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Abstract 

 

New manufacturing techniques are making presence in the high technology industries today. 

In order to meet the necessity of more efficient engines in the aerospace industry, where 

economic and environmental efficiency are becoming one of the most important design 

aspects, GKN Aerospace is developing AM technique with LMD-wire. The technology is 

new and under development and several studies need to be done. The analysis performed in 

this thesis focus on the material requirements and more specific in the allowed defect 

population in AM material. The defect of interest in this report is lack of fusion (LOF) and 

happens during the AM manufacturing. LOF affects the fatigue toughness of the components 

and have to be carefully studied. The component studied in this thesis is the intermediate 

compressor case of the Rolls-Royce Trent XWB jet engine. The features of interest are the 

CCOC and IPC Flange which can be manufactured with AM in the future. 
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Sammanfattning 

 

Ny tillverkningsteknik börjar göra entré I den högteknologiska sektorn. För att kunna möta 

behovet och efterfrågan av effektivare motorer i flygindustrin, där kostnads effektivitet och 

hänsyn mot miljön blir viktigare design faktorer, håller GKN Aerospace på att utveckla AM 

teknik med LMD-wire, additive manufacturing med laser och tråd, som byggmetod. Tekniken 

är ny och under utveckling och forskningsbehovet i ämnet är stort. Analysen som 

genomfördes under detta examensarbete fokuserade på materialkrav på framtida strukturella 

komponenter byggda med LMD-w. Frågan som vi i huvudsak har sökt ett svar på är vilken 

koncentration av defekter vi kan tillåta i byggt material utan att påverka 

utmattningsegenskaperna, sett utifrån ett sannolikhetsperspektiv. Komponenten som 

studerades i detta examensarbete är ett mellanhus (ICC) till Rolls-Royces Trent XWB 

flygmotor. Detaljerna som har analyserats är CCOC och IPC flänsen som kan komma att 

tillverkas med AM. 
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Preface 

 

The aim of this thesis is to quantify the life span and property requirements of components 

manufactured with additive manufacturing. Additive manufacturing is a relatively new 

technique of manufacturing metal components [1]. The method of interest in this thesis is 

laser metal deposition (LMD-wire). Due to the lack of experience of this technique the 

knowledge about material properties is limited.  Material properties in metals are a function of 

how the material is manufactured. Impact on material properties due to temperature during 

manufacturing and cooling ratio after manufacturing need to be understood  to guide future 

development of design and manufacturing methods.  Manufacturing defects affect the life and 

properties of the components. To ensure that the components fulfill the required performance, 

structural analysis need to be done where estimations on how manufacturing defects affect life 

are used.   
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Nomenclature 

 

 

3D    Three dimensional 
 

AM   Additive manufacturing 

LMD-Wire   Laser metal wire deposition   

ASTM  America Society for Testing and Materials 

XWB  Extra wide body 

ICC  Intermediate compressor case 

IPC  Intermediate pressure compressor 

CCOC  Combustion chamber outer casing 

LTU  Luleå tekniska universitet 

FE  Finite element 

FEA   Finite element analysis 

CAE  Computer aided engineering 

APDL  ANSYS Parametric design language 

LCF  Low cycle fatigue 

HCF  High cycle fatigue 

LOF   Lack of fusion 

GAS  GKN Aerospace Sweden 

 

  



2 
 

Chapter 1 

Introduction 

 

 

Additive Manufacturing (AM) is defined by ASTM as “a process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies.” [1]. This technique allows a wide variety of materials and 

enables the designer to create more complex geometries for aerospace applications due to the 

layer by layer manufacturing. 3D printing is widely used today since the technology is 

becoming more affordable due to the fast development it has suffered during the last decades 

[2]. The most common materials in 3D printers are different kinds of polymers. These printers 

are found in many places, sizes and complexity levels. When speaking of metal 3D printers, 

the development has not come that far. Development of an integrated in-process, sensing, 

monitoring and controls is needed. Machine-to-machine variability must be understood and 

controlled since the properties in metal components depend on how it was manufactured.  

LMD-wire is a new manufacturing process that is being developed at GKN Aerospace. LMD-

wire is a technique that uses laser as the power source to melt a metal wire that is fed into a 

metallic substrate. The tools used in the process are a welding gun and a laser mounted in a 

robot arm that points the wire and laser to the correct position in the three dimensional space. 

More information about the LMD-wire technique can be found in the Journal of Materials 

Processing Technology [3] 

The Trent XWB is the turbofan jet engine, produced by Rolls Royce, used in the new Airbus 

A350 XWB. Features in the engine components can, in the future, be AM fabricated. Some of 

these features must withstand high stresses and requires high quality in the materials used. 

According to Stephen et al. [4] a failure analysis due to metal fatigue have to be performed to 

all features planned to be built with LMD-wire technique that have to withstand high stresses 

in order to find target values on material properties. 

The purpose of this project is to find target values on material properties of features built with 

LMD-w technique. Depending on the type of feature built and its structural criticality the 

requirements on allowed defect probability and material property will vary. Determine the 

worst defect population allowed for which all component requirements are fulfilled. All 

values obtained in this project will later be used during the development of the AM technique 

at GKN Aerospace Sweden. 
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1.1 Approach 

 

The approach in this project is to modify an already existing solid mesh model of the ICC 

where the flanges are remeshed to obtain accurate results. Calculations are made to identify 

the worst loaded segments of the flanges. A detailed flange evaluation during normal and 

limit conditions is done with the worst loaded segment. The results are then further analyzed 

with a different software to determine the life of the component. An estimation of the allowed 

defect population is done with the information obtained from the previous analysis. 

