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ABSTRACT

This paper presents the failure analysis of aircraft antenna which is a sub-assembly of Traffic Collision Avoidance
System (TCAS) used with Air Traffic Control (ATC) transponder. The base of the damaged antenna (metallic part) is
made from Al-based alloy. The micrographs exhibit the typical solidification microstructure consisting of Al-rich matrix
along with Si- and Mg-Si-Fe- rich phases. The antenna is coated with the paint consisting of three layers. First and
third layers display the presence of Ti and C while second layer consists of Si, Cr and C elements. The small amount
of oxygen is also present in all the three layers. The cracks are appeared in the central region of the fin due to impact
of external objects (appears to be blankings and particles). Three types of foreign object damage particles are observed
on the damaged / hit area. The antenna appears to be damaged during gale as a result of hitting of the large particles
lying in aircraft parking area and aircraft engine blankings.

Keywords: Aircraft antenna; Traffic collision and avoidance system; Scanning electron microscopy; Electron probe
micro analyser; Fibre particles.

1 INTRODUCTION

The growth of airline industry has taken place exponentially during last decade. The increase in number of aircrafts
has added to the risk of mid-air collision. Consequently, this has led to destruction of lives as well as massive loss of
property. This has resulted in the development of advanced traffic collision and avoidance system (TCAS) by the
Federal Aviation Administration (FAA), other countries’ Civil Aviation Authorities (CAAs), and the aviation industry
after many years of extensive research, developments and flight evaluation [1-3]. The TCAS assembly has been
proposed by Morell [4].The TCAS is an assembly that provides a solution to the problem of reducing the risk of mid-
air collision between aircrafts [1-6]. It is also known as Airborne Collision Avoidance System (ACAS) in international
arena.

The TCAS assembly recognizes the presence of nearby aircraft by interrogating the transponders carried by the
same. It transmits interrogations at a steady rate (~ once per second) and employs a receiver to detect replies to these
interrogations from the transponders on nearby aircraft. When TCAS senses a possible collision threat, it issues a traffic
advisory to the pilot indicating the presence and location of the other aircraft. The TCAS suggests an action plan if
the encounter becomes dangerous [2-3, 7-10]. It functions based on time criteria to issue an alert and not the distance.
It calculates a time to reach the closest point of approach (CPA) with the intruder after several successive replies and
by dividing the range by the closure rate. As a result, the time value becomes the main parameter for issuing alerts.
It also defines the type of alert. The large and smaller values indicate high and low alerts, respectively. If the aircraft
transmit their altitude, the TCAS accordingly computes the time to reach co-altitude [9-10].

The antenna, which is part of TCAS, is employed in aircraft assembly to receive and transmit signals. It can be
classified as navigation and communication depending on the application. The navigation antennas are air traffic
control (ATC), TCAS distance measuring equipment (DME), weather radar (WXR), global positioning system (GPS),
automatic directional finder (ADF), satellite communication (SATCOM), instrument landing system (ILS), terminal
wireless local area network (LAN) unit (TWLU), radio altimeter (RA) etc. While the communication antennas are
very high frequency (VHF) and high frequency (HF) radios [11]. The locations of these antennas are schematically
shown in Fig. 1.
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The TCAS assembly functions independently of ground based ATC and provide collision avoidance protection [8].
The TCAS antenna offers a directional reception of radio signals from ATC transponders of other aircraft. It is also
called directional antenna. This is installed below as well as above the fuselage (Figs. 1 and 2). A sub-assembly of
TCAS which is an Omni-directional antenna used with ATC transponder has been received in damaged condition.
This has been employed to transmit and receive aircraft code and altitude. This component has been found in
damaged condition during the daily inspection of the aircraft immediately after experiencing gale with strong surface
wind. The aircraft engine blankings came off, flew and rolled on the runway during gale. Present work is thus
concerned with the failure investigation of damaged aircraft antenna.
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Figure 1: Typical navigation and communication antennas locations of the Boeing 787 aircraft [11].
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Figure 2: Schematic diagrams of: (a) aircraft; (b) top and (c) bottom antenna.
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2 EXPERIMENTAL

Visual examination was carried out on damaged aircraft antenna followed by photography in as-received condition.
The X-ray radiography of the damaged antenna has been carried out to see the internal structure of the same (Philips:
model No: MG 452 with 450 kV).The chemical composition of the damaged aircraft antenna was determined using
Scanning Electron Microscopy (SEM: Leo 440i) and Electron Probe Micro Analyser (EPMA: SX 100 CAMECA). The
Foreign Object Damage (FOD) particles were analysed using SEM. The microstructural characterization was carried
out using optical microscope (OM), SEM and EPMA. Line scan profiles and X-ray mapping of elemental distribution
were carried out using EPMA. The chemical composition of the metallic part of the antenna was obtained by EPMA
and given in Table 1.

