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Abstract 
This paper aims to highlight challenges of residual stress and part distortion in civil airframe manufacture as this is a 
recurring expensive problem as significant costs have been spent to correct part distortion at various stages of the 
manufacturing life cycle.    It is our long term commitment and aspirations to understand and if possible, eliminate 
part distortion in order to remain competitive.  The paper briefly outlines current trends in civil aerospace industry 
and discussed the fundamental of residual stress and part distortion in high strength aluminium alloys.  An insight 
into industrial state-of-the-art in managing residual stress and part distortion, learning obtained and long-term 
industrial aspirations are also discussed.  Our recent participation in a European-funded collaborative project - 
COMPACT is also detailed here.   
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1 Knowing the industry 

The world’s civil airframe industry is dominated by two key players – Airbus and Boeing.  
Demands for new aircrafts have been at record level since 2005.  In fact, both Airbus (1,341 
aircrafts) and Boeing (1,423 aircrafts) have booked an all time record in new aircraft orders in 
2007.  Both companies have optimistic forecasts of global aircraft needs and predicted a global 
uptake in air passenger traffic over the next twenty years [Airbus, 2007]. 
Despite the good order books and optimistic forecasts, there is challenging time ahead in the 
industry.  In the last few years, fast developing countries like Russia, Japan and China are 
striving to launch new airliners to rival Airbus and Boeing [Ostrower, 2008].  Furthermore, rising 
materials and labour costs, stricter environmental legislation, and customers demand constantly 
pressured the airliners to be innovative and creative to make aircraft that is more fuel-efficient, 
easier and cheaper to maintain and operate.  In manufacturing term, the manufacturers need to 
reduce their manufacturing cost base to boost profitability. 
Current civil aircrafts mainly used aluminium and titanium alloys for its aerostructure.  
Composite materials have also been used and are set to become increasingly common in the 
upcoming aircraft programmes, i.e. Airbus A350 XWB and Boeing B787.  The new superjumbo 
A380 that recently enter into service, used around 25% of composite materials in weight and the 
A350 XWB and B787 will use around 50% of composite. 
Aircraft parts made of aluminium and titanium alloys are typically machined from rolled plate, 
extrusions or forgings and could be followed by additional processes, such as bending or shot 
peening to get the parts to net shape.  Subsequently, these metallic parts are assembled to make 
aircraft sub-assemblies, such as wing, forward / rear fuselage, nose and cockpit, and horizontal / 
vertical tail plane.  These sub-assemblies are then assembled to make the whole aircraft in the 
final assembly line. 



2 Residual stress 

Residual stresses are internal stresses locked into a rigid part in the absence of external forces or 
thermal gradients.  The residual stress is the result of metallurgical and mechanical history of 
each point in the part and the part as a whole during its manufacturing life cycle [Withers, 2000], 
[Rudd, 1992]. 
The inherent residual stress in high strength 2000 and 7000 series aluminium alloys commonly 
used in airframe are the by-products of different manufacturing processes, i.e. quenching, 
stretching, forging, extrusions, casting, welding [Teng, 2003], mechanical shot peening, 
machining [Marusich, 2003] [Rao, 2001], etc.  These manufacturing processes are complex 
combinations of heat transfer, mechanical deformation and metallurgical changes.   
These alloys are normally supplied as rolled plate, forgings or extrusions.  For a rolled plate, the  
mix of alloying element is initially melted and casted into an ingot, which is then hot rolled to 
change the microstructure.  The rolled form is then solution heat treated at high temperatures to 
re-dissolve some alloying elements to produce a solute rich solid solution.  This is then followed 
by quenching or rapid cooling in a cooling medium to obtain desirable physical and mechanical 
materials properties.  However, quenching also induced undesirable high levels of residual 
stresses in the materials because of the large surface heat fluxes and high temperature gradients 
near the surface and between intermediate layers of materials.  These conditions usually induced 
thermal residual stresses at yield stress magnitude, which may cause distortion or cracking in the 
part [Köster, 1963].  The plate is then mechanically stretched in the rolling direction to 1.5 to 3% 
plastic deformation at room temperature to relieve these high quenched–induced residual stresses 
[Bates, 1987].  Stretching tends to equalise the stresses in the plate resulting in much lower 
residual stresses and homogeneous residual stresses in the plate after unloading (cf. Figure 1). 

