries without the need for expensive tools or fixtures. It
is based on successive melting of thin layers of metal powder, hence the
structure is being built layer after layer. There are many existing studies
focusing on the static, fatigue and environmental performances of dif-
ferently produced pinned composite-composite or metal-composite
joints [30-37].

Usually in the production of the metal-composite hybrid joints, the
metal pins are inserted into a dry composite fabric, followed by inser-
tion of the resin using vacuum infusion. During the curing process,
various defects such as cracks, debonding and delaminations can occur
especially in the areas around the pins, between the layers of composite
or at the metal-composite interface. The presence of any defects during
the manufacturing process may weaken the bond integrity and overall
performance of the entire joint. Most of the defects in the joints occur
due to insufficient amount or uneven application of the adhesive, in-
clusion of foreign materials, contamination, poor surface preparation
and fibre swelling [38]. The quality of the joint is usually determined
using destructive mechanical tests [39-41]. However, mechanical
testing can be used only under the development stage of the joining
technique. For the quality control of manufacturing processes or peri-
odic inspection of in-service joints, non-destructive testing techniques
must be used.

Ultrasonic measurement techniques have been widely used for non-
destructive evaluation of regular adhesive joints. Different approaches
to detect the disbond defects, delaminations or degradation of adhesive
has been proposed by many authors including application of resistance
measurements [42], shear [43], longitudinal [44-48], guided waves
[49-56] and non-linear ultrasonic testing (UT) [57,58]. The above-
mentioned authors demonstrated some different approaches for quality
control of adhesive joints. For example, Ramadas et al. [54] analysed
propagation of fundamental A0 mode on the wind turbine blade
sample. The authors found that the AO mode converts to symmetrical SO
mode at the presence of the spar web and the “turning modes” are being
generated which propagate back and forth at the T-joint. Kumar et al.
[43] suggested that the reflection amplitude of shear waves from ad-
hesive layer might be used as an indicator to detect interface de-
gradation. Titov et al. [44] proposed to defect disbond defects by
measuring reflection coefficient and phase inversion of longitudinal
waves. The main challenges in UT of joints reported by these authors
were related to non-parallel surfaces, significant reverberations in
metal part that can mask the other echoes, overlapping reflections due
to thin layers, scattering and attenuation in composite part. The in-
troduction of the hybrid joints with pin arrays make the UT even more
challenging due to small, conically headed pins and manufacturing
technology, which produces rough surfaces to improve the adhesion.
The major concern in quality assessment of adhesive joints is detection
of zero volume interfacial disbonds, also known as kissing bonds [14].
Such type of defects are complicated to detect by conventional ultra-
sonic techniques, as two surfaces are either partially bonded or
touching with no forces, which makes them transparent to ultrasonic
waves, while providing a weak bond strength [59]. Such defects are
usually detected using non-linear ultrasonic techniques as dynamic vi-
bration of the structure causes non-linear oscillation of the defect and
different sub and super harmonics appear in the output signals [60,61].
Meanwhile this research focuses on the inspection of hybrid joints,
where the main defect types are delaminations and disbonds that
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appear during the production, especially in the areas around pins.

Despite numerous literature studies on structural assessment of
regular adhesive joints, a little attention has been paid to NDE of hybrid
joints made from dissimilar (metal and composite) materials. Recently,
Parkes et al. [29] reported some approaches on ultrasonic C-scan in-
spection of CFRP-Titanium joints to determine strength of the adhesion
at different load levels. The authors suggested performing the inspec-
tion from the metal side of the sample as the laminate structure and the
pins scatter the incident signal. Such approach can be effectively used
to detect broken pins by monitoring the time of flight of the signal
reflecting back from the joint interface and the tip of the pin. Alter-
natively, it can be used to detect disbond between the interface of metal
and composite, as the reflection amplitude in case of defect is expected
to be stronger than those from good bond. However, this approach
cannot be applied to detect the delaminations between the layers of the
composite and around the pins, which can be significant cause of the
joint failure as well. The microstructure analysis of various pinned
joints demonstrated that due to the presence of pins, the laminate fibres
are pushed aside and bent, hence the laminate waviness occur [62,63].
The volume of wavy fibres increases rapidly with the increase of the
number of pins and their diameter [33]. The ply waviness around pins
can act as the initiating point of delamination type defects, which may
lead to further joint failure. The mechanical tests have confirmed that
the failure in the joint usually occurs due to rapid delamination crack
growth, which leads to complete detachment of composite [64,65].
Therefore, some techniques suitable to inspect both the composite part
of the joint and the adhesion layer should be developed accordingly.

