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©Ted Sjöberg (2017)

This document is freely available at

http://www.ltu.se

This document may be freely distributed in its original form including the current author’s
name. None of the content may be changed or excluded without permission of the author.

Printed by Lule̊a University of Technology, Graphic Production 2017

ISSN 1402-1544
ISBN 978-91-7583-866-3 (print)
ISBN 978-91-7583-867-0 (pdf)

Lule̊a 2017

www.ltu.se

ii



“Research is to see what everybody has seen and think what nobody has thought.”

Arthur Schopenhauer

iii



iv



Preface

The work described in this thesis has been carried out at the Solid Mechanics group, a part
of the Division of Mechanics of Solid Materials, department of Engineering Sciences and
Mathematics at Lule̊a University of Technology, Sweden. Financial support was supplied
by Vinnova, through the NFFP 5 and 6 programs, and GKN Aerospace Sweden in
Trollhättan. This thesis is arranged as a compilation, meaning that the work is presented
through five appended papers. A summary outlining the scope of the work is provided
in order to provide consistency and a wider picture.

The journey made to reach this point would not have been possible without the support
of all the people around me. First of all I would like to thank all the colleagues at the
subject of Solid Mechanics for the support and discussions, lunches and coffee breaks.
I would like to express my thanks to my three supervisors, Prof. Mats Oldenburg, Dr.
K.G. Sundin, and Dr. Jörgen Kajberg for guiding me throughout this work, as well as
giving me the opportunity to pursue a PhD degree. I would like to give special thanks to
Jan Granström for his help and discussions regarding the experimental work. Hans Åhlin
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Abstract

Due to the trend of increasing environmental demands put on civil aviation, manufac-
turers of commercial aircraft engines meet increased pressure to reduce weight. Modern
turbofan engines represent up to almost one tenth of an aircraft’s total weight, meaning a
reduction of engine component weight of just 30 kg is estimated to reduce CO2 emissions
by 400 tonnes over the lifetime of a medium sized commercial aircraft. At the same
time turbine casings are required to fully prevent debris to escape in the event of blade
failure, to prevent further damage to critical systems. For new designs to be approved
the Federal Aviation Regulations (FAR) states that the containment capability of a sug-
gested design solution must be experimentally established, a process associated with high
costs and long lead times. The industry therefore more frequently relies on numerical
simulations as part of all stages in the design process. For simulations to replace the
expensive experiments in finding the final optimum design regarding weight and safety,
the accuracy of the used models have to be improved.

This thesis aims to provide increased accuracy in the numerical predictions by devel-
oping experimental procedures to test material close to the operational conditions of the
containment structure. This is realised by performing experiments at high-strain rates
and elevated temperatures in a high-velocity tensile testing machine combined with an
induction heater. Sheet specimens of varying geometries are loaded in tension to achieve
different stress states for covering different failure modes. Furthermore, high-speed pho-
tography and Digital Image Correlation are utilised to track in-plane deformations. The
resulting local deformations are then used to derive the stress-strain hardening relation
and the evolution of the stress state from initial loading up to fracture. The obtained
data are finally used to calibrate strain rate and thermal dependent plasticity and frac-
ture models. To validate the calibrated models so-called reverse impact testing was used,
where the resulting force of a material sample impacting an instrumented target was
quantified. The experiment was straightforward to model numerically since the speci-
men flies freely without constraints, thereby avoiding complex boundary conditions.

The characterisation method was developed and performed on nickel based Alloy 718.
This material is known for its high strength and good corrosion resistance at high tem-
peratures and is therefore commonly used in hot parts of aircraft engines, such as the
containment structures of the low-pressure part of the engine turbine. All material for
testing and validation was supplied from one single heat and batch, aged using the same
heat treatment conditions, to ensure consistent mechanical properties. The results from
the characterisation procedure showed that the plastic flow of Alloy 718 is moderately
strain rate and temperature dependent while the fracture is clearly stress state dependent.
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Chapter 1

Introduction

“Failure is only the opportunity
more intelligently to begin again.”

Henry Ford

As to not overwhelm the reader this thesis begins with a short summary of the scientific
papers appended. This summary aims to introduce the topics covered in a general and,
hopefully, understandable way. At the same time the context and benefit of the work
performed are described and defined.

1.1 Objective

In the manufacturing industry of commercial aircraft engines one important concept is
the containment capability. A concept implying that the structure that surrounds the
rotating parts of the engine must prevent any released parts, from events such as blade
loss, to cause further damage to the aircraft. To optimise the design of the containment
structure the use of numerical tools such as finite element analysis are often employed.
The objective of the work performed in this thesis was therefore to develop a method for
efficient and reliable characterisation of materials used in the containment structure. Such
a method will lead to more accurate modelling of deformation and fracture behaviour
and thereby increase the predictive capability of the numerical simulations.
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4 Introduction

1.2 Background and motivation

As environmental goals for the aerospace industry become more and more demanding,
such as the ones given in the roadmap for European aviation research - Flight Path 2050
set up by the Advisory Council for Aeronautics Research in Europe (ACARE) (2011),
manufacturers are pushing structures and materials closer to their limits in order to
improve efficiency and save weight. Modern turbofan engines represent up to one tenth
of an aircraft’s total weight, and a reduction of engine component weight of just 30 kg
is estimated to reduce CO2 emissions by 400 tonnes over the lifetime of a medium sized
commercial aircraft (LIGHTer, 2016).

1.2.1 Containment

Containment capability can be described as the requirement put on the structure and
casing of commercial aircraft engines to fully prevent any debris to escape and cause
further damage to critical systems in the event of failure of fan-, compressor-, or turbine
blades. The demand for containment adds considerable bulk to the engine, meaning
that new designs of the containment structure able to reduce the weight are of major
interest. In the interest of passenger safety the design and manufacturing of civil aircraft
engines are associated with rigorous safety regulations. One example of such regulations
is the requirements set up by the Federal Aviation Administration (FAA) in the Federal
Aviation Regulations (FAR). Part 33 of FAR describes the airworthiness standards of
aircraft engines, where subpart F-33.94 specifies the regulations of blade containment and
rotor unbalance tests. According to these standards blade containment tests on all new
designs of aircraft turbines are to be performed in two parts. The first part is done by
initiating failure in the most critical compressor or fan blade while operating the engine
at maximum allowable speed. The second part of the test is done by initiating failure in
the most critical turbine blade, once again at maximum permissible rpm. During both
these tests the engine must contain all damage, without failure to the mountings and
without catching fire when operated for at least 15 seconds.

Despite these rigorous testing standards failures of the containment structure can hap-
pen. For example, in November 2010 Quantas Flight 32, travelling from Singapore to
Sydney, suffered an uncontained engine failure (ATSB, 2010). Debris from the failure
of the number 2 engine of the Airbus A380-842 punctured the wing, damaged flaps, the
controls of the number 1 engine, and fuel tanks causing fuel leaks and a fuel tank fire.
Even with the damage the aircraft could return to Singapore with no reported injuries
among the 440 passengers or 29 crew.

In September 2016 British Airways Flight 2276, bound for London, suffered a catas-
trophic, uncontained, failure of the number 1 engine while on the runway in Las Vegas
(NTSB, 2015). The aircraft, a Boeing 777-263ER, had not yet reached take-off speed and
was able to abort and come to a full stop on the runway. The engine fire was extinguished
by ground crew and the only injuries reported were minor injuries, mostly from sliding
down emergency escape chutes.

American Airlines Flight 383 was a Boeing 767-300ER, operating between Chicago and



1.2. Background and motivation 5

Miami, that suffered an uncontained engine failure in October 2016 when accelerating for
take-off (NTSB, 2016). The take-off was aborted and all passengers and crew evacuated,
with the end result of only twenty minor injuries. While the incident is still under
investigation a preliminary inspection of engine number 2 revealed that a high pressure
turbine rotor disk had failed.

While all these events ended without any fatalities, deadly accidents due to contain-
ment breaches have occurred. Maybe one of the most well known incident is United
Airlines Flight 232 (NTSB, 1990). This DC-10 crash landed in Sioux-City, Iowa, after
suffering an uncontained failure to its rear tail-mounted engine. The debris from the
failure severed connections in all hydraulic systems leading to loss of all flight controls.
An heroic effort by the flight crew meant that 185 of the 296 people on board did survive
the crash, still making it one of the more deadly incidents caused by containment failure.

As seen, the failure of rotor blades and discs carry large risk of critically damaging
an aircraft. However, properly designed containment casings will minimise the risk of
uncontained failure occurring in events such as blade loss due to fatigue or foreign objects
debris, such as ice or birds, striking the engine. In effort to reach the goals of reduced
weight while increasing the containment capability new materials and novel designs of
engine casings must be explored, even though the high costs and often long lead times
associated with experimental containment tests place limits on the industry. This has
lead to increased use of numerical simulations as part of the design process, and even
the evaluation process. Numerical simulations are capable of providing more data than
conventional testing, as well as being both cheaper and most importantly much faster.
Because of the critical significance of the containment casing, the accuracy of these nu-
merical simulations are key in order to correctly predict all parts of the complex dynamics
involved in a blade off event. Models need to reliably describe material behaviour un-
der parameters such as elevated temperatures, high deformation velocities, and different
states of stress for the resulting data to be of use. The prospect of increased accuracy in
the numerical simulations therefore opens up the development of more optimal designs
for the containment structure leading to lighter, more environmental friendly, as well as
safer aircraft engines.

1.2.2 Alloy 718

In this thesis all experimental testing was performed on Alloy 718. This nickel based
superalloy was developed in the 1950’s and attractive characteristics such as high strength
at temperatures up to 650◦C, high creep resistance, and good weldability meant that the
alloy quickly became one of the most commonly used materials in the hot parts of aero
engines, not least the containment structure. Alloy 718 accounts for more than one third
of a nickel based superalloy production in the world and in many modern civil aircraft
engines the use of Alloy 718 stands for up to half of the nickel usage, by weight. This
makes Alloy 718 a material of particular interest when it comes to improving aircraft
engines.
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1.3 Scientific background

The ability of fast transportation over long distances using aircraft is an important part of
the modern global landscape, with the number of travelling passengers increasing steadily
towards projected levels of over 7 billion passengers annually by the year 2030. This
steady increase of passengers coupled with targets in decreasing the global greenhouse
emissions means that aircraft manufacturers and their sub-contractors are leaving no
stone unturned in the search for more efficient designs of every part in the aircraft.

