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Empowering the engineering community through software, services, and 
solutions to convert engineering data into actionable information to improve 

efficiency, simulation, reliability, safety, durability…

Delivering Integrity, Assurance, Innovation

• Materials Testing

• Solutions for design, 

development and test

• Solutions for asset 

management

Software Brands Training & Education Services

• Design for reliability

• Design for durability

• Fatigue Theory

• Hands-on software
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CONSULTING
ReliaSoft's expert consulting services team offers a uniquely powerful 
combination of industry insight, unparalleled subject mastery and, most 
important of all, direct access to all of ReliaSoft's global resources, 
expertise and contacts.

BBBB

HBM Prenscia Software Portfolio

Reliability life data analysis

Accelerated life testing

RBDs, Fault Trees or Markov 
diagrams

Probabilistic event and risk analysis

Reliability growth analysis

Standards based reliability 
prediction

FMEA and related analyses

Reliability centered maintenance

MSG-3 Maintenance program 
creation

Risk based inspection analysis

Web-based failure reporting and 
problem resolution

Web portal for ReliaSoft 
applications

CAE-based fatigue analysis

Test data analysis and durability

Acoustics and vibration analysis

Data storage and reporting

Web-based test and CAE 
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5HBM Prenscia : Strain controlled fatigue testing

Tensile
UTS (MPa)

981
1110

1025

“it is pretty good in Tensile, but it is **** (not very good) in Fatigue”
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1. Additive Introduction

2. Specimen Manufacture

3. Fatigue Testing

4. Fatigue Characterisation

5. Fatigue Test Results

6. Conclusions and Further Work

Agenda
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• Airbus completed installation of 
titanium 3D-printed bracket on an 
in-series production A350 XWB.

• Built using additive-layer 
manufacturing (ALM).

Introduction

Aerospace Testing International, September 2017
https://www.aerospacetestinginternational.com/news/indust
ry-news/first-titanium-3d-printed-part-installed-into-serial-
production-aircraft.html 

• Norsk Titanium to deliver world’s first 
FAA-approved, 3D-printed, structural 
titanium components to Boeing.

• Built by Norsk Titanium 
using wire-based Rapid Plasma 
Deposition (RPD) process.

Aerospace Testing International, April 2017
https://www.aerospacetestinginternational.com/news/indust
ry-news/norsk-titanium-to-deliver-worlds-first-faa-approved-
3d-printed-structural-titanium-components-to-boeing.html 
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• Additive manufacturing  increase design freedom + reduce need for machining
• Many organisations present tools for structural topology optimisation

…it is not all about shape 
– material strength, and particularly fatigue performance are crucial!

Introduction
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• Worldwide AM business sector 
valued at $5.3B in 2015 
and increasing rapidly.

• UK National Strategy for 
Additive Manufacturing / 
3D Printing, September 2016
http://www.amnationalstrategy.uk/

• “Fatigue is a principal failure mode of structural AM components and is a 
hurdle to its general acceptance.”

• Lloyd’s Register Foundation
Foresight Review of Structural Integrity and Systems Performance, November 2015
http://www.lrfoundation.org.uk/publications/structural-integrity-and-systems-performance.aspx

• “Additive manufacturing (AM) techniques have significant barriers to overcome in 
delivering a manufacturing process that produces consistent quality and safety.”

• Lloyd’s Register and TWI, March 2017
Example Guidance Notes for certification and qualification
http://www.lr.org/en/services/additive-manufacturing/additive-manufacturing-guidance-notes.aspx

Introduction

http://www.amnationalstrategy.uk/
http://www.lrfoundation.org.uk/publications/structural-integrity-and-systems-performance.aspx
http://www.lr.org/en/services/additive-manufacturing/additive-manufacturing-guidance-notes.aspx
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Military Aircraft Structural Airworthiness Advisory Group
MASAAG Paper 124 Issue 1
Guidance Note on the Qualification and Certification of AM Parts for Military Aviation
• “Additive Manufacturing (AM) is considered as simply another manufacturing process, which 

will produce scatter in materials properties that need to be accurately represented by the 
materials allowables and fatigue properties certified for the component.”

• “It has been emphasised that the sources of scatter in both static strength and deformation, 
and fatigue properties could be high in AM parts; higher than is usual for those from 
conventional manufacturing.”

• “Further the properties of an AM part are affected by, amongst many other things, its size, 
geometry, location in the build volume and orientation to the build direction.”

• “For Grade A metallic aircraft structures, until such time that AM is sufficiently mature, it is 
recommended that both the AM process AND the part are qualified and certified as a way of 
establishing and guaranteeing variability.”