 

  



4 
 

Chapter 2 

GKN Aerospace Sweden AB 

 

GKN Aerospace Sweden AB is a part of the GKN Group. The company specializes in 

manufacturing of components for the aerospace industry. The GKN’s headquarter is situated 

in Redditch, England, however the headquarters for GKN Aerospace is situated in Trollhättan 

where this thesis is carried out [5]. 

2.1 GKN Aerospace Sweden history 

 

GKN Aerospace Sweden was founded in October 2012 after Volvo Aero Corporation was 

bought by GKN. The company started as a part of NOHAB (Nydqvist & Holm AB) in 

Trollhättan. Their aerospace history begins in 1930 when the Swedish Board of Aviation 

ordered 40 nine-cylinders radial aircraft cylinders. The decade after in 1941 AB Volvo bought 

the majority of the shares of NOHAB and 20 years later the remaining shares. The name was 

changed to Volvo Flygmotor. The principal area of business was, for a long time, the military 

market in Sweden. In the last decades the company has changed its focus from the military to 

commercial market taking part in civil jet engine maintenance and engine development. 

GKN Aerospace is today the third biggest aerospace subcontractor worldwide and has the 

ambition of becoming the biggest on the market [5].  

 

 

Figure 1 Map of the GKN sites worldwide and its locations 

 

GKN has facilities in more than 30 countries, as the figure 1 shows, and a wide range of 

business areas. 
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2.1.1 Business area 

Aviation and engine services consist of sales, distribution, maintenance, development and 

logistics of parts to both military and commercial jet engines.   

 

Figure 2 Engine Services 

 GKN Aerospace is engaged in development and manufacturing of advanced components in 

numerous engine programs and aircrafts. The company is represented in over 70 % of all new 

large aircrafts and its engines. The site in Trollhättan is still involved in the RM12 engine 

developed by the former Volvo Aero for the Swedish JAS Gripen fighter. GKN Aerospace 

Sweden (GAS) is world leader in manufacturing of components for space applications such as 

nozzles and turbines for space rockets [5]. 

 

2.2 Principle of gas turbines and turbo fan jet engines    

 

Although the construction of a gas turbine is very complicated, the principle the machine is 

based on is very simple. The Brayton cycle is a thermodynamic cycle in where a pressure 

ratio have to be provided. Therefore the first step in turbo machinery is to compress the 

working fluid. After the compression of the fluid the energy is raised by increasing the 

temperature, usually in a combustion chamber. The energy gained in the combustor is then 

extracted in the turbines by expansion of the fluid [6]. 

 

Figure 3 Illustration of simple gas turbine 
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Figure 3 explains the principle of a turbo fan jet engine with the difference that the jet engine 

has two compressors, one low- and one high-pressure compressor, and two turbine sections. 

The turbine in the front is used to drive the compressors and the other is used to drive the fan.     

 

2.3 The TRENT XWB 

 

The Trent XWB is a turbo fan jet engine developed by Rolls-Royse from the Trent 1000 jet 

engine [7]. It is used exclusively for the Airbus A350 XWB. GKN develops the ICC to the 

engine among other components, see figure 4. 

 

Figure 4 Trent XWB and ICC 

The Airbus A350 XWB (Extra Wide Body) I supposed to compete with Boeing 787 even 

known as Dreamliner. The XWB engine has a thrust of 330 to 410 kN and was delivered for 

the first time in 2010 [8]. 

 

Figure 5 Airbus A350-1000 XWB 
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2.4 Intermediate Compressor Case (ICC) 

 

The ICC found in the Trent XWB engine is an advanced structural engine casing 

manufactured with the latest technologies in lightweight fabrication. The material found in the 

component is a combination of titanium alloys designed to optimize manufacturing processes 

and improve the properties regarding strength and fatigue [5]. The ICC is found in the middle 

section of the Trent XWB engine, see figure 4 and 6.  The Intermediate Compressor Case has 

a structural function with its mounting features and houses for the three main shafts bearings. 

 

 

Figure 6 picture of the ICC developed by GKN 

The ICC connects the rear of the intermediate pressure compressor with the high pressure and 

provides the gas path between them. 
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CHAPTER 3 

Theory  

 

In this chapter the theory used for the fatigue analysis and the estimation of the allowed defect 

population will be covered. 

 

3.1 Fatigue 

 

Fatigue is a very complex area within the study of materials. It has a big importance in the 

design of cars, machines in different industries and of course airplanes. The Comet-aircraft 

was the first airliner in commercial use. It is remembered not only by the fact of being the first 

commercial airliner but also by the failure of two planes caused by a fatal design error. The 

design of the square windows, in the fuselage, provoked stress concentrations and bend 

stresses leading to fatigue cracks that propagated causing total structural failure and the loss 

of many lives [9].  

Fatigue is the weakening and fracture of components due to repeated loading. The loads 

applied to the component may not be strong enough to cause failure in one cycle, however 

after a several amount of cycles of varying loads cracks may appear and propagate leading to 

failure [10]. The components that are subjected to cyclic loads are the components that risk 

suffering from metal fatigue. The cyclic loads depend mostly on mechanical (external) loads 

and thermal loads. Temperature changes as a result of periodic heating and cooling are the 

main source for thermal loads and are widely found in an aircraft jet engine. 