To reduce both weight and cost many parts in the aircraft turbine are today manufac-
tured welded constructions of wrought material instead of using the traditional method
of casting. This change in manufacturing technique has made it possible to reduce the
thickness of the turbine casings, leading to engines with reduced weight. However, this
has also made the containment capability a design criterion of increased importance as
the thinner structures offer less penetration resistance. With the increasing complexity
of new design criteria industry is looking into shorten lead times and decrease cost by
using computers and numerical simulations to facilitate the use of materials to their full
extent of their capabilities. An example where numerical simulations were used to study
the containment structure is given by the work performed by Kraus and Frischbier (2002)
who used simulations in order to investigate the effects of interaction between blades in
the case of blade failure in the low pressure section of a turbine. The simulations were
performed using different numbers of blades the results showed an increase in contain-
ment penetration when more than one blade was used. A similar study was performed by
He et al. (2016) using both numerical simulations and experimental containment testing
on two different sections, the first fan stage and a section of the low pressure turbine. In
both sections the effects of blade to blade interaction was studied, and once again the
results showed increased damage when more than one blade was modelled. In both stud-
ies the conclusion was drawn that in order for accurate results to be obtained multiple
blades have to be considered in the modelling of containment. Numerical simulations
on the full geometry of an aircraft engine are very resource intensive, but possible given
enough computational resources. Full geometry simulations have been performed by for
example Ortiz et al. (2009), who launched a numerical study on a turbofan engine to
evaluate the unbalance loads and rotor displacements in a blade of event. Sinha and
Dorbala (2009) performed full scale transient dynamic analysis of a commercial turbo-
fan engine to simulate a blade loss scenario. While the simulation only ran for four full
revolutions of the rotor, because of the high costs in computational resources, the results
showed good agreement with the small amount of experimental data that exists from full
scale testing. This thesis aims to provide increased accuracy in the numerical modelling
of material by developing experimental procedures to evaluate material behaviour close
to the operational conditions of the containment structure.

1.3.1 Rate dependent thermo-elastoplasticity

To model the deformation of the containment structure three distinct phenomena was
early on identified as the most important parts to characterise in order to obtain an ac-
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curate behaviour of the model. The first of these phenomena is the strain hardening, also
referred as work hardening. Plastic deformation in metallic material is mainly caused
by movement and creation of small defects in the crystal matrix called dislocations. As
the material is deformed, energy is added to the material and move dislocations until
they eventually get stuck at obstacles such as solute atoms, grain boundaries, or other
dislocations. In addition, dislocations are continually created, by for example Frank-
Read sources (Frank and Read, 1950). As deformation progresses and more dislocations
are created, more of the dislocations get caught to obstacles, eventually saturating the
material hindering the movement of existing dislocations and making creation of new
dislocations harder. This means more energy is needed for the dislocations to over-
come their obstacles to further deform the material. The end result is an increase in
the yield strength of the material as higher strains are achieved. Some of the barriers
pinning the dislocations can be overcome more easily with increased thermal energy giv-
ing the dislocations increased mobility. This phenomenon makes the material weaker at
high temperatures and is generally called thermal softening. The thermal softening is of
course a material behaviour important in the modelling of containment structures. With
increased velocity of deformation there is less time for the dislocations to overcome the
obstacles, making the increased mobility due to thermal energy less effective. At high
deformation velocities, viscous behaviour also start to effect the mobility of the disloca-
tions. At extreme dislocation velocities relativistic effects on the motion of dislocations
can also be of importance. The effects on the dislocation caused by deformation velocity
are commonly grouped together and called strain rate strengthening or strain rate sensi-
tivity. The effect of strain rate sensitivity is a third behaviour important to characterise
when trying to model debris impacting the containment structure. More in-depth infor-
mation on the mechanics of plastic deformation of metals can be found in textbooks such
as Meyers (1994).

Constitutive models describing the plastic deformation behaviour of materials may, in a
rough sense, be divided into two types. The first type is the physically based models that
try to explain the micro-mechanical behaviour of the material. Examples of physically
based models are the commonly used Zerilli-Armstrong model proposed by Zerilli (2004)
or the Mechanical Threshold Stress model suggested by Follansbee and Kocks (1988).
The other main type of plasticity models is the empirically based models such as the
widely used Johnson-Cook model proposed by Johnson and Cook (1983) which is purely
based on observed macroscopic behaviour of materials. When it comes to the modelling
of Alloy 718 a multitude of models have been used, Kobayashi et al. (2008) and DeMange
et al. (2009) are two studies where the Johnson-Cook model was calibrated. In the latter
study the authors found the Johnson-Cook model unable to capture the strain hardening
behaviour at high strain rates. A new model, able to include a saturation level in the flow
stress, was therefore proposed. Song and Huh (2007) modified the flow stress factor in the
Johnson-Cook model to take into account strain rate bahaviour of the work hardening,
while Erice and Gálvez (2014) modified the Johnson-Cook model by including a damage
factor. Algarni et al. (2015) used the model proposed by Bai and Wierzbicki (2008) to
describe plastic behaviour of Alloy 718. Fisk et al. (2014) developed a model based on
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dislocation density. Coupled with a model describing the growth and coarsening of the
major strengthening precipitates this model had the aim of predicting residual stresses
and final micro-structure in the material following repair welding of aircraft engines.

1.3.2 Ductile fracture

Ductile fracture was early observed to occur as an effect of growth and coalescence of
microscopic voids. Investigations by amongst other McClintock (1968) and Rice and
Tracey (1969) led to fracture criteria predicting fracture by modelling the growth of voids
as a material is subjected to plastic deformation. Both authors found that fracture of
ductile metals was strongly dependent on the amount of hydrostatic stress in the material.
In a more recent investigation Bao and Wierzbicki (2004) performed experimental testing
on an Aluminium alloy covering a wide range of different stress states and found that the
relation between stress triaxiality and strain at fracture was divided into three distinct
regions. For negative triaxiality values it was observed that failure through shearing of
voids was dominant, while at high stress triaxialities the dominating failure mode was
through growth and coalescence of voids. For triaxiality values in between the two other
regions fracture was observed as a combination of the two modes. The same conclusion
was drawn by Barsoum and Faleskog (2007) who loaded double notched specimen in
combined tension and torsion. This combined loading enabled the authors to investigate
the role of both the hydrostatic stress and the third deviatoric stress invariant on the
ductility of the material.

Most common when defining the fracture dependency on hydrostatic stress and the
third deviatoric stress invariant is to use the stress triaxiality parameter, η, together with
the Lode angle parameter, θ̄. The three invariants used to define these two parameters
are given by Eqs. (1.1) to (1.3) as

− p = σm =
1

3
(σkk) =

1

3
(σ1 + σ2 + σ3) (1.1)

q = σ̄ =

√
3

2
(sijsij) =

√
1

2

[
(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (1.2)

r =

[
27

2
det(sij)

]1/3

=

[
27

2
(σ1 − σm) (σ2 − σm) (σ3 − σm)

]1/3

(1.3)

where σ1, σ2 and σ3 are the three principal stresses. Based on the two first invariants, p
and q, the stress triaxiality parameter is defined as a normalized parameter given by

η =
−p
q

=
σm
σ̄

(1.4)

In the same way the second and third invariant are used to find a normalized parameter
described as

ξ =

(
r

q

)3

= cos(3θ) (1.5)
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where ξ is often referred as the normalized third invariant of the deviatoric stress and θ
as the Lode angle, ranging from 0 ≤ θ ≤ π/3. From this the Lode angle parameter is
obtained by normalising the Lode angle as

θ̄ = 1− 6θ

π
= 1− 2

π
cos−1(ξ) (1.6)

giving the Lode angle parameter the range from -1 to 1. For the plane stress condition,
σ3 = 0, there exists a unique relationship between the triaxiality η and the normalized
third invariant of the deviatoric stress ξ defined by

ξ = −27

2
η(η2 − 1

3
) (1.7)

When modelling fracture many different types of criteria have been proposed, both phe-
nomenological and empirical. Two of the most commonly used categories of fracture
criteria are the fracture initiation models and the damage indicator models. Fracture
initiation models define the point where fracture are initiated as a critical state, often
stress dependent, and defined in general as

F (σij) = 0 (1.8)

In many regards fracture initiation models are very similar to initial yield criteria, and
criteria used as yield criteria have also been applied to model fracture initiation. Exam-
ples of fracture initiation models are the Mohr-Coulomb (Coulomb, 1776; Mohr, 1900),
the Tresca (also called maximum shear stress) (Tresca, 1864), and the maximum stress
vector (Khan and Liu, 2012) criteria.

Damage indicator models treat fracture as initiated by an evolution of damage. These
models often define a damage evolution variable that is given as a stress dependent
function integrated over the path of deformation as

Ef =

∫
ε̄p
f (σij) dε̄

p (1.9)

where the fracture is initiated when the damage variable reaches a critical value Ef =
Ef

cr. Many different shapes of the evolution function f have been suggested, for example
by Cockcroft and Latham (1968), Wilkins et al. (1980), and Johnson and Cook (1985).
By transforming a fracture initiation model to a mixed stress/strain representation it is
possible to use the model as an evolution function in a damage indicator model. This
was performed by Bai and Wierzbicki (2010) who transformed both the Mohr-Coulomb
and the maximum shear stress criteria into damage indicator models. In Paper E a
transformation of the magnitude of stress vector model into damage indicator form was
performed.

A comprehensive study of fracture was performed by Wierzbicki et al. (2005), cali-
brating and comparing seven different fracture models commonly implemented in com-
mercially available finite element codes. Teng and Wierzbicki (2006) performed a similar
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study when calibrating six different fracture models for high velocity impact scenar-
ios. Erice and Gálvez (2014) modelled the fracture in Alloy 718 by using a coupled
elastoplastic-damage model and fracture criterion. The fracture criterion of this cou-
pled model was based on the Johnson-Cook failure criterion but used an added factor
modelling Lode angle dependency. The model was studied for use in high strain rate
ballistic applications. Algarni et al. (2015) modelled the fracture of Alloy 718 using the
Modified Mohr-Coulomb criterion while also taking flow stress dependency on both stress
triaxiality and Lode angle into account.

1.3.3 Experimental procedures

In order to characterise the mechanical behaviour of material many different experimen-
tal procedures have been developed and used over the years. Perhaps the most commonly
used experiment when characterising metallic material is the uniaxial tensile test. This
method is mainly used to characterise basic elastic and plastic behaviour. A compre-
hensive overview of tensile testing was written by Davis (2004). Conventional tensile
testing are usually performed at low testing velocities, covering strain rates of 10−4 to
10 s−1. For material characterisation at higher strain rates a number of different ex-
perimental techniques exists. Examples include Taylor impact, split Hopkinson/Kolsky
bars, Nakazima punch tests, and drop-weight experiments. An overview of commonly
used experimental procedures for mechanical testing at high strain rates was published
by Field et al. (2004). In order to achieve elevated temperatures in material testing the
most common method is to simply heat the material specimen in a furnace, either before
or during testing. Another method for heating electrically conducting materials is the
use of magnetic induction, enabling very rapid heating.