Introduction

GOV.UK MASAAG Documents
https://www.gov.uk/government/publications/military-aircraft-
structural-airworthiness-advisory-group-masaag-documents

https://www.gov.uk/government/publications/military-aircraft-structural-airworthiness-advisory-group-masaag-documents
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• Powder Bed Fusion (PBF)
• Thermal energy selectively fuses 

regions of a powder bed
• Two common heat sources:

o Electron Beam (EB-PBF) 
– electron beam melting “EBM”

o Laser (L-PBF)
– selective laser melting “SLM”

• Hot Isostatic Pressing (HIP)
• A manufacturing and heat treatment process to reduce porosity and improve a material's 

mechanical properties, particularly fatigue resistance.
• It is used to densify powders or cast and sintered material in a furnace at high pressure 

and at high temperature.
• “PM HIP case studies.pdf” - from https://www.epma.com/hot-isostatic-pressing

Specimen Manufacture

“SI Performance of AM Ti Alloys”, Zhang
RAeS Conference, AMRC Sheffield, 5 April 2017

https://www.epma.com/hot-isostatic-pressing
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• Material : Titanium Ti-6Al-4V alloy
• Geometry

• Machined from cylindrical blanks 
(except Wrought Sheet Annealed)

• Polished gauge section 
6 mm diameter, 10 mm length

• EBM specimens in 3 build orientations and 2 post manufacture conditions:
• Vertical build orientation, with no post manufacturing treatment
• Three build orientations, with post manufacturing HIP

• Vertical, Horizontal and 
45 Degrees build orientations

• SLM specimens
• Vertical build orientations, and stress relieved

• PM HIP specimens
• Cut and machined from a large block

Specimen Manufacture

H V
45



© 2019  HBM

15

• .

Specimen Manufacture : Titanium Alloy Ti-6Al-4V Conditions

Material Condition Manufacturing Description UTS (MPa)
EBM As-Built (V) Cylindrical blanks, EBM, built vertically, with 

no post-manufacturing heat treatment.
1133

EBM HIP (V) Cylindrical blanks, EBM, built vertically, with 
post-manufacturing HIP

1073

EBM HIP (H) Cylindrical blanks, EBM, built horizontally, 
with post-manufacturing HIP

984

EBM HIP (45°) Cylindrical blanks, EBM, built at a 45° angle, 
with post-manufacturing HIP

1000

SLM SR (V) Cylindrical blanks, SLM, built vertically, with 
post-manufacturing stress relief

1025

PM HIP Rectangular blanks, from a larger block 
manufactured by HIP

986

Wrought Bar 
Annealed

Cylindrical blanks, machined from 65 mm 
square bar

981

Wrought Sheet 
Annealed

Flat sheet blanks, machined from longitudinal 
and transverse rolled 4 mm sheets

1110
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17Fatigue Testing : Axial Fatigue Test Rig

Load cell

Clip gauge 
extensometer 
(for strain-
controlled 
testing)

LVDT 
displacement 
transducer

Hydraulic 
actuator

Grips

Specimen

Test frame & fixtures
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18Fatigue Testing : Axial Fatigue Test Rig

ControllerHydraulic input

Load control Displacement
control

Strain control

Logger

Hydraulic 
actuator

LVDT 
displacement 
transducer

Grips

Load cell

Clip gauge 
extensometer 
(for strain-
controlled 
testing)

Specimen

Test frame & fixtures
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• Test Condition
• Room temperature
• Strain controlled
• Triangular waveform (EBM)

Sinusoidal waveform (all others)
• Fully reversed ( R = -1 )
• Soft start – a slow increase to 

target strain in first few cycles
• 0.5 Hz for first 43200 cycles 

(= 1 day) increased if/when 
appropriate

Fatigue Testing : Test Conditions, Test Monitoring and Failure Criteria

• Test Monitoring
• All cycles recorded
• Strain in the gauge length
• Load to maintain waveform
• Stress calculated from load and 

gauge cross sectional area
• Test stopped at separation
• 20% load drop failure criteria 

applied during post-test analysis

Cycles 
to Failure

19136
18195
16620
15675
14625

Failure 
Criteria

Separation
50% LD
20% LD
10% LD
5% LD
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Waveform
Total Stress 
Total Strain 

Elastic Strain
Plastic Strain

Cycles to Failure
at different
Failure Criteria 

Soft Start

Load Drop

Hysteresis
Loops

Strain

Stress
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• Failure Surfaces

• Predominantly plastic

• Predominantly elastic
(crack nucleated at surface)

• “Double Fish Eye”
(two cracks nucleated internally)
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Fatigue failure
predominantly
plastic

Fatigue failure 
predominantly
elastic
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• Fitting the Ramberg-Osgood parameters for the cyclic stress-strain curve

Fatigue Characterisation : Cyclic Stress-Strain Curve
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• Fitting the Basquin and Coffin-Manson parameters for the strain-life curve

Fatigue Characterisation : Strain-Life Curve
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• If the stresses and strains are similar:
Cycles to Failure in the Test Specimen == Cycles to Failure in the Component

• Virtual fatigue testing

Fatigue Characterisation : Strain-Life Fatigue Damage Model

σ,ε
Strain-Life

Stress-Life
σ
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• Wrought Bar and Sheet Baseline
• High scatter – because combined results
• Two batches of wrought bar
• One batch of wrought sheet

(longitudinal & transverse 
rolling directions)

Fatigue Test Results : Wrought Bar and Sheet Baseline
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• Wrought Bar and Sheet Baseline
• EBM As-Built (V) : 15 samples (with no post heat treatment)

