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SUMMARY

On the present work the quality of joint of dissimilar materials was inspected using
ultrasonic waves. Various ultrasonic techniques and sample characteristics were analyzed to
develop suitable configuration for the inspection of joint of dissimilar materials. Using CIVA
software the sample was designed and virtual ultrasonic inspections performed using
conventional, focused and phased array transducers with a frequency range from 3,5 MHz to 10
MHz. Suitable type and frequencies of ultrasonic transducer as well as the side of the sample
from which the inspection has to be performed are selected according to results of CIVA
modelling. Using Omniscan measurement system and phased array transducers of 3,5 MHz and
5 MHz the delaminations between dissimilar joints were found experimentally. The lengths of
delaminations and their depths were measured and compared to theoretically calculated values.
Using Tecscan measurement system and immersion transducers the location of defects was
determined. The uncertainties of results of ultrasonic testing were estimated.
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INTRODUCTION

Ultrasonic non-destructive testing (NDT) is widely used for the inspection of different types
of materials. Ultrasonic instruments and software allows quickly detect flaws; determine their
types, geometry, dimensions and the danger which defects bring to the object [1].

Adhesively bonded dissimilar materials have a great interest in various fields of industry as
aerospace, shipbuilding, energetic, construction and other areas of manufacturing. Variety of
adhesively bonded metal and composite materials is employed in aerospace for commercial and
military aircrafts. In particular, bonded joints of metal and aramid, carbon and glass fibre
reinforced plastics are used for aircraft wings, tail and other parts. The use of this kind of
structures leads to a reduction of aircraft weight as well as to strength and rigidity increase
[2]. [3].

In adhesively bonded materials different types of defects as large bubbles, voids and
porosity can occur by a lack of adhesive or by the presence of foreign objects. The major
problem is delaminations which are caused by poor joining.

All new joints of dissimilar materials require suitable ultrasonic technique of the inspection
which has to be developed. Different parameters and characteristics as object geometry,
structure, dimension, thickness, material properties as well as possible types of defects affect on
the choice of ultrasonic technique [4], [5]. Therefore, to select suitable ultrasonic technique all
these characteristics and parameters have to be studied.

The aim of this thesis is to evaluate the joint of dissimilar materials between steel and glass
fibre reinforced plastic (GFRP) using ultrasonic non-destructive method.

The subject of this study is investigation of quality of bonding layer of joints of dissimilar
materials using ultrasound waves. The object of the study is the presence of delaminations in the
sample.

To achieve the objective of this investigation project the following tasks are going to be
studied:

— analysis of ultrasonic methods which are suitable for the examination of joints of
dissimilar materials, as well as the choice of the appropriate method for a given sample;

— computer modelling using CIVA software in order to investigate influence of various
factors for non-destructive evaluation of dissimilar joints;

— ultrasonic investigation of dissimilar material joints experimentally.

For the validity of research done the calculations of uncertainty of the results will be

performed.



1 ANALYSIS OF ULTRASONIC METHODS SUITABLE FOR THE INSPECTION OF
JOINTS OF DISSIMILAR MATERIALS

There are several main ultrasonic techniques of the object inspection in ultrasonic NDT. The
choice of the method depends on geometry and dimension of the object under inspection, its
structure, properties and surface condition as well as on the inspection conditions [5].

Suitable ultrasonic technique has to be developed for the inspection of joint of steel and
GFRP. So to achieve this goal main methods of ultrasonic inspection are analyzed in this part of

thesis.

1.1 Pulse Echo method

Ultrasonic Pulse Echo method is a well-established technique which is widely used in non-
destructive testing. Ultrasonic transducer transmits repetitive acoustic pulses to the adhesively
bonded joints of dissimilar materials. The acoustic pulses reflect from the bonding or various
defects and the same transducer receives these signals (echoes). The propagation of acoustic

waves in joint of steel and GFRP is shown in Fig.1.1.
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Fig.1.1. Pulse echo inspection of adhesive bonds of dissimilar materials [8]

The direction of the reflected ultrasound signal depends on incidence angle of transducer as
well as on the orientation of the reflecting defect or surfaces of the sample. Received ultrasound
signals are monitored on display of measurement instrument. The amplitude of signal and time
delay between initial pulse and received pulse are measured [1], [7].

Amplitude scans (A-scans) of the inspection of quality of adhesively bonded materials are
shown in Fig.1.2. As a result a portion of energy will be reflected back to transducer and other
portion will be transmitted in to the bonded layer and absorbed each time when ultrasound signal
reaches the interface of the object. In the case of void presence all the energy of ultrasound will

be reflected back to transducer. The attenuation of ultrasound signals reflected from the interface



of good bond will be higher than attenuation of signals reflected from the unbonded area. In
addition to that for an unbonded layer the amplitude of each ultrasound reflection will be slightly

bigger because there is no interface loss of energy [6].
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Fig.1.2. A-scans of the inspection of quality of adhesively bonded materials [6]

Advantages: pulse echo inspection can be performed with longitudinal, shear, surface or
Lamb waves; straight beam or angle beam techniques can be used to detect defects of different
orientation; type, location, size and orientation of defects can be determined from the data;
separate transmitting and receiving transducers can be used. Disadvantages: defects can’t be
detected in the region where time period equals to the wavelength of ultrasound (dead zone) [4],

[71-[9].
1.2 Through—Transmission Technique

The through-transmission technique is performed using separate transmitting and receiving
probes on either side of the joint of dissimilar materials as it shown in Fig.1.3. The position of
two transducers has to be exactly one in front another. Water or special gels can be used as a
coupling media between transducers and the joint of dissimilar materials in ultrasonic non-
destructive techniques. The contact through-transmission technique is used in practice very rare
because of the complexity to align probes one in front another and the requirement of access to
the both sides of the object and good contact. Immersion through-transmission method has more
popularity, transmitting and receiving probes are fixed and scanning the sample along a
predetermined axis. For the defect detection the magnitude of transmitted signal is monitored on
C-scan which produces two-dimensional image of defects in the sample. In the case of defect
presence the amplitude of the received signal is lower than the amplitude of the signal received

from the area without defect.



Through-transmission technique is widely used for the detection of discontinuities. The

presence of defects can be determined by amplitude analysis of the received signals [4], [6].
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Fig.1.3. Ultrasonic through-transmission technique [6]

Advantages: detection of most common defects; there is no dead zone. Disadvantages:
impossibility of defect depth detection; not suitable for specimens that can be investigated only

from one side; difficult to position transducers exactly one in front another [4], [6], [10].

1.4 Lamb wave testing

Lamb waves are used for the high speed testing of a plate, wire, strip and other thin
materials. Lamb waves propagate only in the plates with a thickness comparable to the
wavelength. In this case the complex resonance phenomena occur in plate and leads to the
formation of standing waves. Lamb waves or (plate waves) are complex elastic waves which are
propagating in an elastic medium formed by the combination of standing and guided waves.
Lamb waves consist of different modes moving at different speeds [11], [12]. Most common

propagation modes are symmetrical and asymmetrical modes which are shown in Fig.1.4.
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Fig.1.5. Propagation modes of Lamb waves: a-propagation of Lamb waves in a plate of

thickness d, b-symmetric mode, c-asymmetric mode [11]



In the case of propagation of symmetric mode the plate surface moves in opposite side, in
the case of propagation of asymmetric mode the plate surface moves in one direction. The speed
of Lamb wave propagation depends on the modes and the thickness of the plate [11].

The experimental set-up of Lamb wave testing of adhesively bonded joint is shown in
Fig.1.5.

Fig.1.5. Experimental set-up of Lamb wave testing of adhesively bonded joints [11]

Two immersion transducers with 500 kHz central frequency one as transmitter and another
as receiver in a pitch and catch configuration were used. Each transducer is connected to a
rotation stage to control the inclination. For excitation of desirable mode the particular angle of
transducer inclination was selected and fixed. Immersion method was performed to guarantee the
same coupling between the transducers and the plate. The ultrasonic signal was transmitted to the
plate and after propagation the ultrasound collected by the receiver. In the next steps the signal
was amplified and filtered. In order to increase signal to noise ratio the signal was averaged by
oscilloscope and transferred to a computer for processing and analyzing [11].
Advantages: high-speed testing of thin materials, whose thickness is equal to a few
wavelengths; can test material at various angels of incidence in the frequency range of 0,1 to
15,0 MHz; propagation at long distances. Disadvantages: active driving mechanism requirement

for wave propagation; complexity to interpret the resulting data [11], [12], [13].

1.5 Resonance Technique

Resonance technique is based on the changing of frequency of acoustic wave until the
resonance condition is occurred. Resonance technique of the inspection of adhesively bonded
materials is shown in Fig.1.6. As a result during the resonance standing waves were generated in
the case of good bond and void between materials. The length of standing wave at resonance

frequency is calculated according to the equation:

10



Ap =2D=— (1.1)

Where %o is the length of the standing wave in the joint area, D is the thickness of the
joint, C is the velocity of sound waves in the adherends (the thin adhesive layer is neglected) and
fo is the resonant frequency.
In the case of presence of void the resonant frequency will change sharply comparing to

resonant frequency of good bond due to change of thickness value [6], [14].
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Fig.1.6. Resonance Technique [6]

Advantages: thickness measurements; defect detection in adhesive areas of the joints; low
cost. Disadvantages: low frequency range of 20 Hz; difficult to detect small defects and
geometric deviations because of little influence on resonant frequency; depends on object

geometry and structure [6], [14].

1.6 Acousto-Ultrasonic Technique

The acousto-ultrasonic technique of non-destructive testing can be used to provide
information about the presence of various defects in specimens and quality of adhesively bonded
dissimilar materials by correlating characteristics of propagation of stress waves with the the
strength of the joint [1].

In this technique a broadband transducer is used as a transmitter of repetitive ultrasonic
pulses into the sample. Another transducer is used as a receiver of stress waves occurred from
the injected ultrasonic pulses. The receiver is placed on the same side of sample as a transmitter
at a specific distance. The longitudinal waves are excited and transmitted perpendicular to the
sample surface. The ultrasound waves will produce oblique reflections and shear waves in the
material. The resulting stress waves get multiple reflections from the surfaces and interfaces of
the sample and interact with different discontinuities. As a result structural performance and

presence of various defects can be determined due analysis of stress waves which are affected by
11



properties of sample microstructure and morphology. In many cases the information of
mechanical behaviour is possible to obtain from analysis of data of stress wave propagation
[1], [7].

The experimental set-up of acousto-ultrasonic technique is shown in Fig.1.7.
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Fig.1.7. Experimental set-up of acousto-ultrasonic technique [1]

Advantages: detection of large flaws, delaminations and material properties; one-side
accessibility. Disadvantages: can’t be used to detect small, single flaws because of the lack of
influence on mechanical properties; the wavelength is much longer than in other ultrasonic
methods [1], [6], [15].

1.7 Selection of the most suitable ultrasonic method for the inspection of joints of dissimilar

materials

In the case of ultrasonic inspection of the joint of dissimilar materials, the choice of the
method and suitable transducer depends on the:

— properties of materials which have to be measured;

— different materials thicknesses;

— object geometry;

— object sizes;

— object structure;

— temperature, accuracy requirements and other inspection conditions [5].