Many of these methods have been used to characterise Alloy 718 under a wide vari-
ety of loading conditions. Zhang et al. (1997) used compression tests at temperatures
between 960 to 1040◦C and a range of low strain rates to model the plastic deformation
of Alloy 718. Pereira and Lerch (2001) performed quasi-static room temperature tensile
testing on a number of specimens of Alloy 718 subjected to different heat treatment.
Three of the heat treatments were chosen to be tested in a ballistic impact test in order
to evaluate the effect the different heat treatments have on the ballistic properties of
the material. In a related study DeMange et al. (2009) used split Hopkinson pressure
bars to test the dynamic behaviour of two different heat treated batches of Alloy 718.
In addition, the split Hopkinson bar was utilised to investigate the tendency of dynamic
shear localisation in Alloy 718. This was done using a ’top-hat’ specimen designed to
obtain local shear stress concentrations in a region close to the corners. This study found
that at high strain rates Alloy 718 in aged condition show very limited work hardening,
making it susceptible to shear localisation and fracture. Kobayashi et al. (2008) loaded
specimens of Alloy 718 in torsion at both quasi-static and dynamic conditions to cover
a wide range of strain rates. The high strain rate shear loads achieved by these experi-
ments were used to model the dynamic deformation of explosive bolt fasteners used on
the space shuttle.
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In order to reduce the number of different experiments needed to characterise material
behaviour one method is to use more advanced measurement techniques, enabling acqui-
sition of more data from a single experimental set-up. Digital image correlation (DIC) is
a non-contact optical technique enabling full-field measurements of the displacement of
an object. By capturing images of the deformation process the DIC method are able to
calculate the deformation gradient from one image to another, step by step. This is per-
formed by first dividing the image into small sub-areas, a cross-correlation procedure is
then employed to determine the deformation of each sub-area by tracing the movement
in subsequent images. With the deformation of all sub-areas calculated, the in-plane
displacement field is created for all captured images. The cross-correlation procedure of
DIC relies on the existence of a random pattern on the surface in order to ensure unique-
ness of all the sub-areas. More details on DIC are given in the review performed by Pan
et al. (2009) or in the user manual of the commercially available DIC software ARAMIS
(GOM, 2007). Using full field measurements it is possible to characterise materials by
for example employing inverse modelling using finite element analysis. With this method
it is possible to evaluate the material even at strains exceeding the levels of plastic in-
stability as done by Kajberg and Lindkvist (2004). The same approach was used in
high strain rate applications by both Tarigopula et al. (2008) and Kajberg and Wikman
(2007) by capturing the deformation of specimen in different split Hopkinson systems
with high speed photography. Lyons et al. (1996) heated uniaxial tensile specimens to
650◦C in a furnace to evaluate the use of full field measurements at high temperatures.
Grant et al. (2009) pushed the temperatures higher by using filters and blue LED light
to suppress black-body radiation effects. With this they were able to use DIC to measure
strains in uniaxial tensile specimens of a nickel based alloy at a temperature of 1000◦C.
Liutkus (2014) used DIC to capture the deformation of TI-6Al-4V titanium alloy sub-
mitted to quasi-static and dynamic punch testing. In the same study DIC was also used
to track the deformation of Alloy 718 specimens in split Hopkinson tension and pressure
bar experiments.

For validation of material and fracture models used in high speed situations different
types of ballistic experiments are commonly used. These experiments enable testing to
be performed at high velocity using relatively simple means such as cannons powered
by compressed air. In some more advanced cases explosive charges are used to reach
higher velocities. In a study performed by Di Sciuva et al. (2003) both low and high
velocity impact experiments were performed on sheets of Alloy 718. For low velocity
impact experiments of drop-weight design was performed while for high velocity impact
a gas gun powered by an explosive charge was used. This meant that testing could be
performed at velocities from 6 to 600 m/s. Erice et al. (2014) performed ballistic impact
experiment on specimen of Alloy 718 placed inside a furnace enabling impact testing at
temperatures up to 700◦C. A special technique sometimes used in impact experiments is
so called reverse impact testing. As the name implies, in these experiments the impact is
reversed and instead of firing a projectile towards a specimen target the specimen itself
is fired towards a stationary target. One advantage of this set up is that it enables the
use of instrumentation techniques that is difficult to use in regular impact experiments.
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Examples are studies by Bourne et al. (1997), Proud et al. (2001), and Lidén et al. (2006),
who all used reverse impact testing to observe the perforation behaviour of impacts at
oblique angles, and Hockauf et al. (2007), who used a reverse impact experiment to test
the dynamics of perforation of fibre fabrics and polymers at high velocity. With a two
stage light gas gun capable of firing projectiles in the range of 1.5-2.5 km/s Subramanian
et al. (1995) devised a reverse impact experiment capable of obtaining rate of penetration
data. This was achieved by observing the penetration of stationary thin tungsten rods
impacted by aluminium plates using X-ray photography.

1.4 Scope and limitations

The aim of the work performed in this thesis was the development of characterisation
methods for sheet materials subjected to high strain rate loading in environments of ele-
vated temperature. Being restricted to only sheet material meant that the experimental
methods available was limited to some extent. One of these limits was the lack of reliable
characterisation experiments for compression loading. Rolled sheets often show some
amount of anisotropy in the plastic deformation depending on rolling direction. While
tendencies of this was seen in a first test of uniaxial specimen performed at angles of 0,
45, and 90◦ against the rolling direction the effects were concluded to be insignificant. In
order to minimise the effects of anisotropy all tensile specimen were cut transverse the
rolling direction which was the middle ground option, with the specimens cut along the
rolling direction were found to be stronger while the specimens cut at 45◦ were found to
be weaker. This also means that the effects of anisotropy in the fracture properties are
not accounted for.

With the aim of developing characterisation procedures some material phenomena
having only limited effect on the global deformation and fracture behaviour was chosen
not to be investigated or modelled. Phenomena not modelled include the small stiffness
nonlinearities in elastic response of Alloy 718 reported by Gil et al. (1999). An effect of
perhaps greater impact was also reported in this study, as well as other studies (Iyer and
Lerch, 2001; Lewandowski et al., 2003), is the existence of strength-differential in the
material. That is, the material show significantly higher strength in compression than in
tension. Alloy 718 is known to exhibit dynamic strain ageing for some combinations of
strain rates and temperatures. This phenomena often appears as serrations in the stress-
strain response and has been reported by several authors (Hale et al., 2001; Thomas
et al., 2006; Garat et al., 2008; Prasad et al., 2010). The characterisation and modelling
of all these effects is outside of the scope of this work and the material is modelled using
linear elasticity together with isotropic von Mises plasticity. Furthermore, all specimens
are assumed to be in a state of plane stress.

All loading in this work is performed at moderate to high strain rates meaning that
all processes are seen as adiabatic. In addition the fraction of plastic work contributing
to the generation of heat, the Taylor-Quinney coefficient, is assumed to have a constant
value of 0.9. This is in contrast to some evidence showing that a constant value does not
hold true for example in high strain rate deformation (Ravichandran et al., 2002).



Chapter 2

Modelling and experimental
methods

“Let’s get on our knees and pray.
I don’t know to whom.

Is there a patron saint of ballistics gel?”

Adam Savage

To reach the aim of this thesis the deformation and fracture behaviours of Alloy 718
metal sheets used in containment structures were characterised. The characterisation
was performed in environments reflecting the typical service conditions in the aircraft
engine, meaning temperatures up to 650◦C as well as high deformation rates experienced
by the structure in the case of impact from released parts caused by blade off events.

The method to obtain the plastic behaviour and fracture characteristics at high tem-
peratures and high strain rates is presented in this chapter. With this method the
mechanical material properties were determined from initial yielding, past necking, all
the way to fracture. Plastic strains, for varying strain rates and temperatures, were
obtained by using digital image correlation (DIC) on high-speed tensile experiments cap-
tured with high-speed photography. Four different geometries of flat specimens were used
to achieve different stress states at plane stress condition. The great advantage of the
method is that no finite element based inverse modelling is needed to obtain both the
plastic behaviour and the state of stress up to the initiation of fracture. The gathered
material properties can thereby be used to directly calibrate the material models used in
numerical simulations.

In order to validate and evaluate the calibrated material reverse impact tests are per-
formed at temperatures reflecting the temperatures in an aircraft engine. Different stress
states in the fired material sample are obtained by varying the geometry of the target
and the impact velocities.

13
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Figure 2.1: Schematic drawings of the 1.6 mm thick specimens. All measures are given
in mm.

2.1 Material characterisation

With all material supplied in thin sheets, the characterisation experiment chosen was
tensile testing. The tensile specimens were designed to reach different stress states during
deformation and four geometries were used in order to cover testing at a wide range
of positive stress triaxialities. Schematic drawings of the four geometries are given in
Fig. 2.1. All specimens were manufactured using electric wire discharging in order to
get a good edge finish. In order to perform testing at different strain rates a high-
speed hydraulic machine was used. The use of a high speed tensile testing machine
made it possible to obtain strain rates between 1-1000 s−1. To enable testing at elevated
temperatures induction heating was used. The induction coils were designed in-house and
tailored to the different tensile specimen geometries and enabled testing to be performed
at 550 and 650◦C.

In addition to the measurement of force and elongation of the specimens, the defor-
mation behaviour was captured with high speed photography, enabling the use of digital
image correlation (DIC). By using DIC the local deformation gradient of all specimens
were evaluated. From the deformation gradient important material data were obtained
using a stepwise modelling method. The first stage of development on this method was
preformed by Eman (2007). The method has since been improved and discussed by both
Östlund (2015) and Marth et al. (2016). These references contain detailed description of
the method, while this chapter will describe the main steps involved as well as the main
outcome from using this stepwise modelling method. Using the deformation gradient a
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first step are taken by calculating the strain increment

∆ε̂ij = d̂ij∆t (2.1)

Here d̂ij is the co-rotational rate of deformation and ∆t is the time step between two
images. From the strain tensor the stress tensor can be calculated as

σ̂ij = 2G
(
ε̂ij − ε̂mδij − ε̂pij

)
+Kε̂mδij (2.2)

Where K and G are the bulk and shear modulus respectively, while ε̂ij, ε̂m, and ε̂pij are
the total, mean, and plastic co-rotational strains. For elastic strains the stress tensor
are directly determined using Eq. (2.2). For plastic strains another approach is needed.
Assuming isotropic von Mises plasticity the yield function, f , is given by the effective
stress, σ̄, and yield stress σy as

f = σ̄ − σy = 0 (2.3)

By using a piecewise linear hardening function the current yield stress, σiy, are calculated
from the previous yield stress, σi−1

y , and the product of the current hardening modulus,
H i, and effective plastic strain increment, ∆ε̄p,i, as

σiy = σi−1
y +H i∆ε̄p,i (2.4)

where ∆ε̄p,i = ε̄p,i − ε̄p,i−1. At the initial state both the strain and stress tensor are
zero, making it possible to calculate a trial stress for the next time step, and then the
next after that in a stepwise approach. In the case of plastic loading a radial return
mapping algorithm is used to calculate the effective plastic strain increment. DIC are
only evaluating in-plane deformations, furthermore, a plane stress state is assumed since
thin specimen are used. Using this assumption the resulting tensile force in a cross-
section are integrated from the traction vector. This calculated tensile force is then
compared with the experimentally measured tensile force and the residual between them
are minimised by varying the current hardening modulus. By doing this in a stepwise
manner for each time step until fracture is observed, the hardening of the material is
estimated. In a last step the resulting stress tensor is finally transformed back into the
global coordinate system from the co-rotational system. As explained we hereby have a
method to calculate both the stress and strain tensor for all time steps in each sub-area
of sheet metal specimen. In Paper D this method were used to calculate data important
for the characterisation of fracture behaviour. From the plastic strain tensor the effective
plastic strain evolution was calculated in the sub-area closest to fracture as