The aim of this research was to develop an ultrasonic NDT tech-
nique, suitable for detection of defects in hybrid metal-composite joints.
Samples of an innovative titanium/carbon fibre composite joint with
artificial and natural defects have been studied using high frequency
focused transducers. A special ultrasonic signal post-processing method
for reconstruction of the joint area and detection of defects inside the
composite has been proposed and tested with the experimental data. It
was demonstrated that the proposed ultrasonic NDT technique allows
reconstructing the complicated structure of the interface between the
metal and composite, even when the measurements are performed from
the CFRP side, which introduces an additional noise. Using the pro-
posed method, the positions and approximate depths of the artificial
defects were determined.

2. Fabrication of the dissimilar joint sample with defects

The additive manufacturing technology was used to build an ad-
herent with pin array. In this study, Ti6AIV grade titanium was se-
lected. The titanium part was free formed from powder using a melting
technique implementing an electron beam in vacuum. As a result, a
material with excellent properties, with low impurities and low residual
stress is obtained. A photo of the titanium adherent is presented in
Fig. 1a. The composite part was manufactured using a carbon non-
crimp fabric (NCF) weave (HTS45 filament yarn), where 16 layers in
total were stacked together on the titanium part before infusion of the
resin in the form of Araldite LY556. Hence, the joint consists of a free
formed titanium adherent and a CFRP part. The cross-section of the
investigated structure is presented in Fig. 1b.

Fig. 2a shows a schematic top view picture of the arrangement of
the pin array of the titanium adherent. Five missing pins in different
positions can be observed. Also a release film inserts in the form of a
7.5 um Upilex® polyimide were used to create the artificial delamina-
tions in the joint sample (one in the zone without pins, one in the zone
with pins). Bottom view of the sample is shown in Fig. 2b, top view of
the sample - in Fig. 2c.
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Fig. 1. An adherent with a pin array produced from the titanium powder (a) and the schematic diagram of a hybrid joint (b).

c)

Fig. 2. A schematic top view picture of the location of the release films in the
joint (a), bottom view of the sample (b), top view of the sample (c).

3. Quality assessment of the prefabricated titanium-composite
joint

The objective of the non-destructive testing is to detect both
broken/missing pins and the artificially introduced delaminations. The
complicated geometry (pins) and inhomogeneous structure (anisotropic
microstructure of titanium and CFRP composite) of the prefabricated
joints makes non-destructive inspection challenging. Thus, the proper
inspection technique has to be selected first. The immersion pulse echo
technique is the most common method to inspect the adhesive joints
[13]. However, in the case of dissimilar joints, success of pulse-echo
technique is dependent on the orientation of sample according to the
transducer, i.e. if the testing is performed from the metal or from the
composite side.
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3.1. Inspection set-up alternatives

The first step in selection of the suitable inspection set-up and or-
ientation of the sample was to evaluate the expected amplitudes of the
signals reflected by the surface and interfaces of the hybrid joint in case
of the inspection from the titanium and from CFRP side. Two separate
estimations were performed, one for the healthy hybrid joint and an-
other one for the joint with an air gap as delamination type defect. For
this evaluation, only the acoustic impedance differences of the layered
structure were taken into account. The reflection coefficient was cal-
culated according to the equation:

R_Zz—Zl

A (3.1)

where Z; - is the acoustic impedance of the first medium, Z, — is the
acoustic impedance of the second medium, Z = p-c, (where p — is the
density of the propagating medium, c - is the velocity of longitudinal
ultrasonic waves in that particular medium).