The object to be inspected has a simple planar geometry with a length and width of 300 mm,
the thickness of the object is 10,42 mm. One layer is a stainless steel with a thickness of 6,3 mm,

other layer is a GFRP with a thickness of 4,12 mm. In Table 1.1 the wavelengths of ultrasound
12



in metal and composite using frequency of 3,5 MHz, 5 MHz and 10 MHz are presented and
calculated according to equation:

C
A=, (1.2)

where A -wavelength, c-ultrasound velocity in dissimilar materials, f -frequency.

Table 1.1. Parameters of wavelength in different materials

Sample Frequency f, MHz Theoreélcrillg/elomty Wavelength, 2, mm
Steel 5940 1,750

GFRP 3 3150 0,832
Steel 5940 1,225

GFRP > 3150 0,583
Steel 10 5940 0,613

GFRP 3150 0,291

Based on it the thickness of the object is enough large, what prevents the use of Lamb wave
testing. The type of the material is very important factor because of different properties; in the
case of composite material it absorbs ultrasound waves more quickly comparing to steel, that is
why when performing investigation of defects between dissimilar materials from composite side
it is better to use not very high frequencies of transducers to avoid the increase of attenuation.
Composite has several sublayers arranged at different angles. Due to it waves scattering
increases what leads to increased attenuation [5], [16], [17].

Adhesively bonded joints are widely used in different industries and can have several types
of defects. The most common defects in such type of joints are delaminations. The types of
possible defects and their orientation and sizes which have to be inspected have to be taken into
account. Ultrasonic inspection of delaminations of joint of steel and GFRP has to be performed.

The construction and geometry of the object makes possible to inspect it from both sides as
well as apply through transmission method. The disadvantage of this method is that it requires
transmitting and receiving probes to be positioned on both sides of the joint and to be exactly
aligned [4].

Based on the characteristics and conditions described, the pulse-echo method is more simple
and effective in implementation using one transducer which is emitter and receiver. The
frequency to be used for transducers is chosen according to the type of materials, their thickness;
produced wavelength in materials which depends on ultrasonic velocity and frequency; as well
as attenuation which leads to amplitude reducing of sound pressure due to friction losses in
transmission materials. As a result ultrasonic transducers of 3,5-10 MHz are most suitable for the

task.
13



2 DESCRIPTION AND CHARACTERISTICS OF THE OBJECT AND ULTRASONIC
TRANSDUCERS

The object under inspection is a joint of dissimilar materials which has delaminations
between composite and metal layer. This kind of structure of the object is widely used in various
industries. Therefore, the study of this topic is relevant. In this part of work the parameters and
structure of the object is described as well as characteristics of transducers.

2.1 Specimen parameters and its defects

The specimen, that has to be investigated, is a joint between steel and GFRP. There are 3
artificial delaminations in the joint of dissimilar materials. Geometry characteristics of the
sample are shown in Table 2.1.

Table 2.1. Geometry data of specimen

Thickness (c),

Shape Content Length (a), mm | Width (b), mm mm
Steel | GFRP
1st layer — glass fiber
planar | reinforced plastic, GFRP 300 300 6.30 412
2nd layer - steel Total: 10,42

It should be noticed that the thickness of the composite is 4,12 mm (d) and it consists of 4 sub-
layers of glass fibre/epoxy resin. The thickness of each composite sub-layer is 1,03 mm. Hence the

thickness of steel is 6,30 mm. The geometry parameters of the specimen are illustrated in Fig. 2.1.

P [

a

Fig.2.1.Geometry characteristics of the sample

Acoustic properties of steel and GFRP are presented in Table 2.2.

Table 2.2. Theoretical properties of dissimilar materials

Material Theoretical velocity of Theoretical velocity of Acoustic impedance
longitudinal waves ¢, m/s transverse waves ¢, m/s Z, MRayl
Steel 5940 3251 45,4
GFRP 3150 1727 6,04

14



Acoustic impedances z of steel and GFRP are defined as a product of their densities p and
acoustic velocity c. Acoustic impedance plays a significant role in determining the acoustic
transmission and reflection at the boundary of two dissimilar materials having different acoustic
impedances [18], [19].

2.2 Characteristics of conventional and phased array transducers
The characteristics of conventional and linear phased array transducers which could be used

for ultrasonic testing are shown in Table 2.3 and Table 2.4 respectively.

Table 2.3. Characteristics of conventional transducers

Ne | Transducer Type Pattern Shape Diameter, Focusing Radius,
mm mm

1 5 MHz Immersion Single Circular 10 Flat -
transducer element

2 10 MHz Immersion Single Circular 10 Flat -
transducer element

3 10 MHz Immersion Single Circular 10 Spherical 24,5
transducer element

Table 2.4. Characteristics of phased array transducers

3,5MHz transducer 5 MHz transducer 10 MHz transducer
Transducer (3.5L64-64x7-NW1- (5L128-128x7-NW3- (10L128-64x7-12-P-
P-2.5-OM) P-2.5-OM) 2.5-HY)
Pattern Linear phased array Linear phased array Linear phased array
Incident dimension
(Virtual aperture 64 128 64
A)), elements
Orthogonal
dimension (Passive 7 7 7
aperture, W), mm
Number of
elements (active 64 128 128
aperture A)
Gap between 0.1 01 01
elements (g), mm
Element width (e), 0.9 0.9 0.4
mm

Phased array transducers can be employed in almost any cases where conventional
transducers are used. The main benefits of phased arrays is steering of multiple elements,
focusing, covering and electronically scanning large area of the sample what avoids mechanical
scanning using conventional transducers [20]. Parameters of linear phased array transducer are

shown in Fig.2.2.
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Fig.2.2. Parameters of phased array transducer: A-active aperture; W-passive aperture; e-element

width; g-space between elements; p-distance between centres of 2 elements [16]

Characteristics of the Olympus wedges for 3,5 MHz and 5 MHz phased array transducers

are given in Table 2.5.

Table 2.5. Characteristics of the wedges

Nominal . ]
Wedge Dimensions, mm
Wedge Refracted Beam Erobe_ g
) Orientation
Angle (in Steel) L w H
SNW3-0L-IHC-C 0°LW Normal 130 32 20
SNW1-0L-WP5 0°LW Normal 66 32 20

16




3 CIVA COMPUTER MODELING OF JOINT OF DISSIMILAR MATERIALS

In order to find suitable configuration for the inspection of joint of dissimilar materials
CIVA software was used. In this program ultrasonic field’s radiated by transducers can be
visualized and investigated. The object which is under inspection and optimal transducers are
designed. In addition CIVA can be used for optimizing strategies of the inspection, verifying its
parameters, as well as helping in results analysis [21]. The joint of dissimilar materials was
inspected from composite and metal side in order to define better side of the object for ultrasonic
inspection of delaminations. Using the toolbox of the program, expected interaction of ultrasonic
waves with delaminations in the sample was evaluated.

In this thesis part ultrasonic fields of conventional transducers, focused and phased array
transducers are studied.

Properties of steel and GFRP are given in Table 3.1.

Table 3.1. Material properties

Material Density p, g.cm™ Velocity of longitudinal | Velocity of transverse
waves ¢, m/s waves ¢, m/s
Steel 7,8 5900 3230
Glass fiber 1,67 3150 1727
Epoxy 1,23 2 488 1134

The generalized Hooke’s law which is relating stresses to strain:

o; = Cijgjﬂ l,] = 1, ,6 (31)
Where o; are the stress components shown on a three-dimensional cube in X, y, and z

coordinates in Fig.3.1 (a), C;; is the stiffness matrix, and ¢; are the strain components.

GFRP is a unidirectional transversely isotropic material or orthotropic material with one of
its planes which is a plane of isotropy. At every point of this plane the mechanical properties are
the same in all directions [22]. The 1-2 plane is the plane of isotropy, then 1 and 2 subscripts on
the stiffness are interchangeable. The stress-strain relations have only five independent elasticity
constants and illustrated in Fig.3.1 (b).

3 . -
I ay Cn Cnn Ci 0 0 0 €
Ty Cy C Ca3 0 0 0 €
a3 Ca2 Cn Cn 0 0o 0 €

= Cyp=C
T o 0 0 20 0 Y4
s 0 Css 0 s
177 o 76 0 0 0 Css| |
a b

Fig.3.1. Stress components (a) and stress-strain relations (b): y;-shear strains, t;-shear stresses
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The matrix of composite material is illustrated in Fig.3.2 (a) and positioning of sub-layers of

composite material is shown in Fig.3.2 (b).

111.848 95.833 4.652 0 0 0 T
95.833 111.709 4.697 0 0 0 : B o
4.652 4,607 12.432 0 0 0 % . ..
0 0 0 4.128 0 0 W &
0 0 0l 0 4.128 0 M 45°
o o 0 0 0 20.521 W
a b

Fig.3.2. Anisotropic matrix of stiffness (a) and composite sub-layer’s algorithm (b)

As it shown in Fig.3.2 (b) there are 4 sub-layers of composite material arranged at different
angles. Flexural and torsional stiffness depends on order of placing sub-layers. The matrix
properties determine the strength of the composition in shear, compression and resistance to
fatigue failure [22], [23].

3.1 Water path calculation of the transducers

There are two zones in the field of ultrasonic transducer:

— near field;

— far field.

Big fluctuations of sound pressure occur in near field, which limits the possibility of defect
inspection and evaluation of their values. Therefore, defects must be located in far field. The

length of the near field is calculated according to the equation:

N =El)_}2L: [lecf ' (32)
where D is a diameter of transducer, f is a frequency of transducer and ¢ is a velocity of
ultrasound in the water [16].

Assuming that the speed of sound in water is 1 500 m/s, the diameter of the transducer is
10mm and the frequency 5 MHz, the length of the near field is 84 mm. In the case of 10 MHz
transducer, the near field length is 167 mm. Transducers were modelled using CIVA software
and the distributions of the amplitude along the transducer‘s axis of 5 and 10 MHz are shown in

Fig.3.4 and in Fig.3.5 respectively.
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Fig.3.5. The distribution of the amplitude along 10 MHz transducer‘s axis

Focused transducer concentrates energy of field in a narrow zone. The value of focused zone
depends on the frequency of transducer. The maximum amplitude is in the focused zone [16].
The distribution of the amplitude along 10 MHz focused transducer and ultrasonic field in water
is shown in Fig.3.6. The depth of focus is 49 mm.

For better resolution zone of focus should be in a required area of the sample. Therefore the

distance of location of focused transducer is calculated according to the equation:

WP =F -MP(C,../C,.;) (3.3
where WP is a water path needed for the inspection of the sample, F is a focal point, MP

is material path, c_,, is a velocity in material and c,,, is a velocity in water [16]. As a result of

t
calculation for sample inspection from composite side the distance between transducer and
sample has to be 40,27 mm; in the case of inspection from metal side the distance equals to
23,93 mm.
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Fig.3.6. The distribution of the amplitude (a) and field (b) along focused transducer*s axis

3.2 Investigation of ultrasonic field of different transducers in CIVA software

The objective of this part of thesis is to investigate ultrasonic fields in the sample using
different transducers and compare their characteristics. The inspections were performed from
composite and metal sides of the object.