ε̄p =

∫ √
2

3
dε̂pijdε̂

p
ij (2.5)

The stress tensor was then used to calculate effective and mean stress, from which the
stress triaxiality evolution was calculated using Eq. (1.4). Under the assumption of plane
stress, the stress state was then explicitly defined as the Lode angle can be calculated by
using Eqs. (1.6) and (1.7)
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2.2 Model calibration

With the material behaviour characterised, models able to capture the behaviour were
calibrated. All models were input and used in the commercially available finite element
code LS-Dyna with the model called tabulated Johnson-Cook. This model are defined
using arbitrary stress-strain curves with possibility to add curves describing strain rate
dependency and thermal softening. Fracture are modelled by defining a fracture strain
surface as a function of triaxiality and Lode angle parameter. The fracture surface can
then be scaled by functions defining strain rate and thermal dependency. The plastic
behaviour was calibrated using the piecewise linear hardening curves obtained from the
stepwise modelling of each specimen. These curves were fit to an empiric model depen-
dent on work hardening, strain rate hardening, and thermal softening, all described as
independent weighting functions, with the total response calculated as a product of the
independent functions as

σy (ε̄p, ˙̄εp, T ) = f (ε̄p) g ( ˙̄εp)h (T ) (2.6)

This approach was based on the method used by Johnson and Cook (1983) and both the
strain rate hardening and thermal softening are described using the originally proposed
functions defined as

g ( ˙̄εp) = 1 + d1 ln

(
˙̄εp

ε̇p0

)
(2.7)

h (T ) = 1−
(
T − T0

Tm − T0

)d2
(2.8)

were ε̇p0 is a reference strain rate, T0 is a reference temperature, and Tm is the melting
temperature of the material. d1 and d2 are material parameters defining the strain rate
and temperature dependencies. The work hardening function evolved throughout the
work and ended up with the equation used in Paper E, dependent on the five material
parameters c0 − c4, and defined by

f (ε̄p) = (c0 + c1 (ε̄p)c2 − c3 exp (−c4ε̄
p)) (2.9)

To model the initiation of fracture of Alloy 718 three models were calibrated and com-
pared in Paper E. The models were written in a mixed stress/strain representation with
correction for strain rate and temperature dependency added as multiplicative factors in
a method analogous to the fracture criterion proposed by Johnson and Cook (1985). The
resulting effective plastic strain at fracture are described by

ε̄pf (σij, ˙̄εp, T ) = F (σij)G ( ˙̄εp)H (T ) (2.10)

where the strain rate and temperature dependencies were described using two material
parameters, D1 and D2, and defined as

G ( ˙̄εp) =

(
1 +

˙̄εp

˙̄εp0

)D1

(2.11)
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H (T ) = 1 +D2

(
T − T0

Tm − T0

)
(2.12)

The stress state dependent fracture locus, F (σij), was described using three different
models. The first of these models was the modified Mohr-Coulomb criterion. This model
was rewritten from the stress based Mohr-Coulomb model into a mixed stress/strain
definition by Bai and Wierzbicki (2010). The effective plastic strain at fracture for
the modified Mohr-Coulomb model is defined in the three dimensional space of stress
triaxiality and Lode angle parameter as

ε̄pf
(
η, θ̄
)

=

{
C2

[
C3 +

√
3

2−
√

3
(Cax − C3)

(
sec

(
θ̄π

6

)
− 1

)]
[√

1 + C2
1

3
cos

(
θ̄π

6

)
+ C1

(
η +

1

3
sin

(
θ̄π

6

))]}− 1
C5

(2.13)

where

Cax =

{
1 for θ̄ ≥ 0

C4 for θ̄ < 0
(2.14)

where C1 − C5 are material parameters. Bai and Wierzbicki (2010) found that under
a special case the modified Mohr-Coulomb model reduces to the maximum shear stress
criterion, with only two material parameters, C2 and C5. In the mixed stress/strain
representation this model is defined by

ε̄pf
(
θ̄
)

=

[
C2

√
3

3
cos

(
θ̄π

6

)]− 1
C5

(2.15)

The last model calibrated in Paper E was the magnitude of stress vector model. This
model was proposed by Khan and Liu (2012) who found that the magnitude of the stress
vector at fracture showed a quadratic relation to the first stress invariant, I1. A criterion
was therefore proposed relating these two as shown in Eqs. (2.16a) and (2.16b), where
Eq. (2.16a) defines the fracture in the region of positive hydrostatic stress and Eq. (2.16b)
in the region of negative hydrostatic stress.

MSV = C1|I1|2 + C2|I1|+ C3 (2.16a)

MSV = C4|I1|2 + C5|I1|+ C3 (2.16b)

Because all calibration experiments were performed in tension Eq. (2.16b) was not
calibrated in this work, giving the model only three relevant material parameters, C1 −
C3. The model was redefined into a stress/strain based representation by rewriting it
dependent on only the effective stress at fracture and stress triaxiality, giving it the
representation

σ̄f (η) =

(√
2
3

+ 3η2 − 3C2η
)

18C1η2
−

√√√√√√

(√

2
3

+ 3η2 − 3C2η
)

18c1η2


2

− C3

9C1η2
(2.17)
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By equalling Eq. (2.17) with the constitutive model of the material the effective strain
at fracture was then estimated by numerically solving the equality.

The three fracture models was described with a path dependent definition using an
accumulated integrated fracture evolution parameter, Ef . The fracture evolution param-
eter was calculated as

Ef =

∫
˙̄εp

ε̄pf
dt (2.18)

where element erosion occur once the fracture evolution parameter Ef is greater than 1.
Since the stress state vary during deformation, additional assumptions are needed in

order to calibrate the models. Therefore an integrated average of the stress triaxiality is
used to represent the stress state. The average stress state is calculated over the path of
effective plastic strain as

ηint =
1

ε̄pf

∫ ε̄pf

0

η (ε̄p) dε̄p (2.19)

2.3 Validation

For validation of calibrated models an experiment able to subject the material to relevant
loading conditions was needed. For this task an experiment based on so-called reverse
impact testing was chosen. In the reverse impact experiment devised, flat circular ma-
terial samples were accelerated using an air gun to impact a target. A schematic of the
experiment is shown in Fig. 2.2. One major advantage of performing impact experiments
in a reverse set-up is the ability for use of measuring techniques not possible in regular
impact testing. In this set-up the target was a long cylindrical bar instrumented with
strain gauges able to register the elastic incident wave and thereby the force during im-
pact. The cylindrical bar rested on glide bearings enabling it to move freely in the axis
of impact. Using different shapes of the target tip, varying stress states were aimed to be
obtained in the specimen, in order to provoke different modes of fracture. Fig. 2.3 show
the four different geometries of tips used. The target tips was made of tungsten-carbide
to make sure that they did not deform plastically upon impact. The material discs were
guided towards the target using a sample guide designed to separate at the time of im-
pact. The guide ensured that the impact was aligned and concentric by giving support

Figure 2.2: Schematic drawing of the validation experiment set-up.
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Figure 2.3: Drawings of the tips used in the validation experiment.

as the pressurised air pushed on the rear side of the sample disc. The guide was put
in front of the sample disc in order for it to travel past the target, leaving the sample
disc free-flying at the time of impact. In addition, the holder was designed so that the
contact point with the sample disc was at approximately half the radius of the sample.
This in order to allow the outer edges of the sample to bend freely as it was observed
that the flexural wave formed upon impact accelerated the outer edges of the sample
above the initial velocity. In order to reflect the temperatures present in the aircraft
engine an induction heater was positioned at the beginning of the cannon barrel where
the test samples were heated before being accelerated. The samples were heated using
induction heating after being loaded into the back end of the cannon barrel, with the
temperature of the discs monitored using thermocouples. The advantage of heating the
samples in place was that the temperature could be kept at the correct level until the
time of firing. To avoid melting of the sample guide the material discs used at elevated
temperatures were put in between two sheets of insulating sheets of Superwool. More
detailed descriptions of the experimental set-up are given in Paper B, where the same
set-up was used to evaluate the plastic behaviour of Alloy 718, and in Paper E, where
the experiment was extended to also validate the fracture behaviour.

Motivated by the aim of using the reverse impact experiment as a validation tool, a
simulation model of the set-up was also created. The great advantage with the design
of the experiment was that the material samples flies freely, without any external inter-
action, at the time of impact. This makes the treatment of the sample straightforward
as it was simply modelled as a flat disc with free boundaries. In addition to material
data the only information needed to model the sample disc was then the initial velocity.
The glide bearings supporting the target bar were assumed to be frictionless, meaning
that the target was modelled using only two parts, the long cylindrical steel rod and the
tungsten-carbide tip welded to the impacted end, with no initial or boundary conditions
needed. The material behaviour of the target was modelled as purely elastic, with data
taken from supplier data sheet. The validation of the material models was performed
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in two parts. The response of the impact force history from the experiments and the
numerical simulations were compared. Given that the impact force history was directly
dependent on the deformation behaviour of the material sample disc, this comparison
yields the ability to evaluate validity of the calibrated plastic model used in the simula-
tion. For the validation of the fracture models the fracture evolution parameter, Ef , was
compared with observed fracture in the sample discs.



Chapter 3

Results and discussion

“The sliding rule has the advantage over the
pocket calculator of being slightly right,

instead of exactly wrong.”

Prof. Roderick Smith

This chapter is a brief summary of the main results presented in Papers A-E. The aim
is to relate the results of each paper to the overall research and put them into a common
context. This discussion is divided into two sections, characterisation and calibration,
and validation.

3.1 Characterisation and calibration

In Paper A a foundation of the work was made with the development of an experimental
procedure able to obtain data for the characterisation of material at multiple strain rates
and temperatures. High speed testing of uniaxial tensile specimen resulted in stress-
strain data up to true strains of 15− 20%. This data was the basis for the calibration of
two constitutive models, the empirically defined Johnson-Cook model and the physically
based Zerilli-Armstrong model. Both models were calibrated applying a least squares
approach, and a comparison between the two models resulted in the conclusion that the
Johnson-Cook model captured the deformation behaviour of Alloy 718 better.

By introducing new tensile specimen geometries, designed to cover a wide range of dif-
ferent stress states, the fracture behaviour of the material was characterised in Paper C.
The stress states of the geometries were estimated using finite element analysis. The
characterisation was once again performed at multiple strain rates and temperatures to
study their influence on the strain at fracture. In order to ensure uniform temperature
distribution across the width of the new geometries an in-house designed induction coil
was used. The resulting temperature distribution was evaluated using thermal imaging
and showed temperature spread of less than 3% for three of the geometries and around
6% for the shear specimen. To evaluate the local strain at fracture digital image correla-
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tion was employed. This study resulted in local strains at fracture obtained for Alloy 718
at four different stress triaxialities, four different strain rates, and three different tem-
peratures. With this large amount of data it was observed that the fracture in Alloy 718
exhibits an evident stress state dependency, with lower strains at fracture observed for
higher stress triaxialities.