The theoretical estimation of the reflection coefficients was per-
formed in four separate cases (Fig. 3):

a) inspection from the CFRP side — good joint (Fig. 3a);

b) inspection from the CFRP side - joint with delamination (Fig. 3b);

¢) inspection from the titanium side — good joint (Fig. 3c);

d) inspection from the titanium side — joint with delamination
(Fig. 3d).

The estimated reflected amplitude values are summarized in Fig. 3
and Table 1.

The results demonstrate that in the case of inspection from the CFRP
side the normalized amplitude of the signal reflected from the surface is
0.28, while in the case of inspection from the Ti side the normalized
amplitude of the same reflection is 0.805 (see Table 1). It means, that
the signal, which reaches the interface to be inspected (CFRP-Ti) is
much stronger in the case of the inspection from the CFRP side. Fur-
thermore, if to look at the amplitude values at the interface between the
CFRP and Ti, amplitude of the signal reflected from the interface is
0.255 in the case of inspection from the CFRP side compared to 0.019 in
the case of the inspection from the Ti side.

The task of the NDT is to evaluate the quality of the interface, i.e. it
has to be differentiated, if the quality of the joint is good, or is there a
disbond between layers. It means that from the signal reflected from the
interface, evaluation of the quality of the joint has to be made. In the
case of the inspection from the CFRP side difference in signal amplitude
of a good joint/bad joint is 0.255/0.520, while in case of the inspection
from the Ti side 0.019/0.038. In both cases, difference is approximately
twice, but in the case of the inspection from the Ti side amplitude of the
informative signal (reflected from the interface) will be approximately
13 times smaller than in the case of the inspection from CFRP side.
Calculations show, that scanning from the CFRP side can assure much
stronger amplitude of the signal reflected from the dissimilar interface
and also bigger difference in reflected amplitudes of a good joint and a
bad joint.

However, there are drawbacks of scanning from the CFRP side as
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Fig. 3. Calculated normalized amplitude values of the received signal for different inspection set-ups: (a) inspection from the CFRP side — good joint, (b) inspection
from the CFRP side - joint with delamination, (c) inspection from the titanium side — good joint, (d) inspection from the titanium side — joint with delamination.

Table 1
Calculated normalized amplitude values at the surface of ultrasonic transducer.

Layered structure Reflected normalized amplitude from

1st interface 2nd interface 3rd interface

a. W —CFRP - Ti—W 0.280 0.255 0.108
b. W — CFRP — Air — Ti 0.280 0.520 ~0

c. W —Ti— CFRP - W 0.805 0.019 0.0027
d. W — Ti — Air — CFRP 0.805 0.038 ~0

* W — water, Ti — titanium, CFRP - carbon fibber reinforced plastic, Air —
delamination defect as an air layer.

Ultrasonic PC
measurement <:> .
system TecScan (TecView UT)

Water tank
«—10 MHz focused probe
Carbon fiber
composite X Titanium pins
L\

Titanium adherent

Fig. 4. The experimental set-up for quality assessment of hybrid joint.

well: surface of the CFRP layer is rough and not parallel to the interface
with the titanium, thickness of the CFRP layer can vary and therefore it
is not possible to predict the exact arrival time of the signal reflected
from the interface. Additionally, the CFRP layer has non-homogenous
structure. Therefore, in B-scan image signal reflected by the interface
will appear not in constant time window. Its position in time domain
will vary depending on the thickness of composite layer. Nevertheless,
as was shown above, scanning from the CFRP side can assure much
stronger amplitude of the signal reflected from the dissimilar interface.
In addition, the informative signal will not be overlapped by multiple
reflections as in case of inspection from titanium side. In addition, the
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measurement from the CFRP side can detect not only the delamination
in dissimilar joint, but the defects within the CFRP layer as well. The
investigations of Milne et al. [66] show, that the sensitivity of pulse
echo technique in titanium is limited also due to noise backscattered by
the anisotropic microstructure of titanium.