Table 1-Chemical composition of metallic part of damaged antenna (wt. %).

Al Mg Si Mn Zn Cu Ti
Bal. 0.19 1.15 0.015 0.03 0.03 0.26

The antenna was broken to see the fracture surface of the metallic part. Fracture surface was examined in Secondary
Electron (SE) mode in SEM. Energy Dispersive Spectroscopy (EDS) was employed for elemental analysis in the
damaged area at different locations.

3. RESULTS

3.1. Visual Examination

The photograph of the damaged antenna in as-received condition is shown in Fig. 3. This clearly shows that the
component has impact marks at the three distinct locations marked by A, B and C (Fig.3). The enlarged views of
these locations are shown in Fig. 4 (a-c) corresponding to A, B and C locations (Fig. 3), respectively. It appears that
a hard object has hit the antenna at these locations. As a result, paint layer has either come out (Figs. 4 (a and c)) or
peeled off (Fig. 4b). The hits at points A and C have created dent marks. The areas near point B have not displayed
dents but the removal of paint layer only (Fig. 4b). There appears to be thin layer of paint applied at the base of the
fin in the past during servicing.

The impact at A caused some damage to base of the antenna while the impact at C that happened to be the tip
of the fin resulted in severe cracking in the middle of the fin due to bending forces created by impact of the high
velocity object. The paint of the antenna is very hard and not easily scratched or damaged. This has been tested by
hammering at the base of the antenna. The removal of paint at the tip of fin in Fig. 4c therefore indicates that the
fin has been hit by a quite hard object. This has resulted in damage observed in antenna. In addition, antenna also
displays multiple cracks initiated from one end to other of the fin (Fig. 3). The high magnification photographs of
these cracks are shown in Fig. 4 (d-f). These cracks are quite deep and appeared on both the side of antenna (Fig. 4
(d-f)).

3.2. X-Ray Radiography

The X-ray radiograph taken from the damaged antenna is shown in Fig. 5. The blue lines are drawn on the radiograph
to understand the internal structure of the component more clearly. The cracking observed is highlighted by white
rectangular box (Fig. 5). The parallel blue lines shown in the white rectangular box indicate the presence of light
material due to absence of contrast in radiograph of that region.

Figure 3: The photograph of the damaged antenna in as-received condition.
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Figure 4: (a), (b) and (c) are corresponding to enlarged views of the A, B and C locations (Fig.3) displaying impact
marks; (d), (e) and (f) are enlarged views of the antenna exhibiting multiple cracks at middle of the fin.

Figure 5: X-ray radiograph of the damaged antenna. Cracking area is indicated by white rectangular box.

3.3. EDS Analysis and Fractography

The damaged antenna is broken to see the internal structure and mode of fracture. The photographs of the broken
pieces are shown in Fig. 6. These pieces are marked as X, Y and Z. The close view of piece marked as Z is displayed
in Fig. 6b. The antenna consists of the three layers (top, middle and inner) as shown in Fig. 6b. The internal structure
of the antenna also consists of the connecting wire (Fig. 6b).

In order to know the layers compositions, the EDS analysis has been carried out at different locations of the Fig.
6b. The EDS patterns taken from the top, middle and inner layers are shown in Fig. 7 (a-c). The top layer exhibits
the presence of C, O, Ti, Fe, Al, Si and Ti elements (Fig. 7a). This indicates the presence of the paint material. The
EDS pattern of the middle layer displays the presence of Al, Mg and Si (Fig. 7b). The middle layer is basically an Al-
based alloy. The inner layer exhibits the presence of Si, O and C (Fig. 7¢). It reflects that the inner layer is made up
of Si-based material.

The dent mark at location A (Fig. 3) reveals the presence of several foreign particles. These particles are marked
as a, b, ¢, d and e on the SE SEM (Secondary Electron (SE) mode in Scanning Electron Microscopy (SEM)) images and
their corresponding EDS patterns are shown in Figs. 8-12. The particle marked as a is shown in Fig. 8a and
corresponding EDS pattern is exhibited in Fig. 8b. The EDS pattern reveals the presence of Na, O and Cl along with
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the base material Al. The particle b is shown in Fig. 9a. The corresponding EDS pattern is displayed in Fig. 9b. It
exhibits the presence of O and Si indicating that the particle b is Si rich.
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Figure 6: Broken pieces of the damaged antenna: (a) all pieces together and (b) close view of the Z in (a).