With the stress state dependency of the material clearly shown in Paper C, the benefits
of the ability to obtain the state of stress using in a fast and reliable manner should
not be understated. Therefore, in Paper D the stepwise modelling method was used
to evaluate both the local strain tensor and the local stress tensor in all time steps.
This data were then used to calculate the stress state evolution in all specimens directly
from the experiments. Comparing the resulting stress state evolution with results from
finite element analysis showed reasonable agreement, However, the experimental results
from two specimen geometries showed a trend of increasing stress triaxiality close to
fracture not observed in numerical simulations. The use of the stepwise modelling method
also produced information on the stress-strain hardening relation, obtained as piecewise
linear curves for all experimental repetitions. These hardening curves were evaluated
all the way to fracture meaning that information up to effective plastic strains of 60%
were obtained. This data showed that the material exhibited much less aggressive work
hardening response at strains above 15% than was predicted by the model calibrated in
Paper A.

In Paper E the method proposed for obtaining the state of stress was used for all
specimen in the extensive experimental campaign of Paper C. The obtained data was used
to calibrate three different stress state dependent fracture criteria. All three models were
implemented in finite element code using a path dependent damage predictor description.
To take into account the effect of strain rate and temperature two weighting functions
were introduced to all models. These functions were added as two separate multiplicative
scale factors. The stress state dependency were described differently in all three models,
with one depending on only stress triaxiality, one on Lode angle parameter, and one on
both stress triaxiality and Lode angle parameter. The results from the calibration showed
that the stress triaxiality was the most important quantity, with calibration results from
the modified Mohr-Coulomb and the magnitude of stress vector model showing good
agreement with experimentally obtained strains at fracture. The lack of Lode angle
parameter dependency in the magnitude of stress model had only minor influence on
the resulting predictive capability. In contrast, the lack of stress triaxiality dependence
meant that the maximum shear stress model was unable to capture the fracture strains
at low triaxiality values, making the model improper to use when modelling failure in
Alloy 718.
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3.2 Validation

To validate the results of calibrated plasticity models a reverse impact experiment was
developed. In Paper A this validation experiment was used for impacts at room tem-
perature. Comparing experimental force histories with simulation results showed that
the Johnson-Cook model was better at capturing the deformation behaviour of Alloy 718
than the Zerilli-Armstrong model. In Paper B the reverse impact experiment was im-
proved to enable heating of the specimen using induction heating. Validation at elevated
temperatures was then performed by comparing numerical simulations and experimen-
tally obtained results. Testing at multiple impact velocities showed good agreement of
impact force histories up to the point where fractures were observed on the rear side
of the test samples. Further improvements on the validation experiment were made in
Paper E where three new geometries of the tip were incorporated in the target impact
rod. The aim of using different geometries on the target tips was to obtain different
states of stress, thereby provoking fracture of different modes. However, the fracture in
just-cracked situations was shown to initiate on the rear side of the specimen, regardless
of target geometry. Simulation results showed that on the rear side of the sample discs a
stress state close to biaxial tension was always obtained. The velocity was doubled in an
impact against the flat tipped target rod in order to provoke fracture on the front side
of the specimen. Finite element analysis for the same velocity showed that the stress
triaxiality in elements on the front side of the specimen showed a highly compressive
stress state the beginning of the impact, moving to tension as deformation progressed,
and fracture finally initiated in a stress state close to shear.

Simulations of three calibrated fracture models showed that the maximum shear stress
criteria had a tendency of predicting fracture earlier than was observed in the experi-
ments, causing a drop in the level of the impact force. Simulations using both the modified
Mohr-Coulomb and the magnitude of stress vector criteria predicted force histories with
good accuracy. By performing experiments and simulations at velocities slightly below
and above the levels found for the just-cracked condition a more detailed comparison
was performed for the modified Mohr-Coulomb criteria using the spherical target. The
model was able to correctly predict that no fracture would occur in the case of lower
velocity and, more interestingly, the simulations also captured the force history for the
case of higher velocity. Without correct fracture predictions at this velocity the simulated
just-fractured samples would be too stiff, resulting in over predictions of force levels.
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Chapter 4

Summary and conclusions

“If Tetris has taught me anything, it is that errors
pile up while accomplishments disappear.”

Increasingly demanding goals for decrease of greenhouse gas emissions are pushing
manufacturers of commercial aircraft engines to find ways to decrease the weight in
all sections of the engine. In order for industry to obtain improved designs, that is
lighter while still able to provide sufficient containment shielding, numerical simulation
is becoming a very important tool. For numerical simulations to provide accurate results,
precise modelling of material behaviour under relevant conditions are a requirement.

In this thesis a method for characterisation of sheet metal material was developed.
The method is based on tensile testing of specimen at high strain rate, elevated temper-
atures, and multiple states of stress. To extract data from the experiments the in-plane
deformation is evaluated with digital image correlation. A stepwise modelling method is
then used to derive the stress-strain hardening relation and stress state evolution in the
specimens all the way to fracture. Using this method all data needed for the calibration
of strain rate dependent thermo- elastoplastic material models and stress state dependent
fracture models are obtained.

The present work used the method to characterise and model the deformation and
fracture behaviour of the nickel-based superalloy Alloy 718. The results showed that the
plastic flow in the material is moderately strain rate and temperature dependent while
the fracture is clearly stress state dependent.

For determination of the models accuracy a reverse impact validation experiment ca-
pable of testing at elevated temperatures was also designed. The reverse impact exper-
iment was used to validate the calibrated both plasticity and fracture models. Results
from numerical simulations where compared with experiments conducted at different
temperatures for a range of different impact velocities. The plasticity models were able
to correctly model the deformation behaviour, producing force histories with very good
agreement to experimental results. The stress triaxiality dependent fracture criteria were
shown to correctly predict fracture in the sample discs using different targets.
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Chapter 5

Outlook

“I, for one, like Roman numerals.”

Research is a learning experience, and naturally over the course of the work questions
not originally considered will appear. In addition, some questions are from the beginning
judged as not important or out of scope. In this outlook some of these questions are
given further reflection, to propose possible improvements or continuation to the work
performed within this thesis.

The first step would be to look at the limitations already mentioned in Section 1.4. For
example, the influence of rolling direction on both plasticity and fracture behaviour could
be looked into. While the experimental study on anisotropy in the plastic deformation,
performed in the early stages of the work, showed negligible dependencies on rolling
direction, the different specimen used in the continued work showed tendencies of stress
state dependency in the flow stress. In the interest of expanding the study to also
include anisotropy, one step could be to research the feasibility of expanding the stepwise
modelling method from simple von Mises J2 plasticity to also include J3 dependent
plasticity.

For consistent material properties, all specimens were made from material originating
from the same batch and heat treatment. The downside was that only sheets, of 1.6 mm
thickness, were available putting restrictions on the type of experiments possible to per-
form. For example no testing was performed in compression, meaning that phenomenon
such as the reported strength-differential could not be observed. The strength differential
could be of some significance in a blade off event where loading is more complex with
mixes of tension and compression. In addition, the fracture locus at negative triaxiality
values were not calibrated, and extrapolation of results could be hazardous. It should at
the same time be noted that Bao and Wierzbicki (2005) found that fracture in metals
will not occur for stress triaxiality values below η = −1/3. Improvements in the ability
to characterise fracture behaviour could also be made with the addition of more cali-
bration points at positive stress triaxialities by using tensile tests with other specimen
geometries. But perhaps more interesting would be to study out-of-plane loading using
for example punch testing.
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In the other end of the spectrum, a study to determine the minimum number of tests
needed to accurately characterise the plastic and fracture behaviour could be of interest
for industry in order to save time and cost.

Because results from the reverse impact validation experiment showed that when frac-
ture was initiated in the rear-side of the material samples, the stress state was always
close to the state of biaxial tension, independent of the target geometry, it would be of
interest to perform a larger study of fracture at higher impact velocities. A first test at
higher speed, using the flat target tip, showed that fracture formed in the front side of
the sample initiated at a stress state closer to shear. The next step in validation would
be to use the obtained models for simulations of a more complex experiment, even closer
to true working conditions. This could for example be done using a spin burst test of a
section of an engine rotor.

A final possible interesting continuation would be to apply the proposed methods on
other materials in order to further validate and improve the existing methods as well as
finding possible new questions and areas of improvement.
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Ted Sjöberg, K. G. Sundin, and Mats Oldenburg,
Calibration and Validation of Plastic High Strain Rate Models for Alloy 718

37



38



Calibration and Validation of Plastic High Strain

Rate Models for Alloy 718

Ted Sjöberg, K. G. Sundin, Mats Oldenburg

Abstract

Alloy 718 (Inconel� 718), composed mainly of nickel, iron and chromium has proper-
ties that are of interest in many high temperature applications. One such application
is the containment structure in aero engines which prevents fragments from penetrating
the structure in case of blade failure. Impact of blade fragments on the containment
structure includes both high strain rates and high temperatures and simulation models
must therefore have their base in experimental conditions including transient loading and
heating. An experimental method has been developed that utilizes induction heating in
a high rate tensile test machine. Strain rates up to the order of 1000 s−1 and tempera-
tures up to 650 ◦C have been included in the test program. Material parameters for the
Johnson-Cook and the Zerilli-Armstrong models are evaluated from experimental data
using optimisation. These parameters are then used to simulate a specially designed im-
pact experiment and a direct comparison of a calculated and measured quantity can be
made in order to validate model and parameters. The result from the validation exper-
iment showed better agreement for the Johnson-Cook model than the Zerilli-Armstrong
model.

1 Introduction

Material testing will continue to be a very important activity in mechanical laboratories
until physically based models have reached sufficient quality so that mechanical prop-
erties can be predicted from microstructural features. Until then the development of
experimental techniques for mechanical testing will continue and more and better data
for calibration of the empirically based models that still dominate simulation of plastic
processes will be provided. Advanced modern methods for material characterisation are
often based on digital photographic information from deforming specimens. Development
of the strain field during loading is studied and there are several methods to determine
a material’s constitutive equations from such information (Avril et al., 2008).

The traditional method for material characterisation is to use a conventional straight
tensile specimen which has a homogeneous state of stress and strain. This method is
straightforward and in its simplest form it gives useful data regarding plasticity up to the
point where necking of the specimen sets in. In this paper the traditional method with
straight specimens loaded in tension has been extended to high strain rates and high
temperatures which introduce difficulties regarding measurement techniques. Testing

39



40 Paper A

at combinations of high strain rates and high temperatures is commonly performed in
Split Hopkinson Bar arrangements with a heating devise (see e.g. Kajberg and Sundin
(2013)) but here a high-speed hydraulic machine was used for which inductive heating
was developed. A non-contacting method for measurement of elongation was adapted
to the situation. The investigated material is the so called Alloy 718 which is used in
for example the hot section of aero engines because of its favourable high-temperature
properties. For simulation of impact events on the containment structure at operating
conditions, caused for example by blade fracture, a good model for plastic behaviour
at combined high temperature and high strain-rate is needed. A few suggestions for
such simulation models have been found in literature (DeMange et al., 2009; Kobayashi
et al., 2008; Pereira and Lerch, 2001; Zhou et al., 2011), but methods for parameter
estimation are not always well described and validation is generally lacking. This paper
presents experimental methods for calibration of material models, the extraction of model
parameters and an impact experiment for the validation of models and parameters.