The main reason why inspections of such structures are performed
from titanium side is related to the complicated prediction of the arrival
time of signal reflected from the interface because of variation of CFRP
layer thickness [13]. This problem can be solved by the development of
special signal processing algorithm for detection of dissimilar interface.

3.2. Experimental investigations and set-up

To test the performance of the proposed signal processing tech-
nique, the experiments have been carried out on the prefabricated hy-
brid joint with artificial delaminations. The sample with hybrid joint
was immersed into the water tank, facing the composite part up as it is
shown on Fig. 4. The pulse-echo data of the sample was acquired by
scanning the 10 MHz focused transducer across the entire surface with
the spatial resolution of 0.5 mm. The spacing between the sample and
the transducer was selected to get focal point approximately at the
composite-metal interface. The transducer was driven with 50V spike
pulse. At the reception side, the waveforms were recorded using
200 MHz sampling frequency. At each position, the reflected signals
were measured 64 times and averaged to ensure better signal to noise
ratio. The experimental set-up for data acquisition is presented in Fig. 4.

3.3. Signal processing algorithm

In the case of dissimilar joints, properties of joined materials
(acoustic impedances) are different, meaning that the signal from the
joint will be reflected even without defects in it. Hence, the detection of
defects in dissimilar joints is challenging task for conventional ultra-
sonic techniques. In addition, the rough surface and non-planar inter-
face presents additional challenge to be solved. However, the main
problem of the measurement data analysis in the case of dissimilar
joints is the presence of non-parallel structures with varying thickness.
This leads to the fact that delay time of the signals reflected from the
surface and from the interface of the sample is varying during the scan.
Conventional techniques based on moving time window using same
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Fig. 5. Analysis of the reflected signals, a —spectrum of the signal reflected by
interface, b — mean frequency of the spectrum, c — 2D frequency spectrum of the
B-scan.
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threshold level do not work due to high variation of signal amplitude
caused by scattering effects in the structure. In order to overcome this
problem, the novel processing algorithm has been developed. It enables
to detect the interface between two material layers and then “equalize”
it. The signal processing is performed separately on each B-scan data
according to the algorithm presented below:

1. Each signal is filtered using Gaussian filter in order to reduce the
structural noise:

up (t) = Re{FT'[U ()-Ho (N1},

In 2
where (f) = FT [u(t)]; u(t) is the measured signal; Hg (f) = e_Tflzv'(f_f"F)
is the Gaussian filter; f is a central frequency and Afy.is a bandwidth at
6 dB level.

3.2)

2. Mean frequency of the spectrum of the signals along the sample
versus time was calculated as follows

NBsc

kgt Jesse (Ll it + AL ])

Fore -1
Tt duD) = =3 (3.3)

17

Ultrasonics 95 (2019) 13-21

N
Zkfilflicf . Uk (ﬁcf )

where fi, ([t t-1]) = N
Zkf:l

Ue (fy ) (3.4
Uc(f) = FT {u([te :tx + Aty])} (3.5)
fkf € [Uk(f=ﬁcf) > Up] (3.6)
te = (k — 1)-dt,,, k = 1: Ni 3.7)

dt,, is the step of time window shift, At, is the width of time
window, Nj is the total number of time window positions, Ng; is the
number of the signals in the B-scan under analysis, Uy, — is the threshold
level for spectrum analysis.

