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Abstract

The manufacturing procedure of Fibre Metal Laminates (FMLs), such as Glare, consisting of
alternating layers of pre-preg fibre and metal sheets is relatively complex, and defects can be
introduced during manufacturing. The automation of the manufacturing steps is vital for future Glare
production, and specific defects have to be considered. Among them, gaps between pre-preg plies
represent a potential risk for the mechanical performances of the final laminate. In this paper/research,
non-destructive testing (NDT) based on ultrasonic inspections are performed on Glare laminates with
pre-preg gaps in order to extend and improve the current state of the art to different pre-preg gap
widths, depths, and specimen lay-ups. Firstly, gaps were introduced in Glare specimens. Then, a
conventional C-scan ultrasonic inspection is performed. In order to overcome the current limitations of
a top or planar view of the laminates, the evaluation of the depth of the gaps in the laminates is
performed by means of phased array pulse-echo ultrasonic testing (PAUT). Lastly, images of the
laminate cross-section cut-outs have been collected in order to provide a meaningful evidence of the
ultrasonic-based analysis. Results from different Glare lay-ups and gap widths and depths show the
accuracy of the proposed investigation which is able to provide a detailed assessment of the gap
occurrences also for very thin laminates, paving the way for portable and faster quality control
strategies for future automated Glare manufacturing.
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1. Introduction

FMLs represent an available and effective material class for applications in primary aircraft
structures. Metal layer thicknesses ranging from 0.2 to 0.4 mm represent the optimal values. Glare, a
member of FMLs, is composed of aluminium 7475-T761 or 2024-T3 and unidirectional S2-glass
fibres embedded with FM94 adhesive, with a nominal thickness of 0.127mm. The pre-preg is laid in
different orientations between the aluminium alloy sheets (as shown in Figure 1), leading to different
standard grades [1]. For instance, a Glare 3-2/1-0.3 refers to a laminate with 2 aluminium sheets of 0.3
mm of thickness, and 1 cross-ply (0/90) pre-preg composite. Laminates made of Glare are currently
used on the sections of the fuselage of the Airbus A380.
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Fig. 1. Typical laminate lay-up for Glare [2].

The Glare superior behaviour in terms of fatigue crack initiation and growth, impact and fire
resistance, and residual strength with respect to monolithic aluminium leads to weight and cost
production savings [3-5]. The current production process is based on manual steps, such as aluminium
sheets pre-treatment and bonding primer application, lay-up, NDE, and milling after the laminate
curing [6].

To improve the production rate and to reduce the production cost, automated manufacturing of
FMLs represents a significant goal for future applications in the aerospace field. One possible solution
is to use automated tape laying process (ATP) for pre-preg roll in conjunction with picking-and-
placing for the aluminium sheets [7,8].

As all the materials that are manufactured and used in structural components, also Glare is
susceptible to defects or damage during the manufacturing and assembly stages, such as delaminations
[1], inclusions [9], voids and porosity [1], disbonds [1,10], surface defects [9], fibre misalignment
[11], and buckling [12], or during the operational life, like surface damage, penetration damage, matrix
and aluminium cracks. Hence, a proper NDT routine is of utmost importance for a reliable Glare
component quality control [13].

Various inspection methods have proven their effectiveness in the detection of different
defects and damages in Glare structures. The most consolidated are based on ultrasonic C-scan
inspections [9,14-18]. Ultrasonic inspections are based on differences in sonic transmission of
different materials and reflection on interfaces in laminates. Ultrasonic waves (frequency f > 50 kHz)
are transmitted through the laminate under inspection. Since the frequencies are so high, very short
wavelengths are generated. This implies that very small discontinuities can be found because their size
is approximately in the same order of magnitude as the wavelength. However, Glare poses a great
challenge for ultrasonic-based NDT due to its anisotropic nature, the complex structure
comprehending interlaminar doubler, spliced areas, etc., and the thickness of the laminate [19,20].