< (a) al (b) (€)
c
@
=
3
Q
Q
Si
o
Mg B
06 12 1.8 24 3.0 3.6 42 48 06 1.2 1.8 06 12 18

Energy (keV) —_—

Figure 7: The EDS patterns taken from: (a) top, (b) middle and (c) inner layers of the Fig.6b.
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Figure 8: SE SEM image: (a) particle a in damaged portion of the antenna (location A) and (b) corresponding EDS
pattern of particle a.
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The SE SEM images showing fibre particles marked as ¢, d and e are shown in Figs. 10-12. The fibre particle ¢ (Fig.10
(a and b)) exhibits the presence of C, O, Al, Si and Ca elements. Among these, the elements Al is from the base
material. The large amount of Si in this particle probably appears partly from the base as well as from particles lying
on the ground (aircraft parking area). The source of Ca appears to be from the later particles. The fibre particle d
(Fig. 11 (a and b)) shows the presence of C, O, Mg, Al, Si and Fe. As mentioned above, the presence of these elements
except Al are due to particles lying on the ground. The fibre particle e (Fig. 12 (a and b)) displays the presence of C,
O, Al, Si and S. The elements like Mg, Al and Si form the particles e are from the base material.

The fracture surfaces taken from the location marked as W (Fig. 6a) are shown in Fig. 13. The fracture surface
exhibits the presence of two distinct features (Fig. 13b). These are marked with white and black square boxes. The
high magnification images corresponding to Fig. 13b (marked with white and black square boxes) are shown in Fig.
13(c and d). The high magnification SE SEM image taken from the white square box (Fig. 13b) is depicted in Fig. 13c.
This exhibits characteristic appearance of shrinkage casting dendrites. In addition, it also displays the presence of
porosity. The high magnification SE SEM image taken from the black square box (Fig. 13b) is shown in Fig. 13d. The
fracture surface exhibits the presence of dimples (marked by yellow arrows in Fig. 13d) and flat facets (marked by
blue arrows in Fig. 13d). The type of fracture is mixed mode.
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Figure 9: SE SEM image: (a) particle b in damaged portion of the antenna (location A) and (b) corresponding EDS
pattern of article b.
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Figure 10: SE SEM image: (a) fibre particle c in damaged portion of the antenna (location A) and (b) EDS pattern
corresponding to fibre particle c.
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Figure 11: SE SEM image: (a) fibre particle d in damaged portion of the antenna (location A) and (b) EDS pattern

corresponding to fibre particle d.
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Figure 12: SE SEM image: (a) fibre particle e in damaged portion of the antenna (location A) and (b) EDS pattern

corresponding to fibre particle e.

Figure 13: The fracture surfaces of the location W of the Fig. 6a: (a) low and (b) high magnifications. Different features
in (b) are shown as square white and black boxes; SE SEM high magnification images of Fig. 13b corresponding to

regions marked with: (c) white and (d) black square boxes.
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3.4. Chemical Composition and Microstructure of Base of the Antenna (Metallic Part)

The chemical composition of base of the damaged antenna (metallic part) determined from EPMA is shown in Table
1. This indicates that it is made from Al-based alloy. The optical microstructures of the as-received base of the antenna
exhibit the typical solidification microstructure (Fig. 14). It displays the presence of two phases namely, primary a-Al
phase with dendrites surrounded by the eutectic Al-Si (Fig. 14 (a and b). Optical microstructure taken from the edge
showing different layers of paint (Fig. 14 (c and d).

The BSE SEM (Back Scattered Electron (BSE) mode in Scanning Electron Microscopy (SEM)) microstructures taken
from the cross section of base of the antenna are shown in Fig. 15. The microstructures exhibit the presence of three
phases (matrix, grey and white as marked in Fig. 15b). The EPMA X-ray elemental mapping has been carried out on
these phases and results are shown in Fig. 16. The distribution of Al is displayed in Fig. 16b. The elemental mappings
of Ti, Fe, Mg and Si are exhibited in Fig. 16 (c-f). It is clear from the Fig. 16 that these microstructures consist of three
phases. These are Al-rich matrix along with Si-rich (grey) and Mg-Si-Fe rich (white) precipitates.

Figure 14: Optical microstructures of the base of the antenna: (a) low and (b) high magnifications; optical
microstructure taken from the edge showing different layers of paint: (c) low and (d) high magnifications.