2 Problem and method

2.1 Presentation of the problem

Two common models for plasticity in metals that include high strain-rates as well as
high temperatures are the Johnson-Cook (JC) (Johnson and Cook, 1983) and the Zerilli-
Armstrong (ZA) (Zerilli, 2004) models. The JC-model is fully empirical and the ZA-
model is based on simplified dislocation mechanics. This work is limited to the study of
these two models. The JC model is written

σy = (A+Bε̄p)

(
1 + Cln

(
˙̄εp

˙̄εp0

))
(1− T ∗m) (1)

where σy is the von Mises yield stress, ε̄p is the equivalent plastic strain, ˙̄εp and ˙̄εp0 are

the current and reference strain rate respectively and T ∗ = (T−Tr)
(Tm−Tr)

is the homologous
temperature. Here T is the current temperature and Tr and Tm is a reference temperature
and the melting temperature respectively. A,B,C, n, and m are model parameters. The
general form of the ZA-model is written

σy = σa + A
√
ε̄pe−(α0−α1ln( ˙̄εp))T +Be−(β0−β1ln( ˙̄εp))T (2)

where T is the absolute temperature and the constants σa, A, α0, α1, B, β0, and β1 are
material parameters. In Eq. (2) a term that is influenced by the grain size is incorporated
in the parameter σa. The number of model parameters in Eqs. (1) and (2) are five and
seven respectively. In order to use the models in a practical simulation the parameters
must be determined.

The final choice of which model to use is based on a comparison of predictive power
in a relevant situation. Therefore the process of establishing a simulation model can be
said to follow three steps: (i) A set of well controlled calibration experiments must be
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designed and performed in which important physical factors cover the interval which is
expected in the application. (ii) From the output data of these experiments parameters
in the model must be extracted using established and reliable methods. (iii) A validation
experiment with relevant physical conditions must be designed and performed which
can be simulated using the model and parameters and which makes direct comparison
possible between experimental and simulated quantities.

In this work the material of interest is Alloy 718 (or Inconel� 718) which has been
aged by GKN Aerospace Sweden AB in an approach comparable to the instructions from
the manufacturers (Haynes International LTD). The material is in the form of 1.6 mm
thick sheets and abrasive water cutting is used to cut out the specimens.

2.2 Calibration experiments

First a conventional tensile test series with specimens taken 0◦, 45◦, and 90◦ to the rolling
direction is performed at quasi-static conditions and room temperature (RT) in order to
investigate anisotropy of the material. Small differences were found regarding directions
and it was decided to use specimens taken perpendicular to the rolling direction in all
subsequent testing.

The tensile tests at high temperature and high strain-rate conditions were performed in
an Instron VHS 100/160-20 test machine which has a maximum piston speed of 20 m/s.
In Fig. 1 the principal features of the specimen geometry are outlined. The straight part
of the specimen is 5 mm wide. At one end there is a bolt hole for attachment to the
load cell on the test machine and at the other end there is a 300 mm long head so that
the grip can slide along the specimen head during acceleration and attach at the upper
end when it has reached the desired speed. The straight length and the gauge length
are 74 and 50 mm respectively except for the specimens that are used for the highest
strain rates for which the corresponding lengths are 44 and 20 mm. This shorter length
is necessary in order to reach the highest strain rates because the piston speed is limited
to 20 m/s.

74 (or 44) 

50 (or 20) 

300 

5 
28 

Figure 1: Sketch of specimen geometry.

Elongation of the gauge length during the tensile loading is measured using a dual
channel optical system (Zimmer 100D) that monitors the position of the contrast line
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between a black and a white area. The output is an analogue signal proportional to
displacement and elongation is taken as the difference between the two displacements.
The optical system has sufficient dynamic properties for measurement of the transient
event. For measurement of the transient force signal a stiff strain gauge based force
transducer was designed and built in house. The dynamic response of the force transducer
was carefully investigated and it is compensated through a calibration process where a
transfer function between the actual force in the specimen and the measured force is
used.

High temperatures are obtained through induction heating of the straight part of the
specimen. The induction equipment is a SINAC 5 SH from EFD-induction with a coil
that has been specially designed and made in-house for the purpose. The temperature
is in closed loop control using a thermocouple welded to the centre of the specimen. In
order to obtain useful data from the tests, temperature variation must be small over the
gauge length of the specimen. This was validated using a thermo-camera. In Fig. 2 tem-
perature profiles along the specimen captured with the camera are shown. The profiles
are captured at four heating tests on the same specimen with target temperature 585 ◦C.

Figure 2: Measured temperature profiles along specimen.

It is believed that the noisy appearance of the curves in Fig. 2 is caused by small
variations in emission factor since it is almost exactly repeated for all four tests and it is
improbable that the temperature varies on such small length scale. The variation with
a length scale of about 40 mm is interpreted as a true temperature variation caused by
inhomogeneity in the induction field and/or in the cooling by conduction and convection.
This temperature variation of about ±5 ◦C at 585 ◦C is considered acceptable. The
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heating method is thus validated for the 50 mm specimen and a similar validation was
also performed for the shorter specimen.

Testing was performed at RT, 550, and 650 ◦C and at the nominal strain rates 1, 80,
400, and 1000 s −1. Three specimens at each combination were tested. Specimens with
gauge length 20 mm were used in the tests with the highest strain rate and in the other
tests the gauge length was 50 mm (see Fig. 1). The test procedure started with mounting
of the specimen to the load cell with a bolt through the hole at its lower end. The upper
end is free to slide through the jaws of the spring loaded and locked upper grip which
is of wedge-type. Heating to a pre-set temperature is done in about 10 seconds and
after a hold time of about one minute the test is set off. The upper grip accelerates and
when it reaches the pre-set velocity the grip lock is released and the jaws attach to the
long specimen head. During loading and deformation to fracture which takes about 300
microseconds for the highest strain rate, force and elongation are measured. Sampling
of the transient signals is done with a sample rate that gives sufficient resolution of the
time signals.

2.3 Evaluation of parameters

In order to fit the material parameters to the data from the tensile testing a least squares
approach using MATLAB was developed. Because of the difference in structure for the
two models, slightly different approaches where used to find the material parameters.
However, common for the two approaches is that the result from each tested specimen is
given the same weight in the optimisation. This basic principle eliminates influence from
variation in number of digital information points between different experiments. For the
JC-model the initial step was to fit the first parenthesis of Eq. (1) with the quasi-static
tensile tests at RT. First the parameter A is manually evaluated as Rp0.2 which is the
stress at the intersection between the stress strain curve and the side-shifted initial elastic
slope of the stress strain curve to 0.2% strain. Then the parameters B and n where fitted
to the quasi-static tensile tests at RT, 293 K, using the MATLAB subroutine lsqnonlin,
which solves non-linear least square problems using a trust-region-reflective model. The
strain rate of the tensile tests used to evaluate the parameters in the first parenthesis,
0.002 s−1, is set as the reference strain rate ˙̄εp. In the next step, the quasi-static tests
at elevated temperatures are used in order to get a first approximation of the thermal
softening parameter m. Next, the temperature increase due to plastic work ∆T was
calculated as

∆T =
β

ρcp

∫
σ (ε̄p) dε̄p (3)

where β is the Taylor Quinny coefficient, assumed to be 0.9, ρ is the density and cp is
the specific heat coefficient. σ (ε̄p) is the experimentally obtained stress-strain relation
which is numerically integrated. With the change in temperature due to plastic work
and the approximate thermal softening parameter known, the yield stress compensated
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for thermal softening was calculated as

σcompy =
σy

1−
(

∆T
Tm−Ttest

)m (4)

where Tm is the melting point of the material, 1573 K for Alloy 718, and Ttest is the
temperature at which the test was performed. With this thermally compensated yield
stress an isothermal parameter C for the strain-rate hardening (see Eq. (1)) was obtained
by least squares fitting to experiments with different strain rates. With the isothermal
rate hardening parameter known, a more accurate value of the thermal softening param-
eter could be calculated using the tests at all strain rates. The process of obtaining the
thermal softening and the rate hardening parameters was then repeated until conver-
gence was reached. In the case of the ZA-model all experimental data were used in a
simultaneous fitting process of the seven parameters in Eq. (2). As for the JC-model the
subroutine lsqnonlin was used for the optimisation.

2.4 Validation experiment

An instrumented reverse impact experiment was designed to validate the models with
evaluated parameters. The principle of the experiment is shown in Fig. 3. A circular disc
of the tested sheet material with diameter 46 mm and thickness 1.6 mm is accelerated
through the barrel of an air gun. The disc is loosely attached to a guide and held in
a perpendicular orientation. It impacts the end of a 10 mm steel rod that is parallel
with the barrel. The force history has a duration of about 170 microseconds. It is
measured with the aid of strain gauges glued to the rod which is long enough to contain
the elastic wave generated by the impact force without reflections interfering at the strain
gauges. The velocity of the impact is measured with the aid of two laser detectors. A
semi spherical tip of tungsten-carbide at the impacted end prevents the rod from being
plastically deformed at the impact point. A more detailed description of the experimental
set-up is given in Sjöberg et al. (2016). Only experiments at RT are performed in this
work.

The design of the experiment is chosen so that the disc is free from all external influ-
ences at the instant of impact and thus friction and/or boundary conditions at fixtures
need not be considered. Therefore simulation of the experiment is comparatively sim-
ple and straightforward. Simulations are performed with the software LS-DYNA using
eight-node brick elements with a smallest size of 0.2 mm. See Sjöberg et al. (2016) for
more details of the simulation. The output from the experiment is the impact velocity
and the force history at the strain gauge position and in the simulations the velocity
is used as a primary quantity and the force history is simulated and compared to the
experimental result. As the investigation concerns plastic behaviour of the material the
impact velocity was held below 50 m/s, which is low enough to avoid visible fracture in
the specimens.
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Tungsten-Carbide tip Air gun 

Specimen guide Strain gauges 

Steel rod 
Specimen 

Laser detectors 

Figure 3: Principal set-up of impact experiment for validation.

3 Results and discussion

The primary output from the calibration experiments described in Section 2.2 is in the
form of time histories of axial force on the specimen and elongation of the gauge length.
From these data true stress and true strain are evaluated. All combinations of strain rates
and temperatures (with repetitions) are comprised in the bulk of experimental results
that is the basis for extraction of model parameters. The studied material models are
JC and ZA according to Eqs. (1) and (2) in Section 2.1 above. Evaluation of model
parameters is performed as described in Section 2.3 above. Obtained optimal values of
the model parameters are presented in Table 1 for JC and in Table 2 for ZA.

Table 1: Optimal parameters for JC (Eq. (1)).

A B n C m
[MPa] [MPa] [-] [-] [-]

JC 1176 1456 0.5307 3.53e-3 1.740

Table 2: Optimal parameters for ZA (Eq. (2)).

