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Article history: Failure analysis has been, throughout the years, a fundamental tool used in the aerospace sec-
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- h The predicted service life of aircrafts often exceeds 40 years, and the design assured life rarely
Available online 31 March 2016

accounts for all in service loads and in service environmental menaces that aging aircrafts must
deal with throughout their service lives.
K?ywordsﬂ ) From the most conservative safe-life conceptual design approaches to the most recent on-
Aircraft fa}lure analysis condition based design approaches, assessing the condition and predicting the failure modes
Case studies . . .
Sustainment engineering of com.ponent.s and materl.alls are essential for the develo.pment of adequ.ate. pr.eventlve and
Service life corrective maintenance actions as well as for the accomplishment and optimization of sched-
uled maintenance programs of aircrafts.
Moreover, as the operational conditions of aircrafts may vary significantly from operator to op-
erator (especially in military aircraft), it is necessary to access if the defined maintenance pro-
grams are adequate to guarantee the continuous reliability and safe usage of the aircrafts,
preventing catastrophic failures which bear significant maintenance and repair costs, and
that may lead to the loss of human lives.
Thus being, failure analysis and material investigations performed as part of aircraft accidents
and incidents investigations arise as powerful tools of the utmost importance for safety assur-
ance and cost reduction within the aeronautical and aerospace sectors.
The Portuguese Air Force (PRTAF) has operated different aircrafts throughout its long existence,
and in some cases, has operated a particular type of aircraft for more than 30 years, gathering a
great amount of expertise in: assessing failure modes of the aircrafts materials; conducting air-
crafts accidents and incidents investigations (sometimes with the participation of the aircraft
manufacturers and/or other operators); and in the development of design and repair solutions
for in-service related problems.
This paper addresses several studies to support the thesis that failure analysis plays a key role
in flight safety improvement within the PRTAF. It presents a short summary of developed
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analysis and studies using optic and electronic (MEV) microscopy, material chemical composi-
tion analysis and Non Destructive Testing (NDT) to solve problems related to operation, main-
tenance and design issues.
Additionally, it presents the investment that has been made by the Portuguese Air Force in the
last two decades, to increase the flight safety through the implementation of powerful aircraft
configuration management tools, and structural condition assessment methodologies based on
strain measurements, NDT evaluation programs and, more recently, on Structural Health Mon-
itoring systems in their fleets.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Ever since the beginning of aviation, a major concern in the aircraft and aerospace industries is flight safety. Although great
effort has been being put onto the materials and systems reliability, leading to an increase in the overall aircrafts reliability, the
problem that arises is that fatal accidents due to materials and systems failures, although rare, still occur nowadays.

Failure analysis has been thoroughly used to investigate occurrences related to flight safety and aircraft accidents and incidents
investigations throughout the years, allowing for a better understanding of the root cause of those mishaps and for the develop-
ment of corrective actions that contribute for the construction and development of more reliable systems, as well as for the def-
inition of safer operational and maintenance procedures.

Although the authors fully subscribe Arjen Romeyn [1], saying that from a Safety perspective, it is desirable that air transport
systems are examined, tested and analyzed to define and assure the safe operation of those systems, rather than analyze the re-
sults of incidents and accidents, the aim of this review paper is to support the thesis that failure analysis plays a key role in the
overall safety of aircraft systems.

Another purpose of this article is to highlight the high reluctance of the aircraft industry to change, which is intrinsically re-
lated to the reliability of the aircraft systems, and bears as a significant a challenge for aircraft sustainment engineers. Due to a
relatively small number of aircraft produced and to their relatively small number of flight hours (when compared to the designed
aircrafts' service life), unexpected failures related to design issues often occur far into the service life of the aircraft, whereas in
other industries of similar complexity (e.g. automotive) they are bound to be corrected during the first commercial years of
the products. Hence being, the desired low failure rates on aircrafts bearing new configurations or innovative systems are ex-
tremely difficult to achieve. In these new systems there is no data available from operational experience making it hard to identify
design errors that derive from differences between the real service conditions and the manufacturer predicted service conditions
included in the original design. For that reason, evolutions in the design and certification of aircrafts are rather slow processes,
where innovative systems and features are difficult to include, and often result in drawbacks in the design due to rises of failure
probability that reduce the systems reliability, bearing significant costs or even compromising safe operation and putting in risk a
large number of human lives.

One other important issue that stands out in this article is the significant role of the human factor in aircraft systems failures.
In the majority of the investigations performed on aircraft accidents, or other flight safety related investigations, the conclusions
point out, directly or indirectly to human errors, to inadequate procedures, or organizational related issues as contributive causes
for the failure, which usually comes as the result of innumerous factors, and that often outcome in material failures which lead to
unsafe conditions.

2. Context and literature review

Men have always tried to travel increasingly larger distances, within the least possible periods of time. This need for move-
ment has been the drive for the enhancement and spread of knowledge, communication and commerce across the world and
throughout history, for which men have developed more and more complex and effective ways to achieve it. If the movement
was initially made only by land, it rapidly embraced the sea and, more recently in the early twentieth century, the skies also be-
came part of the common human travel system with the use of airplanes and helicopters. Although air lift assets are, in historical
context, very recent when compared to land or sea transportation, they are at the beginning of 21st century one of the safest
forms of travel across the world.

Table 1 (Roger Ford [2]) compares the number of people killed during travel by different means of transportation, showing
that when considering the distance traveled, the rate of human fatalities per unit of distance traveled, by air is significantly
lower than by any other means of travel.

Similar results were evidenced for the United States and for Australia, by lan Savage [3] and by the Australian National Trans-
port Safety Bureaus [4], which show that for either case, air transportation appears as the safest form of transport, within those
countries.

Nevertheless, the current low fatality of commercial air transport was not always such an undisputable truth and has evolved
over the years. And if airborne travel systems are today broadly accepted as one of the safest ways of transportation, a few de-
cades ago, in the mid-20th century it was not so. In fact the rate of accidents per flight hour in civil aviation in the past
20 years has been reduced to approximately one third of the initial values. Fig. 1 shows the number and rate per 10 million flights
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