Depending on the number of cycles metal fatigue is divided in two categories. Low Cycle 

Fatigue (LCF) is fatigue produced by usually high loads that will cause some degree of plastic 

deformation [2]. The amount of cycles in LCF is in the order of thousands which is the case in 

airplanes, 30 000 cycles, and requires accurate life prediction. High Cycle Fatigue is usually 

high frequency, due to resonant vibration and will not be treated in this thesis. 

 

3.1.1 Life prediction based on strain 

 

A relation between the strain amplitude and life is used for a strain based approach and is 

given by 

  

   
  

 

 
     

          
 .    (1) 

 

In order to obtain the life,     for a given strain amplitude an iteration using numerical or 

graphical iterations is done. The elastic component of the strain is represented in the first term 

in Eq. 1 and the second term correspond to the plastic component [11].  

For low cycle fatigue analysis the plastic component will be dominating and gives the Coffin-

Manson relation  
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 ,     (2) 

 

where     and c are material properties obtained from fitting data into a log-log plot.
 
 

 

3.1.2 Palmgren-Miner Rule 

 

The Palmgren-Miner rule is a method to calculate the damage in materials when a variable 

amplitude loading is present. It states that when the sum of all damage fractions is D=1 failure 

can be expected. The total damage caused by a loading sequence expressed  

 

  ∑
 

  

 

   

                                                                                                                                             

 

where k is the number of cycles in the loading sequence and    the hypothetical life for every 

cycle [9] and [12]. 

 

3.2 Impact on life prediction from lack of fusion (LOF) 

 

In order to estimate how lack of fusion affect the life of components manufactured with AM 

Paris’ law and a simple formulation of the stress intensity factor (SIF) are used. Paris’ law 

reads 

 

  

  
       ,     (4) 

where a is the crack length, N is the number of load cycles C and n are material constants and 

   is the range of stress intensity factor. 

 

SIF is defined as 

 

   √  ,       (5) 

where    is the applied stress and   is one half of the width of the through crack. 

Inserting Eq. 4 into Eq. 5 yields after integration 
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The final crack length, Eq. 7, is derived from Eq. 6 
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Two load cycles are assumed to be present in the studied sequence during a flight cycle, see 

figure 7. The R-ratio is constant but the stress range is varied.  

 

 

Figure 7 Example of multiple load cycles load vs. time 

With an initial crack length of   , the Eq. 7 can be used to obtain the crack length after the 

first load cycle. To obtain the crack size after the n
th

 load cycle the same Eq. 7 can be used 

again simply by putting      . The result of combining the first two cycles gives 
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In the general case, the following equation is obtained 
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where m corresponds to the number of load cycles in a defined load range. The final crack 

length can be calculated from a simplified formula 

 

     √       ,    (10) 

 

Where     corresponds to the fracture toughness i.e. the load level when a crack starts to grow 

from a monotonic load. The propagation life can be determined by solving the Eq. 6 and Eq. 

10 and gives 
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The propagation life, denoted as N*, is determined and the probability of failure is therefore 
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All the parameters except the location of the crack are assumed to be known. If the inequality 

is fulfilled the probability of failure will be P=1. Using the Poisson distribution the probability 

of failure is calculated. Eq.13 describes the probability of at least one failure 

 

                             ( ∫       
 

).   (13) 

 

The intensity is calculated according to 

 

∫          ∫                
  

.      (14) 

 

Interpreting the Eq. 14 it says that portion of the volume where the stresses exceeds the 

allowed value is calculated. The expected number of failure is estimated by Eq. 15 and the 

allowed defect population by Eq. 16 

         ,     (15) 

where   is the volume material manufactured with AM [2]. 

 

   
          

               
.     (16) 



12 
 

CHAPTER 4  

Software 

 

This section describes all software used during this thesis. These include HyperMesh, 

HyperView, ANSYS 13, CUMFAT and NASGRO. 

 

4.1 HyperMesh 

 

HyperMesh is a FE pre-processor to prepare models. Importing from a long list of CAD 

formats and exporting an analysis run for various disciplines. HyperMesh is developed by 

Altair Engineering [13]. The software provides an efficient engineering environment for: 

 Solid Geometry Modeling 

 Shell Meshing 

 Model Morphing 

 Detailed Model Setup 

 Surface Geometry Modeling 

 Solid Mesh Generation 

 Automatic Mid-surface Generation 

 Batch Meshing 

 

 
Figure 8 Screen view of HyperMesh 

 

Users are allowed to create custom applications to automate repeating tasks to increase 

efficiency. HyperMesh is a very flexible tool that allows the user to set up the calculation to a 

large number of different solvers and is widely used within the company.  
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4.2 HyperView 

 

Hyperview is a post-processing and visualization software for finite element analysis and part 

of the same framework as Hypermesh [13]. The software has integrated tools to display 

videos and plot engineering data and it is fully customizable due to its scripting language. 

HyperView has a similar layout as HyperMesh. This software gets access to the complete 

result files generated by a FEA or CFD in another software and offers a very flexible 

visualization tool so the results are easy to display and compile.  

 

 
Figure 9 Screen view of HyperView 

 

4.3 Ansys Structural 13 

 

Ansys Structural is a finite element analysis tool that is able to simulate structural aspects of a 

product [2]. To perform this thesis several linear static analysis are needed to provide stresses 

and deformations. ANSYS is widely used within the company due to the need of reliable 

results demanded from costumers [14]. There are plenty of already existing APDL scripts at 

GKN that, with some modifications, can perform the desired analysis to the chosen 

geometries. 