Among other well-known NDT techniques used in Glare it is worth mentioning ultrasonic
Lamb wave propagation [21,22], eddy current testing [13,16], x-ray radiography [16], thermography
[23], and shearography [24]. In addition to the different constraints inherited in each single
methodology, the common drawback is related to the limitation during in-service operations.

In order to perform reliable in-service inspections, the use of multiple ultrasonic arrays,
namely phased array pulse-echo ultrasonic test (PAUT), have seen a great increase for NDT purposes
[25]. This method can perform inspections with a relatively small mobile unit requiring only one-side
access to the material. The advantages also entail the flexibility that allows a particular array to
perform a range of different inspections from a single location, and the rapid visualization of the inner
structural component [25,26].



In order to enhance the application of PAUT for Glare components, this paper presents an
improved NDT routine for the detection and the evaluation of pre-preg gaps in Glare laminates. The
presence of pre-preg gaps, resulting due to fibre placement movement, tow width variation, or
complexity of manufactured part [27], has proven to negatively affect the mechanical properties both
for fully composite materials [8,28-33] and also for Glare laminates [15,34], and it will constitute a
potential issue for the future automation of Glare manufacturing [7,35].

A previous work by Airbus [20] has shown the results of a phased array inspection in terms of
the detection of the presence and of the depth of defects such as splices/gaps, and overlaps. However,
a comprehensive analysis of the sensitivity of the methodology with respect to different Glare lay-ups
and defect widths along with a validation with the results obtained from a consolidated routine such as
the C-scan is missing.

The paper begins by presenting illustrations of the manufactured Glare specimens with pre-
preg gaps. Then it briefly describes the adopted C-scan and PAUT methodologies and the related
experimental results. The discussion then focuses on the analysis of the gaps performed by means of
microscope images of the specimens cross-section.

Results show the effectiveness of the proposed PAUT approach for the detection of the width
and the depth of gaps in different Glare lay-ups, along with future strategies for more reliable phased
array inspections.

2. Materials and methods
Two square Glare laminates with different lay-ups and gaps of different widths have been
considered for the current investigation. Table 1 summarizes the features of the adopted laminates.

Table 1. Details of the manufactured laminates with gaps.

. . . Position of the
Laminate ID Glare features Dimensions N° gaps Width of the gap gap
[mm] [mm] |
(ply)
2
1 3-2/1-0.3 200x200 3 6 o
0
10
2 3-3/2-0.3 280x280 2 5

Figure 2 and 3 show the sketches of the laminates highlighting the features and the gaps
position.
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Fig. 3. Laminates ID 2 with gaps.

The laminates, have been subjected to ultrasonic non-destructive inspection in order to
evaluate the effect of the presence of the manufactured gaps.

2.1. Non-destructive testing: C-scan

The adopted C-scan experimental set-up is shown in Figure 4, with the top and bottom
squinters in the foreground. A schematic draw of the whole facility is reported in Figure 5.



Figure 4. C-scan top and bottom squirters.
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Figure 5. Sketch of the C-scan facility [9].



The adopted C-scan set-up is described as follow. The diameter of the ultrasound beam created
by the transducer has been set equal to 8 mm, with a resolution of 1 mm (one pulse/mm) for the
scanning pattern. The scanning rate has been set equal to 200 mm/s. The water squinters (water is used
as a medium) have been placed at a distance of 20 cm, with the laminates placed between the
squinters. The transducer frequency was set at 10 MHz since this represents the most sensitive
frequency for general Glare quality assessment [9]. Table 2 summarizes the adopted C-scan setup.

Table 2. Data of C-Scan runs for the gaps investigation.