Figure 15: The BSE SEM microstructures of cross section of the base of the antenna: (a) low and (b) high
magnifications.
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Figure 16: EPMA X-ray elemental mappings of cross section of base of the antenna: (a) BSE image (b) Al, (c) Ti, (d)
Fe, (e) Mg and (f) Si distributions in corresponding BSE image.
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Figure 17: (a) BSE EPMA image taken from the edge consisting of three layers of paint. The region of line scan on
paint is shown by double arrow (in red colour) and (b) EPMA elemental line scans taken from the double arrow
shown in red colour in Fig. 17a.
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The optical microstructures taken from the edges show the paint layer at the edges (Fig. 14 (c and d).The paint is
shown by double arrows in Fig. 14 (c and d). The high magnification image (Fig. 14d) exhibits that the paint consists
of three layers. These layers are marked as 1, 2 and 3 (Fig. 14d). The thicknesses of layers 1, 2 and 3 are ~ 25, 50 and
90 um, respectively. The microstructures and paint shown in Fig. 14 have been investigated in detail by EPMA. The
EPMA elemental line scans of the paint (shown in Fig.14) are exhibited in Fig. 17. As mentioned above, paint consists
of three layers (Figs. 14 and 17). The first and third layers display the presence of Ti and C while second layer shows
the Si, Cr and C elements (Fig. 17b). The small amount of oxygen is also present in all the three layers.

4. DISCUSSIONS

The chemical composition determined from the EPMA indicates that the metallic part of antenna is made up of Al-
based alloy (Al-Mg-Si). The microstructure exhibits the presence of solidification microstructure indicating that the
metallic part of antenna is made in as-cast condition of the material. The as-cast material shows the presence of three
phases namely; Al-rich matrix along with Si-rich (grey) and Mg-Si-Fe rich (white) precipitates (Figs. 14 and 15). Similar
microstructural features are also reported elsewhere in as-cast Al-Mg-Si alloy [12].

Impact of the object with the antenna has removed paint only. No cracking is observed in the metallic part of
the antenna. The X-ray radiograph of the damaged antenna reveals that the presence of severe cracking in middle
part of the fin which is made up of a Si based material (Fig. 5). The cracks are appeared in the central region of the
fin due to impact of an external object (appears to be blankings and particles in the present case). X-ray radiography
observations also show that the fin has been cracked at locations where only Si based material is present inside the
fin structure. Cracking observed is highlighted with the white rectangular box (Fig. 5). This can be attributed to hitting
of the object at the top of the fin (location C of Fig. 3).

As mentioned above, the paint consists of three layers with different thicknesses. Chemical compositions of the
layers 1 and 3 (Fig. 14d) are same while the layer 2 is different. As a result, the contrast of the layers 1 and 3 are
nearly same in optical microstructure. Three layers are intact with the metallic part. As mentioned above, the fracture
surfaces exhibits two distinctive features: (i) shrinkage casting dendrites along with porosity and (ii) ductile dimples
and flat facets. Hossain and Kurny [13] have observed the similar fracture features in as-cast Al-Si-Mg alloy with Cu
contents. Jerner has also reported the similar fracture features in as-cast aluminium alloy [14].

The location A (Fig. 3) exhibits the presence of three types of FOD particles namely small particles and fibres. The
small FOD particles (a and b) display the presence of O, Na, Al, Cl (Fig. 8) and O, Si elements (Fig. 9). The former
and later particles are Cl and Si rich, respectively. The presence of Al particularly in particle a is from the base material.
The source of small FOD particles might have come probably from the ground (aircraft parking area) during gale.
The SE SEM images (Figs. 10-12) display that these particles are fibres (third type FOD particle). The fibre particles
exhibit the presence of C, O, Ca, S and Fe apart from the base material elements (Al, Mg and Si). These fibre particles
are undamaged (Fig. 10a), damaged (Fig. 11a) and bent (Fig. 12a). The lengths of fibre particles are different at
different regions in location A. However, these fibre particles display two distinct compositions: (i) the particles c and
d mainly consists of Si, Ca, O, C and Mg. The main source of these particles appears to be large particles lying on the
aircraft parking area. These particles might have hit the antenna during gale. (ii) The particle e reflects the presence
of C as major element. It appears that the source of this particle is from the aircraft engine blanking material. It has
been reported that the aircraft engine blanking material is made up of C fibres. It emerges that all the three types of
particles as mentioned above might have hit the antenna during gale. Surprisingly, the location C (Fig. 3) does not
show the presence of FOD particles. This can probably be attributed to extent of hitting which is not sufficient to
leave any FOD particles at the location C (Fig. 3).

5. CONCLUSIONS
Microstructural attributes of failed aircraft antenna in both the un-damaged and impact mark regions have been
investigated. The main findings of the results are summarized below.

(a) The antenna appears to be damaged due to hitting of the large particles lying in aircraft parking area and
aircraft engine blankings during gale.

(b) Three types of FOD particles are observed on the damaged / hit area. The small FOD particles appear to
come from the ground during gale. The large numbers of FOD particles are in the form of fibres.

(c) The source of fibre FOD particles is from aircraft engine blankings material.
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