 

4.4 CUMFAT 5.12 

  

CUMFAT is a software developed by GKN Aerospace for crack initiation analysis.  The 

program stands for CUMulative FATigue Damage Evaluation [11]. The software is capable of 

performing LCF-evaluation according to the strain-life method on loading histories obtained 

from FE-analysis. Fatigue test are almost only performed using uniaxial test data. The result 



14 
 

data obtained from the FE-analysis is multiaxial (σx,σy, σz, τxy, τyz, τxz ) and it is therefore 

necessary to transform the calculated multiaxial stress field into some comparable stress 

measure, se figure 10. 

 

 

 
Figure 10 Transformation of the multiaxial field into uniaxial stress measure 

 

 

CUMFAT can use four different hypotheses for doing the required transformation. These are: 

 

 Maximum principal stress hypothesis 

 Shear stress hypothesis 

 Maximum principal strain hypothesis 

 Octahedral shear stress hypothesis 
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Figure 11 Hypotheses for evaluation of a multiaxial stress field 

 

4.4.1 Calculation of principal stresses and their directions 

 

In all versions of CUMFAT, the principal stresses were obtained from the cubic equation 

 

σ
3  

+ A ⋅ σ2
 + B ⋅ σ + C = 0,     (17) 

       

where 

 

A = −(σx +σy +σz ),     (18) 

       

B =σx ⋅σy +σy ⋅σz +σz ⋅σx -   
  -   

  -   
                  (19) 

  

and  

       

C = − (σx ⋅σy ⋅σz + 2 ⋅    ⋅    ⋅     − σx ⋅    
  – σy ⋅    

   – σz ⋅    
 ). (20) 

 

 

The principal stresses σ1, σ2 and σ3 are obtained from the solution of the system of equations 

17-20. 

 

Because of numerical problems solving the directions (NXi, NYi, NZi) of the principal stresses 

during a non-proportional load, different solving strategies are used in CUMFAT [11]. Since 

the hypothesis used in this thesis don’t require solving those problems, it will not be further 

discussed in this report.  
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·(σx – σi) +    ·     +     ⋅    = 0    (21) 

 

    ·    +     ·(σy – σi) +    ⋅    = 0     (22) 

 

    ·    +     ⋅    +     ·(σz – σi) = 0     (23) 

 

   
 +   

 +   
  = 1      (24) 

 

The strain will have the same directions as the principle stresses when the behavior is linear 

elastic. This means that the directions of the principle stresses are used both for the strains ε1, 

ε2 and ε3 and the stresses σ1, σ2 and σ3. 

 

 

4.4.2 Maximum principal stress hypothesis 

 

The maximum principal stress hypothesis states, that the principal stress, which during the 

load cycle shows the greatest stress range, is chosen as stress measure. This can be written as  

 

                    .    (25) 

 

The direction of the principal stress which has the largest stress is by definition the 

1:direction. The direction of the principal stress which has the smallest stress is by definition 

the 3:direction. The direction perpendicular to 1 and 3 is the 2:direction [11]. The load history 

of a jet engine is analyzed and the largest principal stress is assumed to be the most dangerous 

or damaging with respect to fatigue [2] and [15]. 

 

4.5Nasgro  

 

Nasgro is a commercial software used to analyze crack growth and fracture in metallic 

materials. Nasgro was initially developed by NASA at the Johnson Space Center, however the 

European Space Agency has provided some additional technical contributions. The software 

uses the NASGRO Crack Growth Equation is defined as 

 

  

  
  *(

   

   
)  +

 (  
    
  

)
 

(  
    

  
)
  ,    (26) 

where N is the number of fatigue cycles, a is the length of the crack, R is the stress ratio,    

is the stress intensity factor range, f is the crack opening function,     is the threshold stress 

intensity factor, Kc is the critical stress intensity factor and C, p, n and q are empirical 

constants [16]. 
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Figure 12 plot of the curve fit to the NASGRO equation vs data for Ti64 

 

Figure 12 shows crack growth data for Ti64 plotted with a curve fit for the Nasgro equation. 

The fit is done for different R values. 
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CHAPTER 5 

 Method  

 

In order to perform structural analysis many things have to be considered. Where to start is 

not obvious. “Design Practice Method Description:  Design of bolted joints” 

(VOLS:10078249) is a method description that provides a method of working for final design 

of circumferential bolted joints loaded in tension [14]. The intension of this design practice is 

to give low weight joints that meet designs requirements, however it can be used for the 

purpose of this thesis. 

 

Figure 13 Schematic outline of how structural analysis and LCF analysis is performed 
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5.1 Identify worst loaded bolts 

 

In order to identify the worst loaded bolt segment in the flange, a large effort is required. The 

loads from the bolt segments shall be extracted from a 360 deg finite element model. This 

method assumes a non-separated joint and linear elastic solution for the upper half of the 

flanges and standard joint for the lower half where separation is allowed. 

 

5.2 Modifying the geometries and meshes. 

 

The geometries used in this thesis are created by engineers at GKN using CAD software. To 

perform the desired analysis with relevant results the geometries need some modifications. 

The CAD models are imported into Hypermesh where they can be modified and remeshed. 

The parts of interest in this thesis are the CCOC and IPC flanges and are therefore modified to 

match the expected working conditions. Contemplating a cylindrical coordinate system, the 

flanges need to be divided in the center of the bolt holes in the R-direction. Each bolt hole 

should be divided in sections, in the θ-direction, so that the worst affected section of the 

flange can be identified. Some simplification in the models, like removing the bolt holes and 

other holes, are performed as shown in the figures 14 and 15. 