σa A α0 α0 B β0 β1

[MPa] [MPa] [K−1] [K−1] [MPa] [K−1] [K−1]

ZA 837.6 1136 -3.24e-4 -1.27e-4 1033 3.61e-3 2.27e-3

In the determination of model parameters an initial guess of the parameter set is given
as a starting vector for the optimisation procedure. For the JC-model the initial guess
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was one of the parameter sets for Alloy 718 found in the literature (Pereira and Lerch,
2001). For the ZA-model no suggested parameter set was found in literature for Alloy 718.
Instead, parameters for nickel Alloy 690 (Lee and Sun, 2004) were used as initial guess. In
order to make sure that the obtained optimal values of the parameters do not represent
a local minimum dependent on the initial guess, a robustness analysis was performed
where the initial guess of parameter was varied over a large interval. As the results did
not change when the initial guess was changed the obtained optimal parameter sets were
considered as robust best fits of the models to the experimental data.

In Figs. 4 and 5 the models with parameters according to Tables 1 and 2 are plotted
(dashed lines) for the same strain rates and temperatures as in the calibration experi-
ments. The results from the experiments are also shown in the diagrams (solid lines) for
comparison. The results at RT are plotted in blue colour while the results at 550 ◦C and
650 ◦C are plotted in green and red respectively. Both models seem to agree reasonably
with the experiments. The JC model agrees better at low strains than the ZA model
while the ZA model more accurately captures the effects of the thermal softening.

Figure 4: Experimental results (solid) and fitted Johnson-Cook model (dashed). RT −,
550 ◦C − and 650 ◦C −.

The experimental stress-strain data shown in Figs. 4 and 5, which the optimisation is
based on, are truncated at the beginning. The reason is that dynamic effects from the
mechanical equipment as well as elastic strains in the tested material are disturbances
that do not represent plasticity in the material. It is observed from Figs. 4 and 5 that
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Figure 5: Experimental results (solid) and fitted Zerilli-Armstrong model (dashed). RT
−, 550 ◦C − and 650 ◦C −.

dynamic disturbances still remain at higher strain rates. A more radical truncation
would have some effect on the optimal parameter sets but it is believed that the effect
would only be small. It must also be remembered that the experimental strain rates are
nominal values based on piston speed and specimen geometry. Due to dynamics in the
experiment the strain rate will vary to some extent during the experiment and one can
argue that the mean value should be calculated and used in the modelling. However, this
is not further investigated and quantified here since the material is fairly insensitive to
strain rate which makes the effect of the variation less important. It should also be noted
that in the procedure for determination of parameters it is presumed that stress and
strain are homogenously distributed over the gauge lengt of the specimen. This implies
that necking must not occur during the tensile test. Using the JC model with obtained
parameters, the Considère criterion for necking

(
∂σ
∂σ

= σ
)

was checked for all rates and
temperatures and the result indicates that almost all the data from the tensile tests are
gathered before necking occurs. This is also confirmed by the fact that necking is not
observed from the specimens after testing.

From the validation experiments described in Section 2.4 measured force histories as
shown in Fig. 6 are obtained. Such results obtained at plastic conditions in an impact
event are suitable for validation of plastic material models. A useful model must be
able to accurately predict the measured force history. Material parameters according to
Tables 1 and 2 are used in the simulations and in Fig. 6 the corresponding results are
shown. The simulations were performed in the commercial FE-code LS-DYNA.
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Figure 6: Experimental and simulated impact force histories.

The results seen in Fig. 6 show generally good agreement between the experiment and
the two material models used. In order to quantify which of the two models that best fits
the experiments Van Hove’s R-factor method was utilised. The R-factor was computed
for each simulation combined with three experimental curves. A comparison factor was
then computed as the average of the obtained R-factor values. The value was 1.18 for
the JC model and 2.73 for the ZA model. This means that the JC model is better at
capturing the behaviour of Alloy 718 at an impact event at RT such as described in
Section 2.4.

Development of an impact experiment with hot specimens will facilitate validation
of models also at high temperatures. Finally it is noted that although one particular
material and two models are investigated here, the used methods are general and other
materials and models may be studied.

4 Conclussions

� A method is presented for investigation of material models for plastic deformation
under high strain rate and high temperature conditions. The method is used for
the investigation of Alloy 718.

� The method includes basic calibration experiments in a high speed testing machine,
extraction of model parameters through an optimisation procedure and validation
of the result in a specially designed impact experiment.

� The model suggested by Johnson-Cook shows better agreement with the impact
experiment than the model suggested by Zerilli-Armstrong does for the tested ma-
terial at room temperature.
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Reverse ballistic experiment resembling the

conditions in turbine blade off event for containment

structures

Ted Sjöberg, K. G. Sundin, Jörgen Kajberg, Mats Oldenburg

Abstract

An experimental technique has been developed which allows loading of heated sheet
material under impact conditions with simultaneous measurement of the impact force his-
tory. The combined characteristics of impact loading at elevated temperature makes the
experiment ideal for validation of models used to simulate the containment structure sur-
rounding aircraft engines. In this paper experimental results for Alloy 718 are presented,
a nickel based super alloy commonly used in hot parts of the containment structure. The
experimental results are then compared to simulations in order to validate previously cal-
ibrated material parameters. The basic principle of the validation experiment is based on
reverse ballistics, in which a thin circular specimen with free boundaries impacts the end
of an instrumented rod. Using induction heating the specimen is heated to temperatures
up to 650 ◦C and a gun driven by compressed air accelerates the specimens to desired
velocity. In the reported work velocities are kept low enough to avoid cracking and thus
the study is limited to plastic conditions, even though the technique is applicable also
for fracture studies. The free boundaries of the experiment makes numerical modelling
and simulation straightforward, making it valuable as a validation tool. All numerical
simulations are performed using the commercial finite element code LS-Dyna and plastic
behaviour of the material was modelled with the Johnson-Cook material model.

1 Introduction

Time dependent deformation of materials is an extensive research field ranging from
creep, with a time-scale of years, to impact, often with a typical time-scale of a few
hundred microseconds. The response of a material when subjected to rapidly changing
loads can differ drastically from when it is subjected to static or quasi-static loading. At
low loading rates an impacted object will react on a global scale under elastic and plastic
deformations transporting large parts of the impact energy away from the contact area
while dissipating parts of the energy. At higher impact velocities the energy does not
have time to dissipate whereby local response will dominate. In some cases the locally
applied energy will be large enough to rupture the material, making an otherwise ductile
material behave in a brittle manner at high loading rates. This complex situation means
that good understanding of a material’s dynamic response across a wide range of strain
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rates is very important in order to be able to predict the outcome of an impact. Meyers
(1994) gives a good overview of the subject of dynamic behaviour of materials, from
elastic and plastic loading of quasi-static character to high strain rate impact.

The complex nature of dynamic material behaviour has meant that extensive experi-
mental testing has always been an essential part when designing the containment struc-
ture in aeroengines. Full scale engine containment testing are complex, time consuming,
and expensive. Breaking down the containment tests into smaller component experi-
ments, such as the testing performed by Xuan and Wu (2006), can save both time and
resources. In resent years the increasing power of computers has led to continued de-
velopment of more powerful simulation models. This has enabled numerical testing of
complex containment cases, such as the effects of multiple blade interaction performed by
He et al. (2016). However extensive simulations with high demands on reliability require
very accurate modelling of material behaviour. Field et al. (2004) has written a review
of the most commonly used experiments for calibration of material models at high strain
rate, such as Taylor impact, Hopkinson bar, Dropweight and Ballistic impact. These
tests cover a strain rate regime of many magnitudes, typically strain rates from 102 to
105 s−1 can be achieved.

The aim of the work presented here is to design and build a high strain rate experiment
that shows the dynamic behaviour of material at multiple temperatures. At the same time
the experiment should be straightforward to model numerically in order for it to be used
as a validation tool. Numerous experiments have been designed to be used as validation
tools. For example Dey et al. (2007) used an impact experiment to evaluate the ballistic
limit of double layered armour compared to single layered, comparing the experimental
results with numerical simulations. Børvik et al. (2001) used an impact experiment to
evaluate the ability of a fully coupled material model of viscoplasticity and ductile damage
to predict the behaviour of metal sheets penetrated by blunt projectiles. In the current
investigation a method based on so called reverse ballistics was chosen. The principle of
the experiment is accelerating a heated specimen using an air gun towards a target. The
target is in this case an instrumented rod able to register the force during the impact.
Similar approaches have been used by for example Bourne et al. (1997) and Proud et al.
(2001) to observe penetration behaviour of metals at oblique impact at a velocity of
approximately 700 m/s. Hockauf et al. (2007) used a reverse impact experiment to test
dynamic perforation of fibre fabrics and polymers at impact velocities of 230 m/s. In
the present case thin metallic sheet material is investigated and therefore significantly
lower impact speeds are used. The designed experiment resembles the set-up used by
Liutkus (2014), who used reverse impact in a dynamic punch test coupled with digital
image correlation equipment in order to test the plastic deformation of Alloy 718. One
major difference is that the experimental set-up proposed in this paper is designed to
ensure that the specimen is free from boundary effects and thereby very straightforward
to model.

The experiment is here used to validate material parameters used to model the plas-
tic behaviour of a batch of Alloy 718 supplied in aged condition. The ability of Alloy
718 to retain most of its strength at temperatures up to 650 ◦C, coupled with its ex-
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Figure 1: Schematic of the experimental set up

1 3 4

5

2

Figure 2: Pictures on the two ends of the gun barrel. The leftmost picture shows the back
end before loading the cannon. The picture to the right show the specimen separated
from the specimen guide as it touches the tip of the target rod.

ceptional corrosion resistance and high weldability makes it one of the most extensively
used materials in containment structures and other load carrying parts in hot sections
of aircraft engines. The conditions which the containment structure has to be able to
withstand include combined effects of high strain rate and elevated temperatures, making
the designed validation experiment advantageous.

2 Experimental

The basic principle of the experiment is shown in Fig. 1. An air gun with a 5 m long
barrel having an inner diameter of 50.8 mm is used to accelerate the projectile to desired
velocity. Pressures of 100-160 kPa, giving impact velocities between 40 and 60 m/s, were
used in order to find the highest velocity at which no visible fracture occurs while at
the same time obtaining maximal plastic deformation. To measure the velocity of the
specimen two laser operated photocells are placed in the gun barrel just ahead of the
target. At this position openings in the side of the barrel release the driving pressure
behind the projectile so that an approximately constant velocity was achieved just before
impact. In order to ensure that the impact was correctly aligned and as concentric as
possible the specimen guide was still supported in the gun barrel when the specimen
impacted the target.

More details can be seen in the two photos in Fig. 2. The photo to the left show the
rear end of the cannon barrel. The part marked as 1) is the pipe going to the air tank
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filled with compressed air. Next to this is the thin specimen put in between two sheets
of insulating Superwool 2). Right next to this is the cylindrical specimen guide marked
as 3). The parts marked 4) and 5) is the induction coil mounted and the end of the
gun barrel. The coil is shown mounted on the barrel and as can be seen this end of the
barrel is made out of plastic in order to avoid being heated by the induction coil. The
photograph to the right show the opposite end of the gun barrel with the target rod and
its carbide tungsten tip protruding through the specimen guide, showing how the guide
will continue while the specimen is stopped by the target.