 
Residual stress distribution through the thickness (77.9 
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Residual stress distribution in stress relieved plate (75.8 

mm) 

Figure 1: Residual stress distribution before and after stretching [Bates, 1987]. 
 
Forging, like rolled plate, is also a hot working process. The bulk materials are plastically 
deformed under high compressive forces to flow within the cavities in a set of dies.  Forging has 
better structural quality due to work hardening because small voids in the bulk materials will be 
closed under high compressive stress.  The forging is then solution heat-treated and quenched to 
achieve required mechanical properties.  Cold compression is used for stress relieving and this 
result in high compressive stresses in the core of the forging and high surface tensile stresses.  
Forgings are typically normally used for large and highly loaded parts in order to minimise 
materials costs.  The residual stresses pattern in a forging, unfortunately, is non-uniform due to 
the variation in the cross section of the part.  Therefore, it would be more difficult to determine 
the residual stress distribution in forging as compared to rolled plate.   



Residual stress plays an important role with respect to mechanical strength, fatigue strength and 
stress corrosion cracking (SCC) when subject to external loading or when in service [Davies, 
1993].  Considering a simple analogy where the field of residual stresses is characterised by σR 
and service stresses is characterised by σS.  Therefore, the real stress in service is σR + σS, (cf. 
Figure 2).  If tensile residual stresses are present, the part will be locally overloaded.  However, 
the presence of compressive residual stresses will relieve some of the load locally, therefore the 
mechanical performance of the part can be improved 

 

Figure 2: Illustration of the superposition of residual and service field stress 
 
Machining is a combination of mechanical and thermal loading and induced residual stress that 
altered the inherent residual stress profile in the material.  Depending on the operating 
conditions, the machining induced residual stress penetrated to a depth of 200 – 250 μm (cf. 
Figure 3).  These stresses could reach a maximum of - 200 to - 350 MPa, which is much higher 
than the residual stress in the bulk material (15 – 25 MPa).  A general rule of thumb stated that a 
mechanical dominant machining process will result in compressive residual stress and a thermal 
dominant process will result in tensile residual stress in the sub-surface area. 

 

Figure 3:  Typical machining induced residual stress profile (compressive) [Segawa, 2004] 

3 Distortion 

Part distortion is a common phenomena in product manufacturing life cycle and is costing 
billions of loss in profit every year.  It is estimated that heat treatment distortion in the German 
machine tool, automotive and transmission industry is costing an economic loss of €850M 
[Thoben, 2002].  Similarly, part distortion in the aerospace industry also contributes to increase 
manufacturing costs due to scrap, concession, additional cost due to distortion correction, and 



this could cause also prolonged part delivery and failure to meet quality requirement.  
Furthermore, this could have a knock on effect in various stages of aircraft assembly stage.  
Part distortion is deviation of part shape from original intent after released from the fixture.  This 
is not caused by dimensional inaccuracy, machining tolerance or over/under-machined.  
Distortion can be categorised into two categories: in-plane and out-of-plane distortion. 
Distortion can be analytical modelled using the plate theory (cf. Figure 4) to demonstrate the 
influence of residual stress distribution on distortion.  The plate theory demonstrated that 
moment (M) is a function of the residual stress profile and the part dimension of the component, 
and distortion (w) is a function of the moment–induced by residual stress and materials 
properties. 
 