 

 

Figure 14 Modification of the CCOC and IPC flanges 

After the modification of the geometries the solids are meshed and reattached to the rest of the 

solid mesh model of the ICC.

 

Figure 15 Comparison between a coarser and a finer structural mesh 
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The new solid mesh of the flanges is finer in comparison of the coarse original mesh as shown 

in the figure 14 and 15 above. Reattaching the new mesh to an already existing mesh is a 

procedure easily executed in Hypermesh. Improving the mesh only in the areas of interest and 

using an already existing mesh in the rest of the component saves time in the preprocessing 

part of the analysis. The dummy components used in this analysis are remeshed to match the 

radial division of the flanges. 

The FE elements used in the solid mesh are ANSYS SOLID186 of second order. SOLID186 

are 3D 20-node solid element that show quadratic displacement behavior. The element have 

20 nodes defining it. Every node has three translational degrees of freedom in the nodal x, y 

and z direction in a Cartesian coordinate system. 

 

 

Figure 16 SOLID186 Homogenous structural solid geometry 

Contact surfaces are used to attach the different components in the analysis. CONTA174 is 

used in ANSYS for representing contact and sliding between 3D deformable surfaces and 

“target” surfaces (TARGET170). The CONTA174 is placed on the surface of the solid mesh 

elements selected by the user. The surfaces used as “target” associated to the contact elements 

are called TARGE170. Many contact surfaces can be associated to one target surface but not 

the other way around. 

The 360 degrees finite element model contains the ICC component, which is the one of 

interest, and the attaching dummies. The length of the dummies is decided by the disturbance 

free length x*. In the case of a cylinder, the disturbance free length is calculated from  

 

  SSSS
4 2

* t*R*2.44t*R*
υ1*3

π
x 


 ,   (17) 

 

where ts is the thickness, Rs is the radius and the Poisson’s ratio assumed to be 0.3. 
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The disturbance free length is used to minimize the impact on the bolted joint as a result of 

the load application on the dummies. 

 

 

Figure 17 Example of the 360 degrees FE model used for identifying the worst loaded bolt 

segment 

To be able to extract the load data from the segments in the flanges beam elements are 

attached to the finite element model. The element used is the ANSYS BEAM188 3D 2-node 

Beam. The element includes shear-deformations effects and is based on Timoshenko beam 

theory. The beam elements are attached to the FE model using ANSYS RBE3. 

 

 

Figure 18 BEAM188 (blue) and RBE3 (red) used to extract the loads in the bolt segments 
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5.3 Apply loads and solve 

 

In order to prevent any rigid body motion the finite element model is constrained in all 

directions. The loads and material properties are imported from early test series of LMD-w 

material from previous projects (XWB and VITAL) and a mix between them. Temperature 

distribution is added and the flange loads are applied using pilot nodes. All load cases for the 

investigated condition are analyzed. 

 

5.4 Identify the worst loaded segments 

 

The components in the engine are exposed to cyclic loads during a flight cycle. It is important 

to understand how this loads vary depending on the stage of the flight, for example the loads 

on the components are higher during take-off than during cruise. The difference between the 

highest and lowest load during a flight cycle defines the cyclic load of interest for fatigue 

analysis [2]. The figure 19 shows how a typical flight cycle may look like with regards to 

loads in the components of the engine. 

The worst loaded segment of the flanges can be determined with regards to many different 

aspects. In this thesis the flanges are evaluated with regards to the worst separation flange 

load and the worst transverse shear flange load. 

 

Figure 19 Typical flight cycle for a commercial airliner 

 

In order to evaluate the flanges the result files, containing all load steps, from the finite 

element analysis are read in to ANSYS. The beam elements are selected and the stresses are 

tabulated with ANSYS command ETABLE. The data is then summarize and the worst loaded 

bolt segment is detected. In the figure 20 a short version of the tables used for the detection of 

the worst loaded segment is displayed.  
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Load  Bolt  Angle  Separation load1)  Transverse 

load2) 

Hoop 

stress3) 

Fx4)  Fy4)  Fz4)  Mx4) My4) Mz4) 

case No. [°] [N] [N] [MPa] [N] [N] [N] [Nm] [Nm] [Nm] 

. . . Peak value . . . . . . . . 

. . . . Peak value . . . . . . . 

. . . . . Peak value . . . . . . 

Figure 20 Table used for calculation of worst loaded segment 

 

For the CCOC flange, the tables showed that the worst loaded bolt segment with regards to 

separation load was the number 67. With regards to transverse shear load, the worst loaded 

bolt segment was the number 93. The bolt segments are illustrated in figure 21 below. 

For the IPC flange the tables showed that the worst loaded bolt segment with regards to 

separation load was the number 29. With regards to transverse shear load, the worst loaded 

bolt segment was the number 52. The bolt segments are illustrated in figure 22 below. 

 

 

 

Figure 21 Illustration of bolt segments 67 and 93 
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Figure 22 Illustration of bolt segments 29 and 52 

 

The loads extracted from the bolt segments after the structural analysis can be viewed in the 

figures below. 

 

 

Figure 23 Loads on the bolts 93 and 67 in the CCOC flange 
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The figure 24 shows the average loads in the CCOC flange. Compared to the loads in the 

bolts 67 and 93, figure 23, the average loads are much lower. 