Position of 5 MHz, 10 MHz conventional and 10 MHz focused transducers and their
computation zone are shown in Fig.3.7. The length between transducers and sample N is the
length of near field and in the case of focused transducer is the water path. N for 5 MHz
transducer is 84 mm, for 10 MHz is 167 mm. In the case of inspection from composite using 10
MHz focused transducer the water path is 40,27 mm, in the case of inspection from metal side
the water path is 23,93 mm according to equation (3.3).

transducer ===

specimen computation zone

steel GFRP | A5
steel/GFRP ¢S

Fig.3.7. Positioning of conventional and focused transducers
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The positioning of 3,5 MHz, 5 MHz and 10 MHz phased array transducers are shown in
Fig.3.8. The inspection using 3,5 MHz and 5 MHz phased array transducers performed with
contact method. The Olympus wedge was used for it. The inspection using 10 MHz phased array
transducer performed with immersion method. The depth of water is 10 mm. Simple electronic
scanning and single point focusing were used for the sample inspection with phased array
transducers. Their active aperture is 128 and 64 elements but in scanning only 8 elements.
Passive aperture of phased array transducers is 7 mm and the gap between elements is 0,1 mm.
In case of 3,5 MHz and 5 MHz phased array transducers element width is 0,9 mm, and in the

case of 10 MHz phased array transducer element width is 0,4 mm.

' a

10mm

steel/GFRP | . steel/GFRP

‘ i steel/GFRP steel/GFRP
a b

Fig.3.8. Positioning of phased array transducers: a-3,5 MHz and 5 MHz, b-10 MHz
3.2.1 Sample inspection from composite side
First, ultrasonic inspections from composite side were performed. The ultrasonic fields of

conventional and focused transducers calculated with 0,1 mm step. The distribution of the field
in the sample is shown in Fig.3.9.

mm

10 1

c
Fig.3.9. Ultrasonic field in the sample: a-5 MHz conventional transducer; b-10 MHz

conventional transducer; ¢c-10 MHz focused transducer
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Based on results of investigation of ultrasonic fields it can be seen that ultrasonic waves
propagates in composite material but only a small part of energy is transmitted to the second
media (steel).

The inspections of the sample from composite side with phased array transducers performed
as well. The ultrasonic fields of phased array transducers distributed in the sample are shown in
Fig.3.10.

-0 2 6

Fig.3.10. Ultrasonic fields of phased array transducers distributed in the sample: a-3,5 MHz,
b-5 MHz, ¢c-10 MHz

Based on results of the inspections from composite side, the ultrasonic waves almost don’t
propagate in metal material as in the case of inspection with conventional transducers. It can be
caused due to high attenuation of ultrasonic waves in composite material or great mismatch of
acoustic impedances which affects on the percentage of energy that will be reflected at the
boundary between 2 media. The reflection coefficients will be calculated to establish the true

cause of such propagation of ultrasonic energy in composite and metal materials.

3.2.2 Sample inspection from metal side

Inspections of ultrasonic fields of the sample from metal side were performed. The
ultrasonic field distribution in the sample of 5 MHz, 10 MHz and 10 MHz focused transducers
are shown in Fig.3.11.

Based on results of inspection from metal side with conventional and focused transducers it
can be seen that ultrasonic waves propagates in steel and a significant part of energy is
transmitted to the second media (GFRP).
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Fig.3.11. Ultrasonic field in the sample: a-5 MHz conventional transducer; b-10 MHz

conventional transducer; ¢c-10 MHz focused transducer

The inspections of the sample from metal side with phased array transducers were
performed as well. The ultrasonic fields of phased array transducers distributed in the sample are
shown in Fig.3.12.

100 130

4 8

Fig.3.12. Ultrasonic fields of phased array transducers distributed in the sample: a-3,5 MHz,

b-5 MHz, c-10 MHz

Based on results of inspection from metal side with phased array transducers it can be seen
that ultrasonic waves propagates in steel and a significant part of energy is transmitted to the
second media (GFRP). It can be caused due to low attenuation of ultrasonic waves in steel or
small mismatch of acoustic impedances which affects on the percentage of energy that will be
reflected at the boundary between 2 media. The reflection coefficients will be calculated to
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establish the true cause of such propagation of ultrasonic energy in composite and metal

materials.

3.3 Estimation of the reflection coefficients

Acoustic impedances of materials describe what part of the ultrasonic waves will be
reflected at the boundary between two media, and what part will be transmitted to the second

media. Since the values of acoustic impedances of materials on both sides of the boundary are

known (Table 2.2) the part of ultrasonic wave which is reflected is calculated according to

2
R (_Zz - le | (33)
Z,+17;

The reflection coefficient at the boundary between water and composite is 0,36. In other

equation [19]:

words 36 % of energy is reflected and the rest is transmitted to GFRP. The reflection coefficient
at the boundary between water and steel is 0,86 or 86 % of energy is reflected. The reflection
coefficient at the boundary between steel and GFRP is 0,58 or 58 % of energy is reflected.

As a result in the case of inspection from composite side 36 % of energy is reflected from
the boundary between water and GFRP what is more than 2 times lower comparing to inspection
from metal side. That is why the reason of transmission of small part of ultrasound energy from

composite to steel is in high attenuation of GFRP.

3.4 Investigation of sample with defects in CIVA software

Using the toolbox of defect interaction of the CIVA program, it is possible to evaluate the
response of expected defects in the sample. Different ways of the defect inspection can be
compared with regard to detection and sizing capability [21]. In this part of thesis the inspection
of defects from both sides of the sample using conventional and phased array transducers were
performed. Parameters of the defects are given in Table 3.2.

Table 3.2. Parameters of the defects

Ne Geometry Length, mm Width, mm
1 Rectangular 25 25
2 Rectangular 15 15
3 Rectangular 5 5

is GFRP and the other one is stainless steel.

The sample and position of delaminations is illustrated in Fig.3.13. One layer of the sample
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Fig.3.13. Position of the delaminations: a-length, b-width, c-thickness

The experimental set-up of the inspection with conventional transducers is shown in

Fig.3.14.

«
Scanning
start
‘\L\
Scanning
L2 end

Fig.3.14. Experimental set-up of the inspection with 5 MHz, 10 MHz and 10 MHz focused

transducers

The length (L) of mechanical scanning with 5 MHz and 10 MHz transducers is 185 mm, the
length of mechanical scanning with 10 MHz focused transducer is 190 mm.

The experimental set-up of the inspection with phased array transducers are shown in

Fig.3.15.

10MHz phased array
transducer

o 3.5MHz, 5MHz phased f=————————
array transducers ' E—

= -— =
| e — —
| »
Scanning L Scanning Scanning L Scanning
start end start end

Fig.3.15. Experimental set-up of the inspection with 3,5 MHz, 5 MHz and 10 MHz phased
arrays

The incident dimension of 3,5 MHz and 5 MHz phased array transducers is 128 mm and
equals to the length (L) of electronic scanning. The incident dimension of 10 MHz phased array

transducer is 64 mm and equals to the length (L) of electronic scanning.
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3.4.1 Sample inspection from composite side

First, sample of dissimilar material joints was inspected from composite side. The
attenuation was taken into account. The B-scan of the inspection with 0,1 mm step of 5 MHz
transducer is shown in Fig.3.16 (a). Amplitudes of signals which are reflected from the defect
areas (black colour) and from the interface of the sample without defects (red colour) are
compared. The A-scans of the sample and 1st delamination are shown in Fig.3.16 (b).
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bottom reflection = refleutlon reflection  reflection
o .5
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Fig.3.16. B-scan (a) and A-scan (b) of the inspection of the sample with 5 MHz conventional
transducer: reflection from the defects-black colour, reflection from the interface-red colour

The B-scan of the inspection with a 0,1 mm step of 10 MHz transducer is shown in Fig.3.17
(a). Amplitudes of signals which are reflected from the defect areas (black colour) and from the
interface of the sample without defects (red color) are compared. The A-scans of the sample and

1st delamination are shown in Fig.3.17 (b).

N A-scanl TIE s)
= SCAMNMIMNG (mm _ =2 PR 230.85
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Fig.3.17. B-scan (a) and A-scan (b) of the inspection of the sample with 10 MHz conventional
transducer: reflection from the defects-black colour, reflection from the interface-red colour

The B-scan of the inspection with a 0,1 mm step of 10 MHz focused transducer is shown in
Fig.3.18 (a). Amplitudes of signals which are reflected from the defect areas (black colour) and
from the interface of the sample without defects (red colour) are compared. The A-scans of the

sample and 1st delamination are shown in Fig.3.18 (b).
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Fig.3.18. B-scan (a) and A-scan (b) of the inspection of the sample with 10 MHz focused
transducer: reflection from the defects-black colour, reflection from the interface-red colour

The B-scans of the inspection from composite side with 1 element step of 3,5 MHz phased
array transducer are shown in Fig.3.19 (a, b). Amplitudes of signals which are reflected from the
defect areas (black colour) and from the interface of the sample without defects (red colour) are
compared. The A-scan of the sample and the largest delamination are shown in Fig.3.19 (c).
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Fig.3.19. B-scans (a-1st and 2nd defects, b-2nd and 3rd defects) and A-scan (c) of the inspection
from composite side with 3,5 MHz phased array transducer: black colour-reflection from the
defect area, red colour-reflection from the interface

The B-scans of the inspection from composite side with 1 element step of 5 MHz phased
array transducer are shown in Fig.3.20 (a, b). Amplitudes of signals which are reflected from the
defect areas (black colour) and from the interface of the sample without defects (red colour) are

compared. The A-scan of the sample and 1st delamination are shown in Fig.3.20 (c).
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Fig.3.20. B-scans (a-1st and 2nd defects, b-2nd and 3rd defects) and A-scan (c) of the inspection
from composite side with 5 MHz phased array transducer: black colour-reflection from the

defect area, red colour-reflection from the interface

The B-scans of the inspection from composite side with 1 element step of 10 MHz phased
array transducer are shown in Fig.3.21. Amplitudes of signals which are reflected from the
defect areas (black colour) and from the interface of the sample without defects (red colour) are

compared. The A-scan of the sample and 1st delamination are shown in Fig.3.22.
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Fig.3.21. B-scans of the inspection from composite side with 10 MHz phased array transducer
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Fig.3.22. A-scan of the inspection from composite side with 10 MHz phased array transducer:

black colour-reflection from the defect area, red colour-reflection from the interface.

As a result of inspection from composite side using 10 MHz and 10 MHz focused
transducers the signals reflected from 1st defect are 0,6 dB and 0,2 dB weaker than the reflection
from the interface. Using 5 MHz conventional transducer the reflection from 1st defect is 0,2 dB
stronger than the reflection from interface. In the case of 3,5 MHz, 5 MHz and 10 MHz phased
array transducers the signals reflected from 1st defect are 0,2 dB, 0,5 dB and 1,7 dB weaker than
the reflection from the interface. Due to small differences in amplitudes it could be difficult to
locate the defects in experimental measurements [4].

A-scan signals reflected from 1st defect of all transducers which were used for the
inspection in modelling program CIVA are compared. A-scan comparison of 5 MHz, 10 MHz
and 10 MHz focused transducers is shown in Fig.3.23.

TIME (ys)

5 MHz
10 MHz
10 MHz foc.

-[20-60-30 00

[CREERINET]

-30 -60 {20

frnont defect
refléction reflection

f122 1140 1150 1180 11h 5

0p

Fig.3.23. A-scan of signals comparison of 5 MHz, 10 MHz and 10 MHz focused transducers

According to A-scan reflection of 5 MHz transducer is 19 dB stronger than reflection of 10
MHz transducer. Reflection of 10 MHz transducer is 4 dB stronger than reflection of 10 MHz
focused transducer.