Width of the ultrasound beam [mm] 8

Scanning pattern resolution [mm] 1
Scanning rate [mm/s] 200
Transducer distance [cm] 20
Transducer frequency [MHz] 10

2.2. Non-destructive testing: Phased Array pulse — echo ultrasonic tests

The ultrasonic Phased Array pulse — echo Ultrasonic Tests (PAUT) was used with OmniScan
MXU-M ultrasonic defectoscope (Olympus, Japan). Figure 6 shows the used phased array transducer
features in detail. The phased array transducer had 64 active piezoelements operating at a frequency of
5 MHz (Olympus 5L64 A12, Japan). The head used the delay line with 10.15 ps wedge delay (the
SA12-OL wedge line Olympus, Japan). Linear scan at 0° wave angle was used. Scanning size (active
aperture) was 38.7 mm. The virtual aperture (VPA) was 8 piezoelements.
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Fig. 6. The scheme of PAUT set up.

The A-scans were used for attenuation measuring (pulse-echo signals from one piezoelement).
The B-scans (view from all piezoelements) were used to measure the total thickness of laminates and
to measure the gap width and depth. Because of multi reflections of ultrasonic wave in fibre metal
laminates caused by layers with different acoustic impedance (anisotropy of the material through the
thickness) the measurements were provided in first pulse and echo of waves signals as well as in the
second (derivative) reflection of wave. The measurements of the gaps depth as well as the panel
thickness the velocity of the ultrasonic wave is required. The analytical method were used. In case of
fibre metal laminates the wave velocity (vem ) can be considered as a combination of the wave
velocities in metal (vm) and composite (vc). Based on the simplification that the wave propagates in



different layers at different rates it is possible to compute the approximated value of the wave velocity
using Equation 1.

VEML = (MVF * VM) + (1 - MVF) * Ve (1)

where:
MVF is the Metal Volume Fraction [1]
vm — is the ultrasonic wave velocity in aluminium. The value 6300 m/s were used (Olympus technical
data sheet)
vc — is the ultrasonic wave velocity in S2-FM94. The value 2900 m/s were used (Olympus technical
data sheet).

Based on (1) the ultrasonic wave velocity for each specimen, the proper PAUT set up was
evaluated and adopted.

3. Experimental investigation
3.1. C-scan

Figures 7 and 8 show the C-scan results of the Glare. A 6 dB value is used as a threshold level
to evaluate the attenuation of flawed spots with respect to a reference flawless area. The palette colour
scales on the left side of the figures are manually adjusted for a better representation of the results.

The red areas refer to the areas with higher attenuation (area where ultrasonic wave is
disrupted by some changes inside the material), according to the palette on the left side. Note that the
red areas at the sides of the laminates are due to the scanning pattern that goes outside the specimens
dimensions and although they are visually as red as the gap area their dB attenuation value is higher
(10 dB higher on average).

C-scan images reveal that (i) the gaps produce a course which for gaps of 5, 6, and 10 mm
causes a higher attenuation at the edges of the course (red colour), while (ii) the area at the centre of
the course has a lower attenuation compared to the edges. It is important to address the fact that only
the right edge of such course presents a higher attenuation with respect to the left edge. Since this
phenomenon occurs for both of the laminates the reason might be found in the adopted direction of the
scanning pattern. The understanding of such occurrence is beyond the scope of the present section
which aims at the detection of the gaps. However, in order to fully understand the reasons for areas of
different attenuations, an optical investigation by means of microscope images of cross section cut-
outs will be given in the following section 4.

For the gap of 2 mm instead, (iii) this effect does not manifest, and only a lower attenuation
area with respect to the reference gapless areas is visible. For ID 2 laminate, the effect described in (i)
is clearly visible for the gap on the left, and this is due to the different position of the two gaps along
the thickness of the laminate.

In Table 3 the average attenuation values of gaps area are reported for the two laminates. Five
random points in the highest attenuated areas are considered for the average computation.

Table 3. Average attenuation levels of the laminates.