 

 

Figure 24 Average loads on the CCOC flange 

 

Figure 25 Loads on the bolts 29 and 52 in the IPC flange 

 

Figure 26 Average loads on the IPC flange 
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5.5 Five Bolt Sector Submodel 

 

A detailed flange evaluation during normal conditions is done using a solid finite element 

model containing a five bolt segment. The bolt in the center of the five bolts Submodel shall 

be the worst loaded bolt identified in chapter 4.4. The element type used for the solid mesh of 

the submodel is the same as for the 360 degree model. Unlike the 360 degree model the five 

bolts submodel is attached to the dummy structure with bolts instead of bonded contact 

surfaces, see figure 28. To emulate the clamp produced by the bolts when they are tightened a 

pretension element is used. The pretension element used is the ANSYS PRETS179. 

 

 

 

Figure 27 meshed bolt 

 

 

The ANSYS PSMESH command is one of the easiest ways to apply pretension elements to a 

fastener. The PSMESH command cuts the meshed fastener into two parts and fits the 

PRETS179 elements, see figure 27. When the pretension elements are between the two 

meshed fasteners a force is applied in the pretension load direction creating the clamping 

force in the bolt. The clamping force is obtained from a simplified formula, Eq. 18, of the 

tension torque. 

 

 

   
 

   
     (18) 

 

 

Where Fc is the clamping force to be applied in the PRETS179 elements, T is the tension 

torque, d is the diameter of the bolt and k is a constant set to 0.2. The applied tension torque in 

the IPC bolts is 464.7 In-Lbs (52.5 Nm) which gives a clamping force of 6705.1 lb (29.826 

kN). The tension torque in the CCOC bolts is 734.6 In-Lbs (83 Nm) which gives a clamping 

force of 8395.4 lb (37.345 kN). 
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Figure 28 Five bolts submodel of the IPC flange 

 

There are some requirements regarding the mesh density in order to perform a detailed 

analysis of the flange submodel. A minimum of 16 elements shall be used around the 

circumference of the bolt holes. A minimum of 4 elements through the flange thickness shall 

be used. 

 

5.6 Boundary Conditions for Five Bolt Sector Submodel 

 

When the worst loaded bolt segments are identified a new structural FEA is performed to 

determine the boundary conditions for the detailed flange evaluation of the five bolt sector 

submodel. Unlike the previous analysis of the 360 degree model performed in section 4.1 the 

contact surfaces between the flange and dummy are divided in an upper and lower half.  The 

contact status of the flanges is set to “always bonded” with no effect of initial penetration or 

gap which means setting the CONTA174 KEYOPT(12) to 5 and the KEYOPT(9) to1. No 

friction is applied, since the upper half of the flanges are “always bonded”.  

 

The contact status for the lower half of the flanges is set to “standard”, where separation is 

possible, which means setting the KEYOPT(12) to 1. A friction coefficient of 0.4 is applied.  

The division of the contact surfaces is done with the purpose of making the analysis as 

realistic as possible in order to obtain accurate boundary conditions.  
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Figure 29 Example of divided contact and target elements at a flange face 

 

Figure 29 illustrates the difference between the two contact element setups used in the two 

360 degree finite element analysis. 

 

 

Figure 30 Finite element model of the CCOC five bolts segment with the node set for 

boundary condition interpolation 

 

Sets containing the nodes, where the boundary conditions shall be applied, are created in the 

finite element model of the five bolt segment, see figure 30. The nodes contain the 

coordinates of the boundaries and are used to extract the boundary conditions from the results 

of the FEA performed in this section. The ANSYS CBDOF command is used. This command 

activates cut boundary interpolation for submodeling.  

The boundary conditions are applied to the model instead of loads and the FEM is solved in 

ANSYS. 
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5.7 Results of the Five Bolt Sector Submodel 

 

The results of the finite element analysis of the flanges is used to identify the loads that act on 

them. The results provide information about what kind of load the component have to 

withstand and the magnitude of it. 

To make sure that the results of the five bolts segment are consistent a comparison of the 

displacement plots between the 360 degree model and the submodel is made in the figures 31-

36.  

 

 

 

Figure 31 Displacement plot of the five bolts segment and the 360 degree model of the IPC 

flange in load step 1 

 

 

As it is shown in figure 30 the displacement plot of the five bolts segment of the IPC flange 

on the left hand side match the displacement plot of the 360 degree model of the ICC. This 

plot is made of the data from the load step corresponding to the taxi, referred as load step 1.  
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Figure 32 Displacement plot of the five bolts segment and the 360 degree model of the IPC 

flange in load step 3 

 

Figure 33 Displacement plot of the five bolts segment and the 360 degree model of the IPC 

flange in load step 9 

The figures 32 and 33 show matching displacement plots in the load step corresponding to the 

take-off referred as load step 3 and the cruising referred as load step 9 in this thesis. The 

figures above shows that the results from the FEA can be used in the life evaluation. 
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Figure 34 Displacement plot of the five bolts segment and the 360 degree model of the CCOC 

flange in load step 1 

 

 

 

Figure 35 Displacement plot of the five bolts segment and the 360 degree model of the CCOC 

flange in load step 3 
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Figure 36 Displacement plot of the five bolts segment and the 360 degree model of the CCOC 

flange in load step 9 

The displacement plots for the five bolts segment of the CCOC match the 360 degree model 

excepting for a spot shown in the figure 34 and 36. The results are used in the life evaluation 

and the difference in the displacement plots will be discussed in the discussion chapter in this 

report. 