A-scan signals reflected from the largest defect of 3,5 MHz, 5 MHz and 10 MHz phased
array transducers which were used for the inspection from composite side in modelling program

CIVA are compared. A-scan comparison of transducers is shown in Fig.3.24.
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Fig.3.24. A-scan signals comparison of 3,5 MHz, 5 MHz and 10 MHz phased array transducers

In A-scans signal comparison it can be seen that 5 MHz and 3,5 MHz phased array
transducers have strongest signal reflections. Reflection of 3,5 MHz phased array is 8,9 dB
stronger than 5 MHz phased array reflection. Reflection of 5 MHz phased array is 32,5 dB
stronger than reflection of 10 MHz phased array. The lowest amplitude of the signal reflection

belongs to 10 MHz phased array transducer.

3.4.2 Sample inspection from metal side

The joint of GFRP and steel was inspected in CIVA software from metal side with
conventional and phased array transducers.

The B-scan of the inspection with a 0,1 mm step using 5 MHz transducer is shown in
Fig.3.25.
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Fig.3.25. B-scan of the inspection of the sample with 5 MHz transducer

Because of the weak signals reflected from the defects and bottom of the sample the
visualizations without front reflection were made for all further inspections. The reason of weak
reflection in the case of inspection from metal side is in a large value of reflection coefficient at
the boundary between water and steel [19]. As it was calculated according to equation (3.3), 86
% of energy is reflected. The B-scan of the inspection with a 0,1 mm step using 5 MHz

transducer is shown without front reflection in Fig.3.26 (a). Amplitudes of signals which are
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reflected from the defect areas (black colour) and from the interface of the sample without

defects (red colour) are compared. The A-scans of the sample and 1st delamination are shown in

Fig.3.26 (b).
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Fig.3.26. B-scan (a) and A-scan (b) of the inspection of the sample with 5 MHz conventional

transducer: reflection from the defects-black colour, reflection from the interface-red colour

The B-scan of the inspection with 0,1 mm step using 10 MHz transducer is shown without
front reflection in Fig.3.27 (a). Amplitudes of signals which are reflected from the defect areas
(black colour) and from the interface of the sample without defects (red colour) are compared.

The A-scans of the sample and 1st delamination are shown in Fig.3.27 (b).
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Fig.3.27. B-scan (a) and A-scan (b) of the inspection with 10 MHz conventional transducer:

reflection from the defects-black colour, reflection from the interface-red colour
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Fig.3.28. B-scan (a) and A-scan (b) of the inspection with 10 MHz focused transducer: reflection

from the defects-black colour, reflection from the interface-red colour
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The B-scan of the inspection with a 0,1 mm step using 10 MHz focused transducer is shown
without front reflection in Fig.3.28 (a). Amplitudes of signals which are reflected from the defect
areas (black colour) and from the interface of the sample without defects (red colour) are
compared. The A-scans of the sample and 1st delamination are shown in Fig.3.28 (b).

The B-scan of the inspection with a 1 element step using 3,5 MHz phased array transducer is
shown without front reflection in Fig.3.29 (a). Amplitudes of signals which are reflected from
the defect areas (black colour) and from the interface of the sample without defects (red colour)
are compared. The A-scan of the sample and 1st delamination are shown in Fig.3.29 (b).

A-scanl

SEQUENCE NUMEER SEQUEMCE NUMEER )

interface reflection interface reflection

2nd and 3rd defects

1st and 2nd defects

bottom reflection

bottom reflection

TIME (us)
19.12 25.38

A-scanl A=1.1dB

20-6.0-30 00

]
[CREERGTREG

bottom
reflection
Weq zdo . 23a 4o 384
C

Fig.3.29. B-scans (a-1st and 2nd defects, b-2nd and 3rd defects) and A-scan (c) of the inspection

00 3060 120

with 3,5 MHz phased array transducer: black colour-reflection from the defect area, red colour-

reflection from the interface

The B-scans of the inspection from metal side with 1 element step using 5 MHz phased
array transducer are shown without front reflection in Fig.3.30 (a). Amplitudes of signals which
are reflected from the defect areas (black colour) and from the interface of the sample without
defects (red colour) are compared. The A-scan of the sample and 1st delamination are shown in
Fig.3.30 (b).
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Fig.3.30. B-scans (a-1st and 2nd defects, b-2nd and 3rd defects) and A-scan (c) of the inspection
with 5 MHz phased array transducer: black colour-reflection from the defect area, red colour-

reflection from the interface

The B-scans of the inspection from metal side with 1 element step using 10 MHz phased
array transducer are shown without front reflection in Fig.3.31. Amplitudes of signals which are
reflected from the defect areas (black colour) and from the interface of the sample without
defects (red colour) are compared. The A-scan of the sample and 1st delamination are shown in
Fig.3.32.
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Fig.3.31. B-scans of the inspection from the metal side with 10 MHz phased array transducer
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Fig.3.32. A-scan of the inspection from the metal side with 10 MHz phased array transducer:
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As a result of the inspection from metal side using 5 MHz, 10 MHz and 10 MHz focused
transducers the signals reflected from 1st defect are 0,6 dB, 0,5 dB and 0,9 dB stronger than the
reflection from the interface. In the case of 3,5 MHz, 5 MHz and 10 MHz phased array
transducers the signals reflected from 1st defect are 1,1 dB, 0,6 dB and 0,2 dB stronger than the
reflection from the interface. Due to small differences in amplitudes it could be difficult to locate
the defects from metal side in experimental measurements as well [4].

A-scan signals reflected from 1st defect of all transducers which were used for the
inspection in modelling program CIVA are compared. A-scan comparison of 5 MHz, 10 MHz

and 10 MHz focused transducers is shown in Fig.3.33.
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Fig.3.33. A-scan signals comparison of 5 MHz, 10 MHz and 10 MHz focused transducers

According to A-scan, reflection of 5 MHz transducer is 13,9 dB stronger than reflection of
10 MHz transducer. Reflection of 10 MHz transducer is 4,2 dB stronger than reflection from 10
MHz focused transducer.

A-scan signals reflected from the largest defect of 3,5 MHz, 5 MHz and 10 MHz phased
array transducers which were used for the inspection from metal side in modeling program

CIVA are compared. A-scan comparison of transducers is shown in Fig.3.34.
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Fig.3.34. A-scan signals comparison of 3,5 MHz, 5 MHz and 10 MHz phased array transducers

In A-scans signal comparison it can be seen that 5 MHz and 3,5 MHz phased array
transducers have strongest signal reflections. Reflection of 3,5 MHz phased array is 6,8 dB
stronger than 5 MHz phased array reflection. Reflection of 5 MHz phased array is 34,1 dB
stronger than reflection of 10 MHz phased array. The lowest amplitude of the signal reflection
belongs to 10 MHz phased array transducer.

As a result the strongest reflections from the defect belong to 3,5 MHz and 5 MHz
conventional and phased array transducers. Increasing frequency of transducer the attenuation of
ultrasound increases as well. Due to it the reflection from the defect can be very low and it will

be difficult to distinguish delaminations.

3.5 CIVA investigation of the attenuation influence

The comparison A of the amplitudes of the signal reflected from the interface with and
without applying attenuation in CIVA software was performed. A-scans of the comparison of
attenuations in composite and metal using 5 MHz phased array transducer are shown in Fig.3.35.
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Fig.3.35. A-scans of the comparison of attenuations (black colour-reflection without attenuation,
red colour-reflection with attenuation): a-inspection from composite side, b-inspection from

metal side

According to results of attenuation comparison the GFRP is almost 3 times more attenuating

material than steel.
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3.6 Conclusions

According to results of calculation of reflection coefficients R, 86 % of ultrasound energy
will be reflected from the boundary between water and steel, and 36 % from the boundary
between water and GFRP. The other part of energy transmits to the second media. In spite of this
the investigation of ultrasonic fields and attenuation influence shows that GFRP is almost 3
times more attenuating material than steel. Therefore the ultrasonic inspection of dissimilar
material joint is selected to be performed from metal side in experimental part.

The defect inspections using conventional and phased array transducers show that the
amplitude difference between reflection from the delaminations and reflection from the area of
interface without delamination is very low (about 0,1-1,7dB). As a result it could be difficult to
locate the defects experimentally [4].

According to amplitude comparisons of interface reflections of all used transducers, the
strongest signal belongs to 3,5 MHz and 5 MHz conventional and phased array transducers. The
weakest signal belongs to 10 MHz focused and phased array transducers. Increasing the
frequency of transducer the attenuation value increases as well. As a result it will be more
difficult to locate delaminations using high frequency transducer. 3,5 MHz and 5 MHz phased
array transducers are more suitable for the ultrasonic inspection of joint of dissimilar materials

and were selected to be used in experimental part [4], [16], [17].
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4 EXPERIMENTAL EVALUATIONS

Commonly all kind of materials as metals, plastics, composites, fiberglass, ceramics and
others can be measured ultrasonically [7]. In this work the joint of metal and glass fibre
reinforced plastics is under inspection. The ultrasound technique and transducers which will be
used are selected according to analysis and results of investigation obtained in previous part. In
Table 4.1 acoustic properties of steel and GFRP are presented:

Table 4.1. Theoretical velocities in different materials

Material Theoretical velocity of | Theoretical velocity of | Acoustic impedance Z,
longitudinal waves ¢, m/s | transverse waves c, m/s MRayl
Steel 5940 3251 45,4
GFRP 3150 1727 6,04

Dimension of the joint of GFRP and steel is 300*300*10,42 (mm). The thickness of GFRP

layer is 4,12 mm and steel layer is 6,30 mm.

4.1 Ultrasonic velocity measurement

Different types of materials transmit ultrasound waves at different speeds. Generally
ultrasound speed is faster in hard materials and slower in soft materials. The temperature
influences on the speed and can change it significantly. In order the depth of the defects,
ultrasound velocity in theinvestigated materials have to be known [24].

Firstly, the ultrasound velocity in metal is measured and calculated. Used equipment:

— flaw detector Olympus Omniscan MX;

— 15 MHz normal incidence longitudinal wave transducer;

— joint of dissimilar materials.

Experimental set-up for measurement of velocity in metal with echo impulse mode is shown
in Fig.4.1.

Measurement
system
Omutiscan

15MHz
ultrasonic
transducer

steel

GFRP/CFRP

Fig.4.1. Experimental set-up for measurement of velocity in steel [16]

Seven independent measurements performed using 15 MHz transducer without delay line

and reflected ultrasound signals from the bottom of metal material registered. Averaged time
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interval of the reflected signals and the thickness H of the samples are presented in Table 4.2.
The ultrasound velocities of longitudinal waves are calculated according to the equation:

2H

c=——

At

The time interval between two reflected signals from the bottom of the sample is calculated

(4.1)

according to the equation:
At=(t,-t) (4.2)
Where t, is a time of second reflected signal and t, is a time of first reflected signal [16].
A-scan of one time interval measurement of the reflected signals from the bottom of the

sample is shown in Fig. 4.2. The initial starting point is at zero crossing.
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Fig.4.2. A-scan of the reflected signals from bottom of the steel

Table 4.2. Parameters of measurements and calculations

Sample Thickness H, mm Averaged time interval | Calculated velocity c,
At, us m/s
Steel 6,30 2,0571 6 125

It should be noticed that velocity of propagation of ultrasonic waves in composite material
(anisotropic elastic material) strongly depends on the angle between the ultrasonic beam and the
axis of material symmetry [22].