• Low scatter

• Lower life than baseline but generally within 3σ
• Ιncrease in slope

• EBM HIP (V) : 27 samples
• Low scatter in low cycle region
• Notable increase in life 

in high cycle region
• …, but with high scatter 

in this high cycle region
• Expected as a result of

the HIP post manufacture
heat treatment -
reducing porosity and 
potential fatigue crack 
nucleation sites has most 
effect in high cycle region

Fatigue Test Results : Compare vertical build EBM, with and without HIP treatment
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• Wrought Bar and Sheet Baseline
• EBM HIP (V) : 27 samples
• EBM HIP (45°) : 15 samples
• EBM HIP (H) : 16 samples

• All three build orientations
show similar characteristics

• Low scatter in 
low cycle region

• Notable increase in life in 
high cycle region

• …, but with high scatter 
in this high cycle region

• Vertical build generally
has longer fatigue lives
(built in one build)

• 45° and horizontal build
are very similar
(built together in one build)

Fatigue Test Results : Compare EBM build orientations, all with HIP treatment
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• Wrought Bar and Sheet Baseline
• EBM As-Built (V) : 15 samples
• EBM HIP (V) : 27 samples
• PM HIP : 25 samples

• Shorter life than both 
EBM As-Built and HIP 
in low cycle region

• Fatigue life becomes
better than As-Built in
high cycle region as a
result of HIP benefits

• SLM SR : 2 samples
• Much shorter fatigue life
• SLM testing program 

was delayed by a year
• SLM program has now started, 

optimising build parameters, 
building density test blocks

Fatigue Test Results : Compare vertical build EBM, w/wo HIP, PM HIP & SLM
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1. The Strain-Life fatigue damage model is 
applicable for EBM additive manufacturing 
of this titanium alloy Ti-6Al-4V.

2. Post-manufacturing HIP treatment 
improves high cycle fatigue performance, 
though scatter is increased.

3. Fatigue tests on additive manufactured 
material is considered essential because 
the fatigue performance cannot be 
inferred from the wrought material.

4. The material condition tested needs to 
include both manufacturing process and 
any post manufacturing treatment.

Conclusions
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MASAAG Paper 124 Issue 1
Guidance Note on the Qualification and Certification 
of Additive Manufactured Parts for Military Aviation
• “Additive Manufacturing (AM) is considered as simply another manufacturing process, which 

will produce scatter in materials properties that need to be accurately represented by the 
materials allowables and fatigue properties certified for the component.”

• “It has been emphasised that the sources of scatter in both static strength and deformation, 
and fatigue properties could be high in AM parts; higher than is usual for those from 
conventional manufacturing.”

• “Further the properties of an AM part are affected by, amongst many other things, its size, 
geometry, location in the build volume and orientation to the build direction.”

• “For Grade A metallic aircraft structures, until such time that AM is sufficiently mature, it is 
recommended that both the AM process AND the part are qualified and certified as a way of 
establishing and guaranteeing variability.”

Conclusions : Remember the Introduction

GOV.UK MASAAG Documents
https://www.gov.uk/government/publications/military-aircraft-
structural-airworthiness-advisory-group-masaag-documents

https://www.gov.uk/government/publications/military-aircraft-structural-airworthiness-advisory-group-masaag-documents
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• Work Completed : Strain-life characterization of base material

• PM HIP Powder Metallurgy Hot Isostatic Pressing

• EBM Electron Beam Powder Bed Fusion

• SLM Laser Powder Bed Fusion
Testing was due to start in August 2018, but was delayed 1-year.
Supporting a 3-year research programme (2019-2022), 
to include titanium, aluminium and nickel alloys

• WAAM Wire Arc Additive Manufacturing
Supporting a 5-year Cranfield / Coventry University NEWAM research
programme (2018-2023), to include titanium, aluminium and steel alloys

• Further Work : Component validation 
• Small component test cases to physically test and compare with strain-life fatigue 

prediction

Work Completed and Further Work
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Paper available from: 
“ICAF 2019 – Structural Integrity in the Age of Additive Manufacturing”. 

Scroll down the above link, and we are 4th in the list, (~£30 to buy the paper) 

https://www.springer.com/gp/book/9783030215026

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.springer.com%2Fgp%2Fbook%2F9783030215026&data=02%7C01%7CAndrew.Halfpenny%40hbmprenscia.com%7C3d716a27806e4328e8a508d725715b6e%7C6cce74a3397545e09893b072988b30b6%7C0%7C0%7C637019041099205516&sdata=YnWYjf%2F%2B4e8h%2BT6ScycaWVLQiLXYdtRnS%2Fw5LLIDTxg%3D&reserved=0
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Questions

Additive Manufacturing
“it is pretty good in Tensile, but it is **** (not very good) in Fatigue”

“can fatigue performance meet qualification reliability requirements”
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Dr Andrew Halfpenny

Director of Technology

T: +44 (0)7968 288760

E: andrew.halfpenny@hbmprenscia.com
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