The information from the five bolts segment is used to achieve the goal of this thesis and is 

presented in the next chapter. 

 

5.9 Method Cumfat 5.7 

 

In order to run CUMFAT, a file containing the necessary information needs to be created. 

This file has the extension “.cns” and contain the nodal stresses from a finite element analysis 

[11]. To create this file an ANSYS macro, created at GKN by Björn Månsson, called 

“print_cns_v_1_2_0_0.ans” was used [2]. The macro is executed by entering the macro name 

with the necessary arguments in the Linux work terminal.  

 /batch 

 /POST1 

 RESUME,CCOC_FLANGE_1,db,’path’ 

 FILE,submodel_analys_CCOC,rst,’path’ 

 CMSEL,s,CCOC 

                             NSLE 

 cns_print,’result_cns_CCOC’,1,,,CCOC_FLANGE_1,submodel_analys_CCOC 

 FINISH 
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Before executing the macro, the result file “.rst” from the FEA has to be read into ANSYS or 

called as an argument in the macro. In order to be able to select the nodes of interest a data 

base “.db” file with the geometry and element sets are read into ANSYS. When all the 

requirements for the macro are fulfilled ANSYS selects the elements in the set “CCOC”, the 

ones of interest, and writes all the nodal stresses in all directions for all the corner nodes in 

every load step to the “.cns” file. 

 

CUMFAT is then executed and the result is a file with the expected life for all the nodes in the 

component and can be plotted in ANSYS. Identical approach is used for the IPC flange. The 

results are presented in the result chapter.  

 

5.10 Method Nasgro 

 

To run crack propagation analysis in Nasgro no previous results from finite element analysis 

are required.  The geometry of interest is chosen from the Nasgro user interface. There are 

more than 70 geometries available in which the initial crack is placed in the surface or interior 

of the geometry [16].  The task in Nasgro is to emulate the original case of study with the 

geometries available in the interface. The geometries used in Nasgro are the CC02, the EC02 

and the SC02 shown in the figures 37-39 below. 

 

Figure 37 Picture of the corner crack geometry number 2 

 

The CC02 is the corner crack geometry number two used in Nasgro used to calculate crack 

propagation starting from a crack on the surface of a hole, for example a bolt hole. The 

geometry is able to apply bending and tension loads. The SC01 is the surface crack geometry 

number one used in Nasgro to calculate crack propagation starting from a surface crack. The 

EC02 is the embedded crack geometry number two used in Nasgro to calculate crack 

propagation starting from a crack inside of the geometry [15]. The sizes of the cracks 

evaluated in Nasgro are 0.4 mm, 0.76 mm and 1.5 mm. the goal using Nasgro is to identify 

the highest level of stress that gives a life longer than 30 000 cycles [2]. The results are 

presented in the next chapter. 
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Figure 39 Picture of the embedded 

crack geometry number 2 

 

Crack propagation analysis of the geometries, described above, is performed with initial crack 

lengths of 0.4, 0.76 and 1.5 mm. The results from Nasgro are applicable to both flanges due to 

both flanges are made by the same material, Ti64. The aim of the analysis in Nasgro is to find 

a stress limit in which a minimum life of 30 000 cycles, which is the expected life of a 

commercial aircraft engine, can be guaranteed [5]. This limit is referred as a stress threshold 

in this paper.   

 

Figure 40 Crack growth in a corner crack with a bending load of 245 MPa crack size vs. 

cycles 

Figure 38 Picture of the surface crack 

geometry number 1 
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The corner cracks are the most critical cracks in the material and are the only ones that show 

the stress threshold is below the maximum stress found in the IPC flange [2]. The bending 

stresses found in the IPC flange are the result of the flange separation that occurs in the lower 

half of the flange. The stress threshold for the other geometries are above the stresses found in 

the IPC flange and will not cause failure in less than 30 000 cycles. The figure 40 shows the 

crack growth plot with a bending load of 245 MPa and an initial crack size of 1.5 mm. The 

expected life is 30 790 cycles.  

 

The stresses found in the CCOC flange are different from the IPC flange. In the CCOC flange 

there are almost no bending stresses. In order to do the crack propagation analysis new 

stresses have to be defined in Nasgro. The stresses used for the emulation of the CCOC flange 

were membrane stresses, which simply are tensile or compressive stresses which are uniform 

through thickness. The stress threshold found in those simulations in order to obtain a life of 

at least 30 000 cycles was of 125 MPa for an initial crack size of 1.5 mm and the corner crack 

geometry. The threshold for the other geometries are higher than for the corner crack 

geometry in Nasgro. 
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Chapter 6 

Results  

 

The results from the analysis from ANSYS, CUMFAT and Nasgro will be presented in this 

chapter. The outcome of this thesis is an analysis of the results in this chapter and will be 

summarized here. 

 

6.2 CCOC Flange  

 

The results from the detailed finite element analysis is used to identify the loads that the worst 

loaded part of the flanges have to withstand. The data is then used to perform LCF analysis in 

CUMFAT and Nasgro. 

 

6.2.1 Five bolts segment 

 

The data obtained from the finite element analysis shows that the highest stresses are in the 

magnitude of 50-100 MPa. The areas marked with the red lines show boundary effects in the 

five bolts and make no contribution to the result. 

 

 

 

Figure 41 Contour plot of the principal stresses in the five bolt segment of the CCOC flange 
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Figure 42 Contour plot of the principal stresses in the five bolt segment of the CCOC flange 

 

The stresses in the CCOC flange are mostly hoop stresses and very limited bending stresses. 