3. The arrival time of the signal reflected by the interface is estimated.
For that purpose, each signal in B-scan is analysed in following
order:

o The time interval in which the interface reflection can be expected is
defined by:

Uy (1) = ugp (£)-hgw (¢, tow, Tw) (3.8)

where hgw (¢, tow, Ti) is the rectangular time window function;
tow, Tw is the start instance and duration of the time window respec-
tively.
e The maximum of the windowed calculated:
Unax = max[uy, (1)].
e The time instance at which the signal exceeds —6dB level with re-

spect to the signal maximum is estimated:

signal s

teap = min (), Uy (&) > 0.5Unax (3.9)
e The analysis is continued only in the case if:
max{lu,, (&)1} < 0.5Una, for tow < te < tow + Ty (3.10)

where Ty = 1/fy, f, is the central frequency of the transducer. If Eq.
(3.10) is valid, the zero crossing instance t,. in the signal such that
t,e < teap is estimated using third order polynomial approximation. If
the Eq. (3.10) is not valid, it means that the interface reflection is
completely hidden in structural noise, arrival time cannot be estimated
and t,. is assigned to be zero (t,. = 0).

As the result of this step the set of the arrival times of interface
reflections t, (x;) along B-scan is obtained, where x;, k = 1A-K are
positions along x axis at which the signals were recorded, K is the total
number of positions.

4. The dependency t,. (x;) obtained in previous step is not continuous,
at some positions it contains zeros (not estimated values) or some
sharp spikes caused by uncertainties related to structural noise or
roughness of the surface. The arrival time at these positions is ob-
tained using linear interpolation between two “correct” neighbour
values. The “correct” values are assumed to be at such positions x;,
which satisfy equation:

bee ()
dxy,

<L

(3.11)

where L. is threshold level. As a result, the corrected dependency of
arrival time of the signal reflected by the interface t;, (x;) is obtained.

5. The B-scan aligned with respect to interface is obtained by shifting
each of the signals in the time domain according to estimated arrival
time:

gy (£, xi) = u(t — tz () + tows Xx) (3.12)

6. In order to reduce the structural noise in the front of the interface,
reflected signals are filtered using Gaussian time domain filter:



E. Jasiiiniené, et al.

Ultrasonics 95 (2019) 13-21

t, us .
. Interface between CFRP and titanium
g v ————
5?\; = = = === = = - S == —
4
3
2
1
0
a)
t, us
7 Detected interface
6
5
4
3
20
1
00 20 40 60 80 100 120 140  x, mm
b)
t, us .
; Interface after post-processing
6
o — i —
5’.;0.---‘ - - - - | — o — —
4 -
) ——
2
1
00 20 40 60 80 100 120 140  x, mm
c)

Fig. 6. Raw B-scan image obtained on the CFRP-titanium sample with pins (a), detected interface between the CFRP and titanium using the proposed post-processing

algorithm (b), the interface after the post processing (c).

usi (l, xk) = Usn (t’ xk)'h'str (t) (313)

_KW(M)Z
where hg, (t) = 1€ tow t < tow,
1 t> tow,

and K, is the coefficient defining steepness of the filter, in our
caseKy, = 0.2.
7. The envelope of each signal in B-scan is calculated:

uid (¢, xi) = hilbert [ul, (¢, x)] (3.14)

8. The data for 3D imaging are prepared by calculating maximum
value for each signal:

— FH _ . ~ n.
usp (tn, Xi) = max [ug,” (¢, xi)], 2[(n — 1)-Atzp + n-Asp) (3.15)

where Atyp is sampling step in time domain selected for 3D imaging.
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4. Results and discussion

To test the performance of the proposed signal processing tech-
nique, the experiments have been carried out on the prefabricated hy-
brid joint sample with artificial defects — missing pins and delamination
type defects. The sample with hybrid joint was immersed into the water
tank; measurements from both titanium and composite side were per-
formed to verify the theoretical considerations in part 3.1 (inspection
set-up alternatives). Experimental measurements proved that non-de-
structive testing from the titanium side is impossible. So setup with
transducer facing the composite part up as it is shown on Fig. 4 was
selected for further investigations.