Equipment used for the measurement of ultrasonic velocity in GFRP:

ultrasonic measurement system Ultralab;

MatLab software;

immersion 5 MHz transducer;

joint of dissimilar materials.
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Ultralab measurement system is connected for performing through-transmission method.

The set-up of system is illustrated in Fig.4.3.

Control of Computer
scan axes < :_Scan_mnlmj—
USB magisrtal {I

Ultrasound
measurement
system Ultralab

v/i Z vy N I
X ! V4 e
|~ ~ Preamplifier

p m  camny 4

Receiver
- \ Transmitter

\
Sample

Fig.4.3. The set-up of measurement system [16]

The joint of dissimilar materials and 5 MHz immersion transducer are used for the
inspection due to high attenuation in composite material. Through transmission technique is used
for this task. The sample is immersed in water and installed on z not moving axis. Firstly, signal
was recorded without the sample placed on the way of ultrasound wave propagation, then the
sample was placed and signal recorded again. The inspection was performed in the area where
steel layer is cut from the sample.

The ultrasound velocity of longitudinal waves is calculated according to the equation:

o H
e H /Cwater - (tl _tz) ’
where H is a thickness of the material, c,,,, is a velocity of ultrasound in water, t, is a time

(4.3)

of received signal transmitted through the water and t, is a time of received signal transmitted

through the water and sample [16]. The temperature of the water was 21°C, therefore the value
of ultrasound velocity in the water was taken from the table of Lawrence C. Lynnworth.

A-scans of the reflected signals from the GFRP bottom are shown in Fig.4.4. The initial
starting point is at zero cross. Time interval of the reflected signals and the thickness H of the
samples are presented in Table 4.3.

Table 4.3. Parameters of measurements and calculations

sample | Thickness Time interval between two | Calculated Ultrasound velocity ¢
P H, mm reflected signals At, us velocity ¢, m/s | in water at21°C, m/s
GFRP 4,12 (53,9-52,54)=1,36 2914 1 485,372
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As a result the ultrasound velocity in steel is about two times higher than in glass fibre
reinforced plastic. GFRP is more attenuating material which requires high penetration
transducers with transmitter/receivers optimized for operation at low frequencies [24].
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Fig.4.4. A-scan of received signals transmitted through the water and GFRP

4.2 Parameters and characteristics of the inspection of defects with phased array transducers

There are 3 interfacial delaminations between the steel and the composite material. The
delaminations were created by PE (polyethylene) tape then spreading a bit of oil over the top of
the plate to prevent the epoxy from bonding.

Used equipment for the inspection of joint of dissimilar material:

— flaw detector Olympus Omniscan MX;

5 MHz linear phased array transducer (5L128-128x7-NW3-P-2.5-OM);
3,5 MHz linear phased array transducer (3.5L64-64x7-NW1-P-2.5-OM);
0° plastic wedges (SNW3-0L-IHC-C and SNW1-0L-WP5).

The parameters of phased array transducers and wedges were entered in settings of the

Omniscan measurement system as well as the parameters of scanning. Data of transducers and
wedges are shown in Table 4.4 and Table 4.5 respectively.
Table 4.4. Parameters of phased array transducers

Active Active Transducer
Transducer | Frequency f, | Number of | Pitch, ; dimensions,
length, | elevation,
type MHz elements mm mm mm mm
L |W|H
Linear 5 128 1 128 7 130 | 21 | 35
Linear 3,5 64 1 64 7 66 | 19 | 25
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Table 4.5. Characteristics of the wedges

Wedae Nominal Refracted Probe Wedge Dimensions, mm
g Beam Angle (in Steel) Orientation
L W H
SNW3-0L-IHC-C 0°LW Normal 130 32 20
SNW1-0L-WP5 0°LW Normal 66 32 20
Characteristics of scanning with phased array transducers are presented in Table 4.6.
Table 4.6. Parameters of scanning with linear phased array transducers
Frequency f, | Transmission Avvirtual Element First Last Focus
aperture, depth,
MHz type step element element
elements mm
5 Focusing 8 1 1 128 6,30
3,5 Focusing 8 1 1 64 6,30

The wavelengths of ultrasound signal in steel are calculated according to equation (4.4) and
presented in Table 4.7.

Table 4.7. Parameters of scanning with 5 MHz and 3,5 MHz linear phased array transducers

Sample Wavelength 4, mm Velocity ¢, m/s Frequency f, MHz
Steel 1,225 6125 5
Steel 1,750 6 125 3,5

A=—

(4.4)

f
Theoretical values of time of ultrasonic wave propagation in the joints of dissimilar

materials are calculated according to the equation [24]:

= 2h (4.5)
c

The structure of wave propagation in layers of the sample is shown in Fig.4.5. In Table 4.8

t

values of propagation time are presented.

t1  t2 t3t4 5

. A A
;I/'l \‘l/'l// Steel
\1/\\\]/77 GFRP

Fig.4.5. Wave propagation in the sample

Table 4.8. Theoretical values of time of ultrasonic wave propagation in the sample

Thickness h, mm Velocity ¢, m/s

Sample tl,us | t2,us | t3,us | t4,us | t5,us
Steel GFRP Steel GFRP

Steel 6,30 4,12 6125 2914 206 | 411 | 489 | 6,17 | 7,72
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4.3 Defect inspection of the joint of steel and GFRP with 5 MHz phased array transducer

The Omniscan measurement system was used for the defect inspection and all parameters of
transducer were entered. Electronic scanning with 1 element step was performed. Special gel was

used as a coupling media. Experimental set-up of defect evaluation from metal side with echo
impulse mode is shown in Fig.4.6.

PC USB Omniscan _
(Scanview) <:> measurement <:> Sr?gsHeé !rr‘?:r
PC systemOmnisca \ p y
Steel
GFRP

Fig.4.6. Experimental set-up of ultrasonic inspection from metal side [16]

In Fig.4.7 the set-ups of defect inspection of sample with 5 MHz phased array transducer are
shown. The signal was gained to 10 dB and the S-scans of delaminations are shown in Fig.4.8.

)

a b
Fig.4.7. Experimental set-ups of defect evaluation in joint of steel and GFRP: a-inspection of 1st

and 2nd delaminations, b- inspection of 2nd and 1st delaminations
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Fig.4.8. S-scans of the inspection of delaminations in steel/GFRP sample with 5 MHz phased
array transducer
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According to S-scans it can be seen that reflection from the interface of the sample starts at
time of 2,04 us what coincides with theoretical calculations and repeats in same time. The value
Is approximated because signal amplification affects the values of the obtained results on S-scan.
The amplitude difference between reflections from the interface and reflections from
delaminations can be distinguished due to colour scale. The areas of delaminations have higher
amplitude comparing to areas without defects [24], [25].

The signal was gained to 20 dB to see better amplitude contrast of interface and defects The
S-scans of delaminations of steel to GFRP sample is shown in Fig.4.9.
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Fig.4.9. S-scan of the inspection of delaminations in steel/GFRP sample with 5MHz phased

array transducer

For the exact values of lengths of delaminations the inspection with scales of mm is

performed. In Fig.4.10 the set-ups of defect inspection of the sample with 5 MHz phased array
transducer are shown.

a b

Fig.4.10. Experimental set-ups of defect evaluation in joint of steel and GFRP: a-inspection of

1st and 2nd delaminations, b- inspection of 2nd and 1st delaminations

The signal was gained to 10 dB and the S-scans with a scale of mm are shown in Fig.4.11.
Further, the signal was gained to 20 dB to see better amplitude contrast of interface and defects
and S-scans of delaminations of joint of dissimilar materials are shown in Fig.4.12.
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Fig.4.11. S-scan of the inspection of delaminations in steel/ GFRP sample with 5 MHz phased
array transducer
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Fig.4.12. S-scan of the inspection of delaminations in steel/GFRP sample with 5 MHz phased

array transducer

According to S-scans it can be seen that reflection from the interface of the sample is at the
depth of 6,30 mm what coincides with theoretical calculations and repeats approximately in
same value. The value is approximated because signal amplification affects the values of the
obtained results on S-scan. The amplitude difference between reflections from the interface and
reflections from delaminations can be distinguished due to colour scale. The areas of
delaminations have higher amplitude comparing to areas without defects [24], [25].

As a result time of flight to each delamination of the object and back to transducer T WS

measured independently on A-scan with initial point at zero crossing seven times [16]. In
addition seven measurements of length of each delamination were obtained as well. The mean
value of these parameters of time of flight and lengths calculated and characterized as more
accurate values. The mean value of time of flight to 1st delamination of the object and back to

transducer 7o is 2,0286 us, to 2nd delamination is 2,0428 us and to 3rd delamination is 2,0429

us. The average value of length of 1st delamination is 25,53 mm, of 2nd delamination is 15,22
mm and of 3rd delamination is 19,59 mm.
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The reason of small difference between amplitudes of signal reflection from delaminations
and signal reflection from good area of interface is in nearly equal values of reflection
coefficients. Therefore the signal had to be gained to find delaminations [19], [24].

4.4 Defect inspection of the joint of steel and GFRP with 3,5 MHz phased array transducer

The Omniscan measurement system was used and all parameters of the transducer were
entered. Electronic scanning with 1 element step was performed. Special gel was used as a
coupling media. Experimental set-up of defect evaluation from metal side with echo impulse
mode is shown in Fig.4.13.

PC SB Omniscan ;
(Scanview) <J:> measurement <:> 35122212;:?2?
PC systemOmnisca \

Steel
GFRP

Fig.4.13. Set-up of ultrasonic inspection from metal side with 3,5 MHz transducer [16]

In Fig.4.14 the set-ups of delamination inspection of the joint of steel and GFRP with

3,5 MHz phased array transducer are shown.

a C

Fig.4.14. Experimental set-ups of defect evaluation in joint of steel and GFRP: a-inspection of
1st delamination, b-inspection of 2nd delamination, c-inspection of 3rd delamination

The signal was gained to 10 dB and the S-scans of delaminations of joint of steel and GFRP
are shown in Fig.4.15.

According to S-scans it can be seen that reflection from the interface of the sample starts at
time of 2,29 us what coincides with theoretical calculations and repeats in same time. The value
is approximated because signal amplification affects the values of the obtained results on S-scan.
The amplitude difference between reflections from the interface and reflections from
delaminations can be distinguished due to colour scale. The areas of delaminations have higher

amplitude comparing to areas without defects [24], [25].
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Fig.4.15. S-scan of the inspection of delaminations in steel/GFRP sample with 3,5 MHz phased
array transducer

The signal was gained to 20 dB to see better amplitude contrast of interface and defects The
S-scans of delaminations of steel to GFRP sample is shown in Fig.4.16.
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Fig.4.16. S-scan of the inspection of delaminations in steel/GFRP sample with 3,5 MHz phased
array transducer

For the exact values of lengths of delaminations the inspection with scales of mm is

performed. The signal was gained to 10 dB and the S-scans with a scale of mm are shown in
Fig.4.17.
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Fig.4.17. S-scan of the inspection of delaminations in steel/GFRP sample with 3,5 MHz phased

array transducer

Further, the signal was gained to 20 dB to see better amplitude contrast of interface and

defects and S-scans of delaminations of joint of dissimilar materials are shown in Fig.4.18.
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Fig.4.18. S-scan of the inspection of delaminations in steel/GFRP sample with 3,5 MHz phased

array transducer
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According to S-scans it can be seen that reflection from the interface of the sample is at the
depth of 6,28 mm what coincides with theoretical calculations and repeats approximately in
same value. The value is approximated because signal amplification affects the values of the
obtained results on S-scan. The amplitude difference between reflections from the interface and
reflections from delaminations can be distinguished due to colour scale. The areas of
delaminations have higher amplitude comparing to areas without defects.