Average attenuation level [db]
Laminates ID Reference Left Gap Middle gap Right gap
1 208.8+5.4 221417 2228+ 15 180.0+11.3
2 207.2+0.4 2210+ 20 / 209.6 £ 3.7




From Figures 7 and 8 it is also possible to compute the width of the gaps. Such evaluation is
performed by a dedicated ruler option available in the post processing tool. The values were taken
measuring horizontally the start and the end of the red stripe.

Five random positions along the length of the gap have been selected for the average
computation. The average values reported in Table 4 shows that there is a general trend for which the
gap width is slightly overestimated.

Fig. 7. C-scan image of ID 1 laminate.

Fig. 8. C-scan image of ID 2 laminate.



Table 4. Average gap width of the laminates from C-scan images.

Average Width [mm]

Laminates Left Gap Middle gap Right gap
ID Manufactured | Detected | Manufactured | Detected | Manufactured | Detected
1 10 9.8+04 6 7.0+0.7 2 24+05
2 5 7.0+£0.7 / 5 6.6 £0.5

3.2. Phased Array pulse-echo ultrasonic tests

The results of PAUT ultrasonic scanning of 1D 1 laminate are presented in Figure 9.
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Fig. 9. Phased array B-scan test results of ID 1 laminate: manufactured gap width 2 mm (a), 6 mm (b)
and 10 mm (c).

The PAUT results of ID 1 laminate present the cross sections (B-scans) of the laminate where
area of intensive reflections of ultrasonic wave can be observed. Based on comparison of the cross
section views through all the laminate areas, the regions with gaps were separated (see Fig. 9). Some
anomalies in laminate layers can be noted especially in secondary reflections of UT wave. It can be
observed that bottom lines are intermittent (Fig. 9) what corresponds to local disturbances of wave
propagation in a laminate. Such anomalies as presented in Fig. 9 are synonymous with the presence of
a defect inside the laminate. Because of small attenuations of the wave were noted (as reported in
Table 5) the probability of gaps in such regions was assessed. Two arrows described as “gap” on
figure 9 were drawn as a representation of first and second wave reflection because of the gap. The
attenuation level of 20-25% is due to no empty spaces in material in gap region. E.g. in case of
delamination, the inclusion of a foreign object such as foil or high porosity the attenuation of more
than 50% is normal.

Secondly, based on physical parameters of the ultrasonic transducer (known width of active
aperture in transducer) the width of each gap was determined (as presented in Table 5) as a width of a
changed signal line because of higher attenuation (see. Fig. 9). According to wave signal recognition
of the lower surface of Glare and the velocity of the ultrasonic wave propagation in the tested material
the laminate total thickness was determined. Moreover, the depth of each gap was estimated. The
depth should be considered as the top surface of the gap even if the gap has some thickness. However
it should be considered that if the gap width is small, the detection becomes more difficult. Based on
the B-scan analysis it can be assumed that the gap identification is possible as well as detailed
dimensioning of the gaps.

The results of PAUT ultrasonic scanning of ID 2 laminate are presented in Figure 10.
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Fig. 10. Phased array B-scan tests results of ID 2 laminate. Bottom gap (a) and top gap (b).

In case of a more complex laminate (three aluminum layers and two composite layers) the
total thickness of the specimen and the amount of interfaces with different acoustic impedance
increase. These factors make the pulse—echo ultrasonic method less suitable for the observation of the
defects. However, the 5 mm gap at the bottom of ID 2 laminate was easy to recognize (see. Fig. 10a)
whilst the gap at the top was barely visible (see. Fig. 10b). The difficulties of top gap visualization is
due to much lower attenuation in comparison with the bottom gap. The lower attenuation level in the
case of laminate ID 2 can be the reason of the gap position near the transducer surface (close field).
However, as in the case of ID 1 laminate the quantitative analysis of gaps in ID 2 laminate were
possible. The gap widths and laminate thickness and each gap position through the thickness were
determined. In Table 5 the overall results are presented.



Table 5. Phased Array pulse — echo ultrasonic tests results of GLARE panels.