 

Figure 4: Simplified T-section 
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4 Industrial state-of-the-art 

In current industry practice, it is still not properly understood unclear about the sources of part 
distortion during or after part manufacture.  Normally, materials specification, format or supplier 
is first changed in an attempt to manage part distortion.  This, to a certain extent, is true because 
distortion has been removed effortlessly without changing the manufacturing process or 
introducing additional processes.  Therefore, material supplier is often left to shoulder the 
responsibilities to reduce the level of residual stress in the material.   
In other instances, this would not work and manufacturing processes, i.e. machining condition 
and machining strategy need to be changed or employed additional distortion correction 
processes, such as shot peening or ultrasonic shot peening [Jacob, 2003] to reduce distortion.  
Normally, a number of iterative loop would be required before distortion is removed.  This 
would then lead to undesirable rise in manufacturing cost.  
Part distortion is also dependent on part design.  A symmetrical part machined from a rolled plate 
would have more symmetrical residual stress distribution, therefore would generally have less 
distortion compared to unsymmetrical part or part machined from forgings or extrusions.  During 
design stage, a safety factor is introduced to avoid any unforeseen uncertainties due to residual 
stress and for life extension.  However, the concept of ‘Design for Distortion’ is not clearly 
understood or adopted.  



In the past, material supplier, machinist and designer often worked in isolation when addressing 
part distortion.  The ‘over-the-wall’ attitude is a not beneficial and could not address part 
distortion in the long term.   As this is a complex problem, it would require a concurrent and 
multidisciplinary approach.  
The residual stress in the bulk materials is determined using layer removal method [Industrie, 
2001], a recognised and qualified industrialised method.  This is a time and cost effective way to 
quickly and accurately determine the through thickness residual stress profile in materials in 
rolled plate. 
Part distortion analysis is a finite element modelling (FEM) capability used to determine 
optimum part location or offset in rolled plate currently used in Airbus.  The modelling 
capability use the ‘M’-shaped through thickness residual stress profile (cf. Figure 1) as inputs.  
Depending on part offset, a slice of the profile is extracted and mapped onto the part and 
distortion is computed numerically [Heymès, 1997].  As part offset is incrementally increased, 
the maximum distortion is increased and subsequently decreased; hence a bell-shaped trend can 
be observed.  It is recommended to use a low offset for thin plate or high offset in thicker plate to 
minimise distortion. 

5 Learning and aspirations 

The last few years have been a steep learning in our quest to reduce and eliminate part distortion. 
 The lessons learnt to-date include: 

• Residual stress is induced into a part along the manufacturing chain, i.e. material 
processing, part manufacturing (machining, bending, stretching, etc.) and post-machining 
distortion correction processes.  Therefore, when addressing part distortion, the entire 
history of manufacturing chain needs to be considered. 

• In order to minimise part distortion, it is important to ensure a uniform and symmetrical 
distribution of residual stress in the part so that the residual stress induced bending 
moment could reach self-equilibrium. 

• It is important that material supplier, designer and machinist communicate on a regular 
basis and adopt a transparent approach when handling part distortion. 

• It is important to obtain through thickness residual stress profile to determine the level of 
residual stress in the materials and use it for part distortion analysis. 

• Part distortion FEM capability is a cost effective tool to determine optimum part offset 
for minimum part distortion in the initial product development stage without engaging in 
expensive manufacturing testing. 

Part distortion is a complex engineering problem, which required a concurrent and 
multidisciplinary approach.  It is our aspirations to completely remove distortion during in part 
manufacture.  Our aspirations include: 

• Thorough understanding of residual stress sources from material processing, part 
manufacture and distortion correction processes that lead to part distortion, especially in 
forgings and extrusions. 

• Qualitative through thickness residual stress profile for material received. 
• Design for part distortion capability that consider residual stress from materials 

processing and manufacturing processes in order to design right first time.  
• An industrialised non-destructive and cost-effective through thickness residual stress 

determination technique.  
• Development of a part distortion FEM capability of the entire manufacturing chain from 

material processing to part manufacture. 