As a result time of flight to each delamination of the object and back to transducer 7, was

measured independently on A-scan with initial point at zero crossing seven times [16]. In
addition seven measurements of length of each delamination were obtained as well. The mean
value of these parameters of time of flight and lengths calculated and characterized as more
accurate values. The mean value of time of flight to 1st delamination of the object and back to

transducer 7., is 2,0386 us, to 2nd delamination is 2,0414 us and to 3rd delamination is 2,0414

us. The average value of length of 1st delamination is 25,62 mm, of 2nd delamination is 15,24
mm and of 3rd delamination is 20,43 mm.

The reason of small difference between amplitudes of signal reflection from delaminations
and signal reflection from good area of interface is in nearly equal values of reflection

coefficients. Therefore the signal had to be gained to find delaminations [19], [24].

4.5 Sample inspection using through-transmission method

Through-transmission technique was performed to get a two dimensional presentation, in
which position of all delaminations can be observed from the top view.
For the implementation the trough transmission method 2 probes of 5 MHz conventional and
10 MHz focused transducers were used. The transmitting and receiving probes were immersed in
the water and aligned [4], [26]. Equipment used for the inspection:
— ultrasonic measurement system Tecscan;
— MatLab software;
— immersion 5 MHz conventional and 10 MHz focused transmitting and receiving probes;
— tank with water
— joint of dissimilar materials.
Tecscan measurement system is connected for performing through-transmission method.
The whole area of sample was scanned in the axis y and axis z with the step of 0,5 mm. The set-

up of system is illustrated in Fig.4.19.
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Fig.4.19. Experimental set-up of measurement system [16]
The signal was gained to 57 dB. C-scan of the inspection with 5 MHz conventional probes is

shown in Fig.4.20.
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Fig.4.20. C-scan of the sample inspection with 5 MHz conventional transducer

According to C-scan of the through-transmission ultrasonic inspection, 3 delaminations are
observed. The delaminations are placed in the middle of the sample along x axis and have
rectangular and round shapes. There are also 2 defects on the edge of the sample which could
appear because of mechanical impact when the parts of metal and composite were cut out.

The B-scan of 3 delaminations along y axis is shown in Fig.4.21. According to B-scan along
y axis the length of 1st defect is 27 mm, 2nd defect is 17 mm and 3rd defect is 18 mm.
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Fig.4.21. B-scan of the sample inspection with 5MHz conventional transducer along y axis

For the better resolution of delaminations only the delamination part of the sample was
inspected. The signal was gained to 68dB. C-scan of the inspection with 10MHz focused probes

Is shown in Fig.4.22.

1st defect

2nd defect

d 3rd defect

Fig.4.22. C-scan of the sample inspection with 10 MHz focused transducer

According to C-scan of the inspection, 3 delaminations are observed. First and the second
delaminations have rectangular shape and the third one has round shape. Because of low
amplitude difference between interface and defects it is difficult to distinguish them. The B-scan

of 3 delaminations along y axis is shown in Fig.4.23.
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Fig.4.23. B-scan of the sample inspection with 10 MHz focused transducer along y axis

According to B-scan along y axis the length of 1st defect is 22 mm, 2nd defect is 16 mm and
3rd defect is 18 mm. The lengths of delaminations are approximate because of the reasons of
signal amplification and complexity to distinguish defects.

4.6 Conclusions

As a result pulse echo ultrasonic inspections with 3,5 MHz and 5 MHz phased array
transducers as well as using through transmission technique were performed. The amplitude
difference between reflection from the interface and reflection from delamination is very small.
The reason is in nearly equal values of reflection coefficients of defected and good interface
[19], [24]. Due to it the signal was amplified to locate delaminations.

According to equation (4.5) the depths of defects were calculated. In the case of inspection
using 5MHz phased array transducer the depth of 1st delamination is 6,21 mm, 2nd and 3rd
delamination is 6,26 mm. The length of 1st delamination is 25,53 mm, 2nd — 15,22 mm, 3rd —
19,59 mm. In the case of inspection using 3,5 MHz phased array transducer the depth of 1st
delamination is 6,24 mm, 2nd and 3rd delamination is 6,25 mm. The length of 1st delamination
is 25,62 mm, 2nd — 15,24 mm, 3rd — 20,43 mm.

According to results of through-transmission ultrasonic inspection all delaminations are
placed in the middle of the sample along x axis and have rectangular and round shapes. The

approximate values of length of 1st delamination is 22 mm, 2nd — 16 mm, 3rd — 18 mm.
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5 EVALUATION OF THE UNCERTAINTY OF THE MEASUREMENT RESULTS

The information on the measurement uncertainties of all conditions and results of
measurements in ultrasonic non-destructive testing are calculated. Error is a parameter associated
with a measuring instruments and characterizing the deviation of measured value from its real
value. Measurement uncertainty is a parameter associated with a result of measurements and
characterizing the dispersion of the values that can be attributed to a measured quantity.

There are two types of measurement uncertainties:

— Type A or direct measurements. Standard uncertainties are estimated in the measurement
process using statistical analysis of multiple measurements.

— Type B or indirect measurements. Standard uncertainties are estimated using other
educational sources as certificates, manuals, license, the results of previous measurements,

technical documentation of the manufacturer, and others [27], [28].
5.1 Probability of detection curves computation in CIVA software
Probability of detection (POD) of delaminations in the joint of dissimilar materials is

evaluated in CIVA software using POD features. Basic steps of the POD simulation in CIVA

software as following:

definition of characteristic parameter (flaw size);

definition of variable parameters in a specific range (uncertain parameters);

— description of uncertainty distribution for variable parameters;

— using Monte-Carlo method for parameters;

— analysing resulting data and computing the POD [21].

As a characteristic value the length of delamination was selected. Position of phased array
transducer on axis X, sound velocity in steel, frequency and focus depth of phased arrays are the
sources of uncertainty (uncertain parameters).

Definition of characteristic and uncertain parameters as well as description of uncertainty
distribution for uncertain parameters is presented in Table 5.1.

Four uncertain parameters affect on probability of detection of delamination length from 1 to
26 mm. In the case of inspection with 3,5 MHz phased array transducer plot of POD curve is
shown in Fig.5.1. The POD curve is computed with confidence level of 95 %.

As a result in the case of inspection using 3,5 MHz phased array transducer POD of

delamination length from 5 to 25 mm is in the range from 37-50 %.
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Table 5.1. Sources of errors

Description Parameter Type Start value, | Stop value, Step
type mm mm
Delamination Characteristic Linear 1 26 0,862
length, mm value
Description Parameter | Distribution Mean value | Max value | Min value
type type
Transducer Uncertain
position on axis X, value Rectangular 110 113 107
mm
Ultrasound Uncertain Normal 5 900 6 200 5 800
velocity, m/s value
Focus depth, mm Uncertain Normal 6,3 7,3 5,3
value
i f f f f f f
Frequency, MHz Uncelrtaln Normal 1 2 1 2 1 2
value 35 | 5 |387 5333134567
S
ag=1
O &)
’ | ///
d-n 20 2
Length, mm

Fig.5.1. Plot of POD curve in the case of inspection with 3,5 MHz phased array

In the case of inspection with 5 MHz phased array transducer plot of POD curve is shown in

Fig.5.2. The POD curve is computed with confidence level of 95 %.
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Fig.5.2. Plot of POD curve in the case of inspection with 5 MHz phased array
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As a result in the case of inspection using 5 MHz phased array transducer POD of

delamination length from 5 to 25 mm is in the range from 39-46 %.

5.2 Uncertainty evaluation of experimental ultrasonic testing

The uncertainty measurement of ultrasonic inspection of dissimilar material joints shows the
impossibility of knowing the exact value of particular characteristics. The uncertainty evaluation
for characterization of delaminations was performed to characterise the measurement results as
complete and correct. A number of errors can affect the measurements and final result of
ultrasound inspection [27], [29], [30]. Ultrasound testing was performed in the laboratory and
consists of Omniscan measurement system, phased array transducers and specimen under
inspection. Ultrasound inspection uses the sound waves to identify delaminations in the joint of
dissimilar materials.

In Table 5.2 the sources of errors which influence on the identifying of delaminations depth
and lengths are presented.

Table 5.2. Sources of errors

L Ax X,

Depth of delaminations H, = —

Ne Sources of errors Uncertainty Model
type
1 | Wavelength of ultrasound in steel B A=Coyl |
2 | Ultrasound velocity in steel ¢ B Coet = 2H o / Tooi
3 Thickness of metal layer H A Statistical analysis of multiple
met measurements
Resolution of calliper B Readings of instrument, r = 0,01

4 Time of flight to interface of the A Statistical analysis of multiple

object measurements

Resolution of display of Omniscan

B Readings of instrument, r = 0,01
measurement system

5 Transducer frequency f B Data from technical documentation

Time of flight to delamination of Statistical analysis of multiple

6 the object A measurements
Resolution of display of Omniscan B Readings of instrument, r = 0,01
measurement system
Length of delaminations L
Ne Sources of errors Uncertainty Model
type
1 | Length of delamination from S-scan A Statistical analysis of multiple
measurements
9 Resolution of display of Omniscan Readings of instrument, r = 0,01
measurement system
3 Pitch of phased array B Data from technical documentation
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Error sources which affect depth and length uncertainty measurements are summarized.

Errors are classified into two types: random and systematic. Random error in measurements is

caused by random and unpredictable changes in experimental evaluations. Systematic error is a

part of error of measurement result, which doesn’t change or changes naturally in repeated

measurements of the same value. The reason is in instrument faulty, wrong use or its data

processing system. The uncertainty of part of error sources is calculated according to data from

technical documentation of instruments and its readings. Other part of sources is calculated

according to statistical analysis of multiple measurements [27], [31].

For direct measurements the arithmetic mean x of measured results is calculated according

to equation:

X:%gxi,

where N is a number of measurements, X; is measured value.

(5.1)

Standard uncertainty u(x) for direct measurement is calculated according to equation:

u(x) =\/

#Z(Xi _)—()2

N(N-1) 5

(5.2)

Uncertainty of instrument resolution r is calculated with rectangular distribution law

according to equation:

_ri2

u(r) i

(5.3)

Combined uncertainty of direct measurements which is taken into account the resolution

amendment is calculated according to equation:

u(y) = u(x)* +u(r)*

The thickness of metal layer H

Table 5.3 the results of measurements and combined uncertainty are presented.

met

Table 5.3. Uncertainty and measurement results

(5.4)

was measured several times with electronic calliper. In

Results of Uncertainty of .
multiple Mean value Standard callipery Combined
Ne = uncertainty Ut uncertainty
measurements, H, ., mm u(H,...), mm resolution u(r), u(y), mm
mm mm
1 6,31
2 6,37
3 6,28
4 6,27 6,30 0,0126 0,0029 0,0129
5 6,30
6 6,30
7 6,28
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As a result seven independent measurements of metal height were obtained with electronic

calliper. Resolution of calliper is affects combined uncertainty as well. Mean value of metal

height and uncertainties were calculated according to equations (5.1-5.4).