The highest stresses found in the flange are of magnitude of 100 MPa in the corner of the bolt 

holes, see figure 42. A crack in this area would be the most harmful for the flange. A crack 

initiation analysis is done in CUMFAT. The results from this analysis is presented in the 

figure 43. The crack initiation time is 10
10.2684 

cycles which is much higher than 30 000.  

 

 

Figure 43 Life plot of the CCOC five bolts segment 
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Since the crack initiation is not an issue for the CCOC flange, an analysis for the flange with 

manufacturing defects is done. One of the worst case scenario is to have a defect, a crack, in 

the circumference of the bolt hole where the stress I highest.  As a result of the low stresses in 

the CCOC flange, in comparison with the stress threshold described in section 4.7, the 

following conclusion is made. Assuming a manufacturing technique where the presence of 

LOF is not excessive there is no need to set a threshold for how many LOF you can find in the 

material. The flange will have a life longer than 30 000 cycles. 
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6.3 IPC flange 

 

The IPC flange is treated in the same way as the CCOC flange. The results from the detailed 

finite element analysis is used to identify the loads that the worst loaded part of the flanges 

have to withstand. The data is then used to perform LCF analysis in CUMFAT and Nasgro. 

 

 

Figure 44 Contour plot of the axial stresses in the five bolt segment of the IPC flange 

 

A crack initiation analysis is done in CUMFAT.  

 

Figure 45 Life plot of the IPC five bolts segment
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The results from this analysis are presented in the figure 45. The crack initiation time is 10
6.75 

cycles which is much higher than 30 000. The life plot shows that crack initiation time is 

much greater than the required life and will therefore not be an issue for the AM component. 

 

The Nasgro analysis from the section 4.7 shows a threshold of 245 MPa for a minimum life of 

30 000 cycles for the corner crack geometry and an initial crack size of 1.5 mm. For the other 

geometries and initial crack sizes the stresses needed to achieve the minimum life are over 

300 MPa and are not present in the IPC flange, see figure 46.  

 

6.3.1 Definition of the allowed defect population in the IPC flange 

 

As a consequence of the high stresses in the IPC flange the assumption made for the CCOC 

flange is not applicable.  A probability of failure is estimated by the percentage of material 

that have to withstand stresses above 245 MPa in the flange.  

 

 

Figure 46 Plot of the volume with stress exceeding 245 MPa 

 From the figure 46, 0.0524 % of the material in the five bolts segment. The allowed defect 

population is calculated from 

 

                    
           

                
 .   (16) 

 

P(failure) is 5.24·10
-4

.               is estimated to 0.001 and corresponds to 30 000 

flight cycles with an allowed failure rate of 10
-8 

per flight hour. The volume of the flange in 

the five bolts segment, V0, is estimated to 1.149·10
-5

 m
3 

which correspond to 508.9 g. Eq. 16 

gives a value of 0.524 LOF/508.9 g or ~1 LOF/kg.  
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CHAPTER 7 

 Conclusions  

 

The purpose of this thesis is to find target values on material properties as presented in 

chapter 1. After making a probabilistic analysis of the results presented in 6.2 and 6.1 the 

following conclusions have been made. Due to the low stresses present in the CCOC flange 

during a flight cycle, there is no need of setting restrictions in the allowed defect population in 

the feature. In the case of the IPC flange the stresses in some cases are so high that restrictions 

in the allowed defect population need to be done. The weight of the IPC flange is around 8 kg 

and leads to the conclusion that as long as the number of fabrication defects, LOF, do not 

exceed the number of 8 the life of the flange can be expected to be at least 30 000 flight 

cycles. The conclusion applies even for LOF in the circumference of the bolt holes.  

 

7.1 Discussion  

 

The results presented in this thesis are based on material data from previous projects and are 

consistent only if the properties of the material are similar to them. A process for AM is under 

development at the GKN facilities and the data obtained through this thesis anticipates a 

stable process were the appearance of LOF is moderate. Since AM with LMD-wire technique 

is in its first stages there is no previous work to compare the results obtained in this thesis. It 

is necessary to make physical experiments, where the defect population in the material is 

known, in order to see if the results are reasonable. In the results presented in figures 34 and 

36 in chapter 4, a notorious difference in the displacement plots from the five bolts segment of 

the CCOC flange and the 360 degree model is observed. The anomaly was investigated during 

this thesis, however no cause was found despite different approaches for solving the model. 

The features of interest in this thesis are the flanges, the results are acceptable since the 

displacement of the CCOC flange in the five bolts segment is consistent with the 

displacement of the CCOC flange in the 360 degree model. 
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CHAPTER 8 

Future work 

 

In this chapter a brief presentation of the ways to continue with the study this thesis has done. 

The results in this thesis are focused on special features in a component in the Trent XWB 

engine. The results cannot be used for another features or another jet engines because of the 

loads look so different depending on engine or where in the engine the component is found. 

Therefore the first thing to do to develop the AM technique is to perform similar analysis to 

features that can be manufactured with AM in the future.  

Focusing on features in components make the complete AM approach very product specific. 

More analysis from a general point of view should be done. Fatigue is geometry dependent, 

however a well parametrized process could reduce the geometry sensitivity and make it 

possible to manufacture a wider range of products with AM technique.  

A must in future work is to perform some material testing to verify the results from the 

analysis and to ensure that the quality of the material produced with AM is guaranteed. 
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