Time frequency analysis of the reflected signals have shown that the
part of the signal corresponding to the interface reflection possess lower
frequency bandwidth compared to the surface reflection as the higher
frequencies are more affected by scattering and attenuation (Fig. 5a). It
can be observed from the presented figure that even though the 10 MHz
signal was transmitted, central frequency of the reflected signal is
6 MHz
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Fig. 7. The C-scan of the reconstructed interface between the CFRP and titanium in 3D (green) and the defect positions (red) (a), B-scan at 1st position (b), B-scan at
2nd position (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Detected defects

Fig. 8. The 3D C-scan of the reconstructed interface between the CFRP and titanium in 3D (green) and the defect positions (red). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Mean frequency of the spectrum of the signals (Eq. (3.3)) along the
sample was analysed and is presented in Fig. 5b. It can be observed as
well, that the frequency of the signal decreases going deeper into the
sample. 2D frequency spectrum of B-scan, presented in Fig. 5c, also
proves this observation — reflection from interface (at 4,5 pus) possesses
lower frequencies than the surface reflection.

So, in order to increase the amplitude of the interface reflection
compared to the surface reflection, the central frequency of the filter
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was selected slightly lower compared to the frequency of transducer.
After investigating multiple cases, it was determined, that the width of
the filter should be close to the bandwidth of the transducer.

In Fig. 6 B-scan images obtained on the CFRP-titanium sample with
pins are presented before and after post processing: raw B-scan image
(a), detected interface between the CFRP and titanium using the pro-
posed post-processing algorithm (b) and the interface after the arrival
time correction (c). It can be observed that special post processing
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method enabled to detect interface between two materials (Fig. 6b) and
then to “eqlize” it (Fig. 6¢), i.e. to eliminate the influence of not flat
surface of the sample.

In Fig. 7a the C-scan of the reconstructed interface between the
CFRP and titanium in 3D (green) and the defect positions (red) are
presented. Two delamination type defects (coloured in red) can be
observed, as well as the positions of all five missing pins can be in-
dicated. In Fig. 7b B-scan 1-1 is presented, in Fig. 7c B-scan 2-2 is
presented. Analysing B-scan 1-1 (Fig. 7b) it can be observed, that no
defects are present at this slice, and homogeneous pattern indicates that
all pins are present, and zone with no pins on the right part of the
sample could be indicated as well. In B-scan 2-2, (Fig. 7c) indications of
two delamination defects are visible, as well as one missing pin. Ana-
lysing B-scan it can be observed, that the delamination defects are at
different depth in composite material — so using the proposed algo-
rithm, it is possible to evaluate not only position, but the depth of the
defects as well. Different depths of defects detected can be observed in
the 3D C-scan, presented in Fig. 8.

After applying the developed post-processing algorithm defects
were detected in different layers and in different positions — even be-
tween the pins. The signal processing technique proposed in this study
was tested and experimentally verified using the immersion pulse-echo
set-up. Such set-up was selected to demonstrate the principle of the
proposed technique. However, the proposed technique is not limited to
this particular arrangement and can be easily replaced in practical
applications with measurements using water jet.

5. Conclusions

Additive manufacturing of a titanium adherend was combined with
vacuum infusion of CFRP laminate to create a multi-material joint with
both chemical and mechanical adhesion. This manufacturing method
simultaneously creates the joint and the composite laminate, ensuring a
high quality joint and laminate with few voids. However, during the
manufacturing, due to poor surface preparation process, defects can
occur in the dissimilar joint or in the composite itself, therefore non-
destructive testing techniques, suitable for the inspection of dissimilar
joints are needed.

It was shown that ultrasonic inspection from the composite side
using high frequency focused ultrasonic transducer could be used for
investigation of quality of dissimilar joints. In order to overcome the
problems related to the rough surface and non-parallel layers a novel
signal post-processing algorithm was developed. The presented results
demonstrate that the proposed solution enables to detect the defects in
the complex prefabricated titanium/carbon fibre composite joints and
to estimate their position and depth. Hence, delaminations can be de-
tected in different layers and in different positions — even close to the
pins, as well as the missing pins.
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