Time of flight to interface of the object and back to transducer z,, was measured with

Omniscan measurement system several times as well. In Table 5.4 the results of measurements

and combined uncertainty are presented.

Table 5.4. Uncertainty and measurement results

Ne

Results of
multiple
measurements, us

Mean value

T ,US

Standard
uncertainty
tof U(7y5), US

Uncertainty of
Omniscan display
resolution u(r), us

Combined
uncertainty

u(y), us

2,06

2,06

2,06

2,04

2,07

2,05

~NOoOOARWINIEF

2,06

2,0571

0,0036

0,0029

0,0046

Seven independent measurements of time of flight of ultrasound to interface and back to

transducer were performed with Omniscan measurement system according to equation (4.2). On

A-scan the initial starting point was taken at zero crossing. Resolution of Omniscan display

affects combined uncertainty as well. Mean value of time of flight and uncertainties were

calculated according to equations (5.1-5.4).

In the case of inspection with 3,5 MHz phased array transducer, time of flight to

delaminations of the object and back to transducer z,, was measured with Omniscan

measurement system several times as well. In Table 5.5 the results of measurements and

combined uncertainty of all delaminations of the object are presented.

Table 5.5. Uncertainty and measurement results in the case of inspection with 3,5 MHz
phased array transducer

Results of multiple .
ol pessurmens'vs | | oottt | combind wncerainy
defsetct de?ect defrect U(7,yy) » US resolution u(r), us y),us
1| 2,05 2,03 2,04
2| 2,02 2,03 2,04
3| 2,04 2,05 2,04
4 | 2,08 2,07 2,03 0,0056 0,0029 0,0063
5] 205 | 203 | 2,04
6 | 2,01 2,04 2,05
71 2,03 2,04 2,05
Mean value 7, Us
2,0386 | 2,0414 | 2,0414
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In the case of inspection with 5 MHz phased array transducer, time of flight to

delaminations of the object and back to transducer r,, was measured with Omniscan

measurement system several times as well. In Table 5.6 the results of measurements and
combined uncertainty of all delaminations of the object are presented.

Table 5.6. Uncertainty and measurement results in the case of inspection with 5 MHz
phased array transducer

Results of mutltiple Standard Uncertainty of Combined
No 1r71easurzerr(ljen S, gsd uncertainty Omniscan display uncertainty u(y),
S n r (7o) s US resolution u(r), us us

defect | defect | defect

204 | 204 | 204

2,02 202 | 2,04

205 | 205 | 205

201 | 2,05 | 2,04 0,0060 0,0029 0,0067

205 | 2,04 | 2,04

204 | 205 | 2,05

N[OOI~ WIN|F-

204 | 205 | 2,04

Mean value 7, US
2,0357 | 2,0428 | 2,0429

Seven independent measurements of time of flight to 3 delaminations of the object were
obtained with Omniscan measurement system according to equation (4.2). On A-scan the initial
starting point was taken at zero crossing. Resolution of Omniscan display affects combined
uncertainty as well. Mean value for each delamination of time of flight and uncertainties were
calculated according to equations (5.1-5.4).

If the range of values has equal probability, then the rectangular distribution law is used for

the B type uncertainty estimation [27]. Standard uncertainty u(x) is calculated according to

equation:

A
u(x) =—, 55
where A is an error of value x.

Influence coefficient of x value W (x) is calculated according to equation:

W (x) = 2—‘;, (5.6)

where f is a function or model of uncertainty measurement.

Combined uncertainty of B type measurements (indirect measurements) of x values is

calculated according to equation:

uy) - Jiu(xi)z W () )
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In Table 5.7 the results of uncertainties of B type measurement of ultrasound velocity ¢,

are presented.

Table 5.7. Measurement results of ultrasound velocity uncertainties

Measurement Standqrd Influ_e_nce Combir_led
model of ¢ Sources of errors uncertainty coefficient | uncertainty
met u(x) W (x) u(y), mm/us
Thickness H_ ., mm 0,0129 0,9722
Cret = 2H g [ 7o . % 0,0186
Time of flight 7., us 0,0046 2,9782

Combined uncertainty of measurement model of c ., is calculated according B type

procedure. Influence coefficients of error sources of metal thickness and time of flight to
interface and back to transducer as well as combined uncertainty are calculated according to
equations (5.6-5.7). Standard uncertainties of these values are calculated and taken from Table
5.3 and Table 5.4.

In Table 5.8 the results of uncertainties of B type measurement of wavelength A in steel are

presented:
Table 5.8. Measurement results of wavelength uncertainties
Standard Combined
Measureme tandar taint
Sources of Error ) Influence uncertainty
nt model of orrors A uncertainty coefficient W (x) u(y), mm
1 2
Sound velocity f f
in steel c,, , i 0,0186 : :
mm/us 0,1919 | 0,2618
A=C./ T | Frequency f, 0.22 0.1270 0.2256 0,0289 | 0,0487
of 5.21MHz
Frequency T, | 4, 0,1154 0,4197
of 3.82MHz

Combined uncertainty of measurement model of A is calculated according B type

procedure. Rectangular distribution — is selected for estimating standard uncertainty of

J3
frequencies, f, =521 MHz and f, =382 MHz. Values of frequency errors are taken from
technical documentations of phased array transducers. Influence coefficients of error sources of
sound velocity and frequencies as well as standard and combined uncertainties are calculated
according to equations (5.5-5.7). Standard uncertainties of sound velocity in metal is calculated
and taken from Table 5.7. Ultrasonic wavelength in metal of 3,82 MHz frequency is 1,6034 mm,
5,21 MHz frequency is 1,1756 mm.
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The expanded uncertainty of the model is calculated according to equation [27], [31]:

Uy =kxu(y), (5.8)
where k is expansion coefficient, u(y)is combined uncertainty of the model.

Measurement model consists of several input variables and due to it the expansion

coefficient k is selected from the Student table according to confidence probability and effective

number of degrees of freedom [27], [31]. The effective number of degrees of freedom Voff IS
calculated according to equation:
_ u'(y)
) (5.9
27
i=1 V.

where v; is a degree of freedom.

The degree of freedom for direct uncertainty measurements is calculated according to
equation:
v =N-1, (5.10)
where N is a number of measurements.
The degree of freedom for B type (indirect) uncertainty measurements is calculated
according to equation:

1
V= —————,
2(1-R))?
where R, is reliability of the uncertainty, R, =1 at 100% reliability.

(5.11)

In the case of inspection with 3,5 MHz phased array transducer the results of standard and

expanded uncertainties of delamination depths are presented in Table5.9.

Combined uncertainties of measurement model of H, are calculated according B type
procedure for each delamination of the object. Values of frequency errors are taken from
technical documentations of phased array transducers. Influence coefficients of error sources of
wavelength, frequency and time of flight to delamination and back to transducer as well as
combined uncertainties are calculated according to equations (5.5-5.7). Expansion coefficient k
iIs selected from Student table according to results of effective number of degrees of freedom v,
and chosen probability of 95,45 % [27], [31]. As a result in the case of inspection with 3,5 MHz

phased array transducer the expanded uncertainty Uexp of 1st delamination depth is

6,24 + 0,536 (mm), of 2nd delamination depth is 6,25+ 0,536 (mm), and of 3rd delamination
depth is 6,25+ 0,536 (mm).
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Table 5.9. Measurement results of delamination depths uncertainties

Ax T X7 4
Model Hy = —
Wavele_ngth of Frequency f of Time of flight to
ultrasound in steel A, 3 82MHz delamination and
Sources of errors mm : back to transducer
1st 2nd 3rd 1st 2nd 3rd £ US
defect | defect | defect | defect | defect | defect tofd
Standard
uncertainty u(x) 0,0487 0,1154 0,0063
Coe:f?;:gﬁ?ss (o | 3874639017 | 39019 | 16263 | 16377 | 16378 3,0625
Combined
uncertainty u(y), 0,2680
mm
Effective number of
degrees of freedom ©
1%
eff
Probability p, % 95,45
Expansion 9
coefficient k
Expanded
uncertainty u,,,, 0,5360
mm

Uncertainty evaluation of delamination depths was obtained in GUM Workbench software
used to analyze the uncertainty of measurements. Mathematical and statistical analyzes of
measurements follows 1SO Guide to the Expression of Uncertainty in Measurements and EA
4/02 requirement document of the European Cooperation of Accreditation [29].

The data of measurement model of delamination depth was entered in the software and the
results of standard uncertainties, combined uncertainties and influence coefficients coincide with
results in Tables 5.3-5.9 calculated manually. In addition Monte Carlo simulation was performed
in GUM Workbench software for 3 delaminations. In the case of inspection with 3,5 MHz
phased array transducer the results of Monte Carlo simulation for delaminations depth are
presented in Table 5.10.

As a result interval of expanded uncertainty was calculated in GUM Workbench software
and also simulated in the same software according to Monte Carlo method and the results
obtained are slightly different. Plots of Monte Carlo simulation for all delamination depth are
shown in Fig.5.3-5.5.
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Table 5.10. Monte Carlo simulation results

Delamination | éan | Standard Probability | Expanded uncertainty interval, mm
value, | uncertainty, o
number p, %
mm mm Monte Carlo GUM Workbench
1st 6,24
2nd 6,25 0,27 95,45 +0,54, -0,52 +0,54, -0,54
3rd 6,25
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0= — 1s 1 a S
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Hge in mm
Fig.5.3. Monte Carlo simulation plot for 1st delamination depth
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Fig.5.4. Monte Carlo simulation plot for 2nd delamination depth
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Fig.5.5. Monte Carlo simulation plot for 3rd delamination depth
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In the case of inspection with 5 MHz phased array transducer the results of standard and
expanded uncertainties of delamination depths are presented in Table5.11.

Table 5.11. Measurement results of delamination depths uncertainties

Ax f
Model Hy = w
| Wave(ljength 01; Frequency f of Time of flight to
ultrasound in steel 4, 5.21MHz delamination and
Sources of errors mm back to transducer
1st 2nd 3rd 1st 2nd 3rd US
defect | defect | defect | defect | defect | defect fofa
Sta”dar%&r;ce”a'”ty 0,0289 0,1270 0,0067
'”ﬂ”enfﬁ ff)eff'c'ent 5,2845 | 5,3215 | 53218 | 1,1924 | 1,2008 | 1,2008 3,0624
Combined uncertainty
u(y), mm 0,2170
Effective number of
degrees of freedom 0
Vest
Probability p, % 95,45
Expansion coefficient 5
k
Expanded uncertainty
Uy, MM 0,4340

Combined uncertainties of measurement model of H, are calculated according B type

procedure for each delamination of the object. Values of frequency errors are taken from
technical documentations of phased array transducers. Influence coefficients of error sources of
wavelength, frequency and time of flight to delamination and back to transducer as well as
combined uncertainties are calculated according to equations (5.5-5.7). Expansion coefficient k

is selected from Student table according to results of effective number of degrees of freedom v,

and chosen probability of 95,45 % [27], [31]. In the case of inspection with 5 MHz phased array

transducer the expanded uncertainty u,,, of 1st delamination depth is 6,23+0,434(mm), of 2nd

p
delamination depth is 6,25+ 0,434 (mm), and of 3rd delamination depth is 6,25+0,434 (mm).