Total panel thickness (t) . Position (d)

Laminat [mm] Gap E,rvrll ?T;[T (W) (through the thickness) | Attenuation
aminate [mm] [%]
manufactured | measured | manufactured | measured theoretical measured

042<d<
2 2.06 0.55 0.73 24
042<d<
1 6 6.15 0.55 0.70 25
0.86 1.04 042<d<
10 10.47 0.55 0.71 22
0.98<d<
2 5 5.61 111 094 3
1.40 1.44 5 5.54 0.3<d<043 0.31 21

The quantitative analysis of gaps in tested laminates by using the PAUT technique shows good
correlation between measurements and manufactured gap width and position, especially in case of ID
2 laminate. However, in case of ID 1 laminate (thinner laminate) some mismatch can be observed. In
particular, 18% and 21% of mismatches for the thickness and for the depth values are obtained,
respectively. The reason can be the found in the overlapping of the reflection signals from the lower
surface with another surface such that a proper separation of the signal from the lower surface is
possible. The result shows how thin laminates are sensitive for the quantitative evaluation of inner
damages . The 21% mismatch is not significant when the laminate thickness is lower than 1 mm (the
missed dimensions are small, no more than 0.2 mm) since the methodology can be still developed and
the presented results can be still improved. In general, taking under consideration the laminate
thickness and possibilities of gap depth assessment, it can be concluded that PAUT method allows
enough approximate NDT of gaps in advanced level.

3.3. Signal to Noise Ratio analysis

Signal to Noise Ratio (SNR) is a measure used in science and engineering that compares the
level of a desired signal to the level of background noise. SNR is defined as the ratio of signal power
to the noise power, often expressed in decibels. A ratio higher than 1:1 (greater than 0 dB) indicates
more signal than noise. The use of the Signal to Noise Ratio index was delivered for the purpose of the
gap comparison as a derivative of their features (Eg. 2) [36].

SNR [dB] =10 log 10M ()
f(x,y)_B
where:
f(x,y) S — is the value of the signal in the gap area (signal value);
f(x,y) B —is the value of the signal outside* the gap area (noise value).
*Qutside the gap area refers to a random spot on laminate surface assuming the good quality of the laminate.

The SNR coefficient along with the gap position and the gap width were considered. The SNR
coefficient were not used as a criterion of NDT method but as illustration of reaction of ultrasonic
wave over the gap according gap width and depth. Figure 11 illustrates the dependences of SNR and
ratio of gap position to total panel thickness (d/t) and SNR ratio vs measured gap width.
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In case of ID 1 laminate, (the gaps depths were constant) the SNR coefficient is nearly constant, even
if the gaps width were different. In case of ID 2 laminate which have the same gaps width but different
gaps depth some differences can be observed. SNR is about 20% lower in case of bottom gap because
the higher value of SNR means worse detectability of gap. This is in agreement with the cross section
analysis where the top gap was barely visible (as shown in Figure 10b). It can be assumed that gap
depth can be a factor affecting the SNR coefficient value.

It was noted that the SNR coefficient is nearly the same for of all gaps in ID 1 laminate. Furthermore
the SNR coefficient was different about 20% in case of ID 2 laminate even if the gaps width was the
same. Based on the presented SNR relation to gap width (see Fig. 11b) it can be assumed that the
width of gap has a limited influence to SNR coefficient.

3.4. Microstructure investigation

In order to understand the effect of the gap in the final cured laminate cross section cut-outs
have been considered for gap microstructure investigation by means of a digital microscope.
Figure 12 shows two cut-outs from ID 1 laminate related to the gap on the right (2 mm).

Al

gap void

0.1 mm

Fig. 12. Cut-outs of ID 1 laminate: right gap.

It can be seen from Figure 12 that the gap is filled with the epoxy from the adjacent pre-preg.
However, a complete coverage of the gap area is not achieved and a void between the upper 90° fibres
and the lower epoxy is clearly visible.