• Development of a knowledge-based or expert system to advise the specialists at various 
stages of the manufacturing life cycle to eliminate part distortion. 

6 Research drivers 

Our motivation to understand residual stress and minimise part distortion has led us to participate 
and lead a European Commission (EC) funded 6th Framework Programme (FP6) COMPACT 
(AST4-CT-2005-516078) project.  COMPACT or A COncurrent approach to Manufacturing 
induced PArt distortion in aerospace ComponenTs is a four-year €5.4M funded research project 
which contributes to the thematic priority “Strengthening Competitiveness” that strengthen 
competitiveness of the European aircraft industry.  The project team consists of 12 European 
partners from 6 countries. 
COMPACT intends to establish a thorough, rigorous and deterministic approach to the 
understanding of residual stress and management of part distortion in high strength aluminium 
alloys parts.  A multi-functional approach in different disciplines include material processing, 
part manufacturing, design, finite element modelling and knowledge engineering would be 
established in the project in order to address this industrial challenge, which could lead to long 
term cost savings in materials, rework, scrap, concessions, process rationalisation and weight 
reduction design optimisation in the aerospace industry. 
The key objectives of COMPACT are:  

• To understand the sources of residual stress and to predict the magnitude and distribution 
of residual stress in AA7449 aluminium alloys with particular regard to their influence on 
part distortion. 

• To develop new methods and strategies for reducing distortion through modification of 
material manufacturing process parameters and new forms in which materials are 
supplied. 

• To develop and improve methods for measuring residual stress, to provide benchmark 
method, and high quality data for model validation. 

• To develop novel, rapid and high accuracy methods of residual stress measurement for 
routine industrial quality assurance purposes. 

• To understand the influence of machining and bending on induced residual stress and 
part distortion.  This includes understanding the influence of operating parameters on 
residual stress for high strength 7449 aluminium alloys using experiment and finite 
element numerical models. 

• To investigate the influence of shot peening, laser peening and thermal bending post-
machining distortion management processes on residual stress and part distortion. 

• To understand the influence of design on residual stress distribution and part distortion. 
• To simulate manufacturing processes with respect to residual stress and part distortion 

using FEM technique. 
• To provide an integrated seamless knowledge engineering solution for management of 

residual stress and part distortion. 
There will be three additional publications on different aspects of COMPACT that will be 
published in the IDE2008 conference proceedings.  These papers will be presented by: 

• Tyler, P.:  Multi disciplinary engineering - an integrated solution [Bancroft, 2008]. 
• DeLeon, L.: Milling induced residual stress in parts out of forged aluminium alloys 

[Denkena, 2008]. 
• Mylonas, G: Investigation of shot-peening induced residual stress field [Mylonas, 2008]. 



7 Challenges ahead 

The collaborative effort in COMPACT has shown that we need a holistic view on residual stress 
distribution in the part based on entire manufacturing history chain in order to reduce or 
eliminate distortion.  As it is not possible to completely remove residual stress in the inherent 
materials, the challenges is to manage residual stress distribution in part by design and 
manufacturing process parameters variation harnessing the computational speed for FEM and 
knowledge-based engineering. 
At present, the effect of homogeneous residual stress distribution in rolled plate has been 
investigated and clearly understood as compared to forgings or extrusions.  Industrial experience 
has shown that parts machined from forgings and extrusions are prone to higher level of 
distortion.  The next challenges would be to unlock the unknowns and to deliver a technical 
solution for forgings and extrusions. 
An understanding of the impact of machining induced residual stress on part distortion need to 
be properly investigated.  Past experiences have proven that these stresses could become 
dominant on part distortion especially for large thin part.  Making changes to manufacturing 
processes can be considered less costly and easily controllable compared to process changes in 
material processing. 
It is our long term vision to adopt Design for Distortion principle from the drawing board by 
considering residual stresses in the inherent materials of a known process and manufacturing 
(machining and bending) induced residual stresses.  This could be possible using state-of-the-art 
computer processing technologies  
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