The data of measurement model of delamination depth was entered in GUM Workbench
software and the results of standard uncertainties, combined uncertainties and influence
coefficients coincide with results in Tables 5.3-5.8 and Table 5.13 calculated manually. In
addition Monte Carlo simulation was performed in GUM Workbench software for 3
delaminations. In the case of inspection with 5 MHz phased array transducer the results of Monte

Carlo simulation for delaminations depth are presented in Table 5.12.
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Table 5.12. Monte Carlo simulation results

Delamination | V€an | Standard Probability | Expanded uncertainty interval, mm
value, | uncertainty,
number p, %
mm mm Monte Carlo | GUM Workbench
1st 6,23
2nd 6,25 0,22 95,45 +0,43, -0,42 +0,44, -0,44
3rd 6,25

As a result interval of expanded uncertainty was calculated in GUM Workbench software
and also simulated in the same software according to Monte Carlo method and the results
obtained are slightly different. Plots of Monte Carlo simulation for delaminations depth are

shown in Fig.5.6 and Fig.5.7 respectively.
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Fig.5.6. Monte Carlo simulation plot for 1st delamination depth
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Fig.5.7. Monte Carlo simulation plot for 2nd and 3rd delaminations depth
In the case of inspection with 3,5 MHz phased array transducer the lengths of delaminations

L were measured several times from S-scan of Omniscan measurement system. In Table 5.13

the results of measurements and combined uncertainty are presented:
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Table 5.13. Uncertainty and measurement results

Results of multiple Uncertainty of
Standard ; : .
Ne measurements, mm uncertainty Omniscan display Combined
i} 1st 2nd 3rd u(L,.), mm resolution u(r), | uncertainty u(y)
defect | defect | defect del 7 mm

25,86 15,18 20,59

25,57 15,12 20,34

25,35 15,28 20,01

25,07 15,76 20,31 0,1078 0,0029 0,1078

25,82 15,03 20,24

26,01 15,19 20,73

N[OOI WN|E-

25,63 15,09 20,81

Mean value L,
2562 | 1524 | 2043

Seven independent measurements of lengths of delaminations were obtained with Omniscan
measurement system. Resolution of Omniscan display affects on combined uncertainty as well.
Mean value of length for each delamination and uncertainties were calculated according to
equations (5.1-5.4).

In Table 5.14 the results of standard and expanded uncertainties of delamination lengths are
presented.

Table 5.14. Measurement results of delamination lengths uncertainties

Model Ly = Ly + Y, Where y is amendment of pitch of
transducers
Length of delamination Pitch of phased array p
Sources of errors from S-scan L, Error A | 0.01
Standard uncertainty u(x) 0,1078 0,006
Combined uncertainty u(y) 0,1080
Number of degrees of freedom v 6
Probability p, % 95,45
Expansion coefficient k 2,52
Expanded uncertainty u,,, 0,2722

Combined uncertainties of delamination lengths are calculated according A type procedure.
Two amendments (display resolution and phased array pitch) were taken into account due to
their affect on result [29], [30]. Standard uncertainty of phased arrays pitch was calculated
according to equation (5.5). Combined uncertainties of delamination lengths and number of
degrees of freedom for A type procedure were calculated according to equation (5.4) and
equation (5.10) respectively. Confidence probability of 95,45 % was chosen and expansion
coefficient k was selected from Student table according to result of number of degrees of

freedom. As a result the expanded uncertainty of 1st delamination length is 25,62 +0,2722 (mm),
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of 2nd delamination length is 15,24+0,2722(mm), and of 3rd delamination length is
20,43+0,2722 (mm).

The data of measurement model of delamination length was entered in GUM Workbench
software. Results of standard uncertainties are coincides with results in Tables 5.17 and Table
5.18 calculated manually. The expanded uncertainty differs from the results calculated manually
due to expansion coefficient k=2 and probability of 95 % selected in GUM Workbench
software. In addition Monte Carlo simulation was performed in GUM Workbench software for 3
delaminations. The results of Monte Carlo simulation for all delaminations length are presented
in Table 5.15.

As a result interval of expanded uncertainty was calculated in GUM Workbench software
and also simulated in the same software according to Monte Carlo method. The results of Monte
Carlo simulation coincides with results calculated manually.

Table 5.15. Monte Carlo simulation results

. Mean Standard Expanded uncertainty interval, mm
Delamination .
value, | uncertainty,
number mm mm Monte Carlo, GUM Workbench,
probability 95,45 % probability 95%

1st 25,62
2nd 15,24 0,11 +0,27, -0,27 +0,22, -0,22
3rd 20,43

Plots of Monte Carlo simulation for delaminations length are shown in Fig.5.8-5.10.
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Fig.5.8. Monte Carlo simulation plot for 1st delamination length
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Fig.5.10. Monte Carlo simulation plot for 3rd delamination length

In the case of inspection with 5 MHz phased array transducer the lengths of delaminations L
were measured several times from S-scan of Omniscan measurement system. In Table 5.16 the
results of measurements and combined uncertainty are presented:

Table 5.16. Uncertainty and measurement results

Results of multiple Uncertainty
measurements, mm of Omniscan

Standard uncertainty Combined uncertainty

v ispl
Nl 4st | 2nd | 3rd U(Lg ), mm reds'jﬁjg(ym u(y)
defect | defect | defect
u(r), mm

25,51 | 15,14 | 19,06

25,62 | 15,07 | 19,37

25,37 | 15,16 | 20,06

25,47 | 15,35 | 19,49 0,0860 0,0029 0,0860

25,58 | 15,51 | 20,07

25,67 | 15,23 | 19,16

N[OOI~ WN|FE

25,49 | 15,11 | 19,93

Mean value L,
25,53 | 15,22 | 19,59
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Seven independent measurements of lengths of delaminations were obtained with Omniscan
measurement system. Resolution of Omniscan display affects on combined uncertainty as well.
Mean value of length for each delamination and uncertainties were calculated according to
equations (5.1-5.4).

In Table 5.17 the results of standard and expanded uncertainties of delamination lengths are

presented.
Table 5.17. Measurement results of delamination lengths uncertainties
Model Ls = Lo + Y, Where y is amendment of pitch of transducers
Length of delamination from S-scan Pitch of phased array
Sources of errors L p
! Error A | 0,01
Standard uncertainty u(x) 0,0860 0,006
Combined uncertainty u(y) 0,0862
Number of degrees of
freedom v 6
Probability p, % 95,45
Expansion coefficient k 2,52
Expanded uncertainty u,,, 0,2172

Combined uncertainties of delamination lengths are calculated according A type procedure.
Two amendments (display resolution and phased array pitch) were taken into account due to
their affect on result [29], [30]. Standard uncertainty of phased arrays pitch was calculated
according to equation (5.5). Combined uncertainties of delamination lengths and number of
degrees of freedom for A type procedure were calculated according to equation (5.4) and
equation (5.10) respectively. Confidence probability of 95,45 % was chosen and expansion
coefficient k was selected from Student table according to result of number of degrees of
freedom. As a result the expanded uncertainty of 1st delamination length is 25,53+0,2172 (mm),
of 2nd delamination length is 15,22+0,2172(mm), and of 3rd delamination length is
19,59+ 0,2172 (mm).

The data of measurement model of delamination length was entered in GUM Workbench
software. Results of standard uncertainties are coincides with results in Tables 5.20 and Table
5.21 calculated manually. The expanded uncertainty differs from the results calculated manually
due to expansion coefficient k=2 and probability of 95 % selected in GUM Workbench
software. In addition Monte Carlo simulation was performed in GUM Workbench software for 3
delaminations. The results of Monte Carlo simulation for all delaminations length are presented
in Table 5.18.
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Table 5.18. Monte Carlo simulation results

o Mean Standard Expanded uncertainty interval, mm
Delamination .
value, | uncertainty,
number mm mm Monte Carlo, GUM Workbench,
probability 95,45 % probability 95 %
1st 25,53
2nd 15,22 0,09 +0,22, -0,22 +0,17, -0,17
3rd 19,59

As a result interval of expanded uncertainty was calculated in GUM Workbench software

and also simulated in the same software according to Monte Carlo method. The results of Monte

Carlo simulation coincides with results calculated manually. Plots of Monte Carlo simulation for

delaminations length are shown in Fig.5.11-5.13.
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Fig.5.11. Monte Carlo simulation plot for 1st delamination length
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Fig.5.12. Monte Carlo simulation plot for 2nd delamination length
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Fig.5.13. Monte Carlo simulation plot for 3rd delamination length

As a result the uncertainty of delamination depths as well as the uncertainty of delamination

lengths for each delamination is calculated manually and using GUM Workbench software.
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CONCLUSIONS

In this thesis the joint of steel and GFRP was inspected using ultrasonic non-destructive
testing. Pulse echo ultrasonic technique has been selected as the most suitable by analyzing
different ultrasonic methods and characteristics of the sample [4].

CIVA computer modelling of joint of steel and GFRP was performed using conventional
and phased array transducers of different frequencies. Steel is almost 3 times less attenuating
material than GFRP according to results of investigation of ultrasonic fields and influence of
attenuation in dissimilar materials. Therefore the ultrasonic inspection from metal side has been
performed. In addition to that increasing the frequency of transducer the attenuation value
increases as well [16], [17]. As a result of this and taken into account sample thickness as well as
ultrasonic wavelength 3,5 MHz and 5 MHz frequencies have been selected as the most suitable
for the inspection of joint of dissimilar materials.

According to the type and dimension of defects phased array transducers were used for the
inspection due to their ability of steering of multiple elements, focusing and covering large area
of the sample without mechanical scanning [16], [24].

It was determined, that amplitude difference between reflection from the delaminations and
reflection from the interface without defect is in the range of 0,1-1,7 dB what proves the
complexity of defect location in experimental part [4]-[6].

In experimental part the Omniscan measurement system and phased arrays were used for the
inspection of the sample. As a result the delaminations were located and depths and lengths of
delaminations have been measured. In addition to that the uncertainties of all measurements were
evaluated.

In the case of inspection with 3,5 MHz phased array transducer the depth of 1st
delamination is 6,24 + 0,54 (mm), of 2nd is 6,25+ 0,54 (mm), and of 3rd is 6,25+ 0,54 (mm).
The length of 1st delamination is 25,62 +0,27 (mm), of 2nd is 15,24 +0,27 (mm), and of 3rd is
20,43+ 0,27 (mm).

In the case of inspection with 5 MHz phased array transducer the depth of 1st delamination
IS 6,23+0,43(mm), of 2nd delamination is 6,25+0,43(mm), and of 3rd delamination is

6,25+ 0,43(mm). The length of 1st delamination is 25,53+ 0,22 (mm), of 2nd is 15,22 +0,22
(mm), and of 3rd is 19,59 + 0,22 (mm).
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APPENDIX
Appendix 1. Scientific article of 12th student’s conference E2TA on the topic of “Ultrasonic

non-destructive evaluation of dissimilar material joints”
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