Figure 13 shows the cut-out from the gap in the middle (6 mm) of ID 1. What can be observed
is that here the fibres from the top ply (90°) experience a pronounced waviness which occupies the gap
that the epoxy from the adjacent pre-preg would not fill, as seen in Figure 12 for the gap of 2 mm.
Therefore a higher gap width is accompanied by a higher fibre waviness. The same result is obtained
from the gap on the left (10 mm) and also for the gaps of the ID 2 laminate.

Fig. 11. Cut-out of ID 1 laminate: middle gap.

This waviness tendency explains also the reason for areas of different attenuation for the
widest gaps (width > 2mm). Figure 14 shows the begin of the left gap in ID 1 (gap width of 10 mm). It
is shown that the waviness effect is not able to fill the gap and therefore three areas appears: (1) the
fibres just before the gap (flawless material with the dark grey colour in the C-scan images), (2) the
void (flawed material with the red colour in the C-scan images on the edge of the gaps lane, and (3)
the epoxy which has flown in the gap from the adjacent pre-preg (light grey colour in the C-scan
images in middle of the gap lane).

R e

Fig. 14. Detail of the left gap in ID 1 laminate

From the cut-outs, the actual average width of the gaps in the laminate after the cure has been
evaluated. The width of the gaps is measured considering the space left between the group of fibre on
the left and on the right of the gap. The values are reported in Table 6.



Table 6. Average gap width of the laminates from microscope images

Average Width [mm]
laminate Left Gap Middle gap Right gap
ID Manufactured Actual Manufactured Actual Manufactured Actual
1 10 9.3+04 6 50+0.1 2 1.0+0.1
2 5 53+0.2 / 5 42+0.1

Results show that there is a general trend in which the gap width reduces during the cure cycle
of the laminate. Only for the left gap from ID 2, the average value is higher than the intended
manufactured width. The most probable reason is that during the manufacturing the gap width has
been wrongly made higher. However, the results show that the gap width that can be estimated from
the C-scan images (see Table 4) is on average higher than the actual one.

The gap dimensions summary for NDT methods presented in Table 7 shows satisfactory
correlation between the NDT measurements and the real values.

Table 7. Summary of the gap width detection.

Laminate Average Width [mm]
Manufactured C-scan PAUT Measured
2 24+05 2.06 1.0+0.1
3-2/1-0.3 (ID1) 6 7.0+0.7 6.15 5.0+0.1
10 9.8+0.4 10.47 9.3+04
5 7.0+0.7 5.61 53+0.2
3-3/2-0.3 (1D2) 5 6.6 £ 0.5 5.54 42+0.1

As it can be observed the PAUT as well as C-scan methods might slightly overestimate the
actual gap width. The above can be connected with the diffraction phenomena of ultrasonic waves on
the edges of gaps. However results show the reliability of the refined PAUT inspection for the
through-the-thickness gap position detection even for very thin laminates, paving the way for fast and
successfully NDT for future automated manufactured Glare laminates.

4. Conclusions

Glare represents an effective material for application in primary aircraft structures. Currently,
the development of new automated manufacturing methods can lead to additional problems in Glare
quality such as gaps and/or overlaps in internal composite layers. This is the reason why non-
destructive inspection methods of Glare should be still improving in order to evaluate more accurate
details about the presence of the defects.

The work presented a NDT routine of Glare specimens based on ultrasonic inspection.
Consolidated C-scan and PAUT techniques have been considered for the detection of pre-preg gaps in
Glare laminates.

However, the use of PAUT is extended to perform a detailed analysis of the defects in terms of
detection, extension and depth estimation of the gaps. It was observed that the cross section
visualization based on B-scan technique is promising for gaps with different widths and depths even in
thin laminates as well as in complex FMLs such as 3/2 or 4/3 etc. Nonetheless, in order to make a
correlation between the gap depth and the ply at which the gap occurs additional strategy can be
developed in the future based on specially designed reference laminates with gaps.
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