The target was a long cylindrical steel rod with a half-spherical tip of Tungsten-Carbide
welded at the impacted end. The hard tip prevents local plasticity in the target at the
impact point. The rod was held in place by glide bearings in which it was free to move
in the axial direction. When the specimen impacts the tip a longitudinal elastic wave
is generated and propagates along the rod. The shape of the wave is influenced by the
plastic properties of the material in the specimen. This wave is recorded using two pairs
of 120 Ω Kyowa strain gauges (model number KFG-5-120-C1-11L1M2R) glued to the rod
at distances of 200 mm and 350 mm from the tip respectively. The gauges in each pair
were mounted diametrically opposite on the rod and connected to a Wheatstone bridge in
order to suppress any eventual bending strains. Also, the two pairs of strain gauges were
positioned so that each pair suppresses bending in planes perpendicular to each other.
This gauge arrangement was used as a quality-check on the impact measurements. If the
signals from the two pairs of strain gauges were close to identical excessive bending load
on the rod caused by misaligned impact was not present. A signal conditioning amplifier
(model 2210 produced by Vishay precision group) with wide-band properties was used
to amplify signals which were subsequently digitized and stored on a computer. The
gauge installation and the amplifier arrangement was statically calibrated by loading the
rod in a tensile testing machine, thus establishing a relation between signal level and
applied force. At the opposite end of the gun barrel an induction coil was used to heat
the specimens while they were stationary. The induction heater used was a SINAC 5 SH
from EFD Induction with a custom shaped coil made to heat the specimen as evenly as
possible. The temperature was controlled by thermocouples spot-welded to the backside
of the plates. To further ensure that an even temperature distribution was reached and
maintained the specimens were embedded in Superwool HT ceramic fibre blankets. The
superwool blankets had a classification temperature of 1300 ◦C which is well above the
temperatures the specimens reached in this experiment.

The specimens themselves were thin circular plates of Alloy 718 in precipitation hard-
ened state. They had a diameter of 46 mm and a thickness of 1.6 mm, and were cut
from rolled sheets using an electric wire discharge machine. A low velocity was used
since plastic behaviour was of main interest, and fracture of the specimen should there-
fore be avoided. One effect of the lower velocity is that the flexural wave formed upon
impact will reach the edge of the specimen before the impact was over. This means that
the specimen guide, used to ensure aligned and concentric impacts, had to release the
specimen upon impact in order for the specimen to be free-flying. This was achieved by
placing the specimen guide in front of the specimen and attaching the specimen to the
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guide using only a soft adhesive putty that at impact released with a minimal influence
on the impact force. This meant that the guide would travel past the target, leaving the
specimen at the point of impact. Furthermore it was observed in numerical simulations
that the flexural wave accelerated the outer edges of the specimen beyond the initial
impact velocity. This led to the design seen in Fig. 1, where the contact point between
the specimen and the guide are at approximately half the radius of the specimen, where
the velocity of the specimen was not high enough to cause interference with the guide.
This phenomena is further explained in Section 4.

3 Numerical Simulations

The numerical treatment of the experiment is motivated by the desire to use it as a
validation tool. This is facilitated by the possibility of a straightforward treatment of
the specimen as simple a disc with free boundaries. This means only three parts of the
experiment had to be modelled in the simulations; the steel rod, the Tungsten-Carbide
tip, and the free-flying specimen disk.

The numerical simulations were set up using the commercial code LS-Dyna. Important
parts of the model were constructed using eight-node brick elements with an approximate
size of 0.2 mm. The long target rod that was only subjected to elastic deformations was
constructed using a mesh with elements having aspect ratios of up to 5:1 in order to
save computational resources. All elements use a fully integrated element formulation in
order to circumvent hourglass deformation modes. The specimen disc was set to have
an initial velocity matching the measured velocity in the impact experiment and because
of the simplicity of the experiment the edge of the specimen could be modelled without
constraints. The length of the rod was chosen large enough for the wave generated
by the impact to pass the position of the strain gauges before the leading edge of the
reflected wave would come back. The target tip and rod were connected using a tied
contact, modelling the weld between them. For both the tip and the rod a linear elastic
material model was chosen. The tip, made of Tungsten-Carbide had a Young’s modulus
of 6.7·1011 Pa, a Poisson’s ratio of 0.24 and a density of 15800 kg/m3. The steel rod had
a Young’s modulus of 2.1·1011 Pa, a Poisson’s ratio of 0.3 and a density of 7850 kg/m3.

The plastic deformation of the specimen disc was modelled using the Johnson-Cook
constitutive equation. The Johnson-Cook equation is one of the most common strain rate
dependent plasticity models used for metallic materials. This empirically based model
was proposed by Johnson and Cook (1983) where the von Mises effective yield stress,
σy , is calculated as the product of three factors, depending on strain, strain rate and
temperature respectively. The model is described by the equation

σy = (A+B [ε̄p]n)

(
1 + C ln

[
˙̄εp

˙̄εp0

]) (
1− T ∗m) (1)

where ε̄p is the effective plastic strain, ˙̄εp is the plastic strain rate, and ˙̄εp0 is a reference
strain rate. T ∗ is the homologous temperature defined as T ∗ = T−T0

Tm−T0 where T is the
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Table 1: Parameters for the Johnson-Cook model

A B n C m ˙̄εp0 Tm T0

[MPa] [MPa] [-] [-] [-] [-] [K] [K]
1176 1456 0.5307 3.54E−3 1.740 0.002 1573 293
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Figure 3: Comparison between averaged experimental (dashed lines) and numerical re-
sults (solid lines) at room temperature performed at four different velocities

current material temperature, T0 is a reference temperature, and Tm is the melting tem-
perature of the material. A, B, C, n, and m are material parameters and were obtained
using a high speed universal testing machine from Instron combined with an induction
heater to load straight specimen in tension at strain rates up to 103 s−1 and at three tem-
peratures. The calibration method is described in more detail in Sjöberg et al. (2013).
The resulting parameters are given in Table 1. Worth noting is that the material used
for the calibration experiments are taken from the same material batch as the material
used in the impact experiment. This was done in order to ensure that spread in material
characteristics from for example heat treatment were kept at a minimum.

4 Results and discussion

Fig. 3 shows the force histories of four experiments all performed at room temperature
and at different impact velocities together with numerical results from the corresponding
simulations. The experimental force histories are taken as average from three repetitions
at the same velocity. The magnitudes of the force histories show an apparent depen-
dency on the impact velocity. The overall shapes of the force histories are similar for
all velocities, except for one notable exception. For the highest velocity of 60 m/s the
peak force from the experiments are much lower than from the numerical simulations. It
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Figure 4: Specimens from testing at room temperature after impact at
a) 45 m/s, b) 50 m/s, with no visible cracks at the backside
c) 55 m/s, and d) 60 m/s with visible cracks on the backside

can be seen that approximately the first 80 µs shows an acceptable agreement but the
maximum force is then greatly overpredicted by the simulation. A probable reason for
this over-prediction of the force level can be seen in Fig. 4, which shows photographs of
one of the discs at each impact velocity. The photographs are taken at the back-side of
the specimens and the intersection of the lines seen on the specimens mark the centre of
the specimen. These lines show that the impact is within 0.5 mm from the centre. The
photographs also show that the specimen fired at 55 m/s contains small cracks on the
backside while the specimen fired at the highest velocity of 60 m/s cracked all the way
through. The occurrence of cracks and damage is most probably the reason for why the
experiments show a lower maximum level of the impact force history then expected at
the highest impact velocity. As fracture was not modelled in the simulations the same
behaviour was not captured in the numerical results. In the discs fired at lower velocities
no cracks could be seen, even when examined at higher magnification. It is therefore
concluded that plastic conditions dominate in all specimens at velocities up to 50 m/s
and that fracture is initiated at impact velocities between 50 and 55 m/s. The crack then
grows through the thickness of the specimen with increasing impact velocities. Based
on these preliminary investigations it was decided that impact velocities between 45 and
55 m/s would be used for further investigation, since fracture was first observed in this
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Figure 5: Comparison between averaged experimental (dashed lines) and numerical re-
sults (solid lines) performed at 550 ◦C and shot at three different velocities

regime.

Figs. 5 and 7 shows the experiments and simulations performed at 550 ◦C and 650 ◦C
respectively. What can be seen in these figures is that the overall behaviour of the
experiments at elevated temperatures is much the same as for the tests performed at
room temperature. Comparing the experimental and simulation results one can see good
agreement for all tests fired at 550 ◦C and for the results at lower velocities at 650 ◦C.
However, for the experiments performed at 650 ◦C a notable exception can be found for
the results at the highest velocity. Here the biggest peak in force drops quickly after
100 µs, something that does not happen at lower velocities or in numerical predictions.
Looking at Fig. 8 which shows the occurrence of large cracks in the plates shot at 55 m/s
it was concluded that this was once again a result of fracture in the specimens. Cracks
can also be observed at the highest velocity for the experiments performed at 550 ◦C, as
seen in Fig. 6. However, the cracks in the specimens that were shot at 550 ◦C did not go
all the way through the thickness, much like the cracks observed at the room temperature
testing performed at the same velocity.

Fig. 9 shows three shots performed at 50 m/s, at room temperature, plotted together
with the response calculated in the numerical simulation. The three experimental repiti-
tions have a difference in impact velocity of approximately 1 m/s and they have almost
identical force histories, showing good repeatability. On the force history curves belong-
ing to the numerical simulation six time stages are marked with red circles. Cross sections
of the simulated specimen at these stages are shown in Fig. 10. The cross sections show
coloured arrows displaying the velocity in the impact direction and also colour plots of
the effective plastic strain in the specimen. It can be seen in this sequence of images
that the first 30 µs of the impact are dominated by local deformation close to the impact
center. The impact then forms an elastic flexural wave travelling radially outwards in
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Figure 6: Specimens from testing at 550 ◦C after impact at
a) 45 m/s with no visible cracks at the backside,
b) 50 m/s with small cracks on the backside, and
c) 55 m/s with visible cracks on the backside
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Figure 7: Comparison between averaged experimental (dashed lines) and numerical re-
sults (solid lines) performed at 650 ◦C and shot at three different velocities
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Figure 8: Specimens from testing at 650 ◦C after impact at
a) 45 m/s with no visible cracks at the backside,
b) 50 m/s with barely visible cracks on the backside, and
c) 55 m/s with clear cracks on the backside

the specimen which as it reflects causes the edge of the specimen to accelerate. At the
force peak at 40 µs the velocity of the edge has increased almost by a factor of 1.5 and
reached its maximum. This acceleration of the specimen edge would cause interaction
between the specimen and the specimen guide if the support surface would have been
close to the edge. Therefore the specimen guide was specifically designed as to place the
support surface between specimen and guide at half the radius of the specimen, where
the acceleration was much lower. This higher edge velocity also means that the specimen
starts bending forward until the force reaches the plateau at 70 µs. Here the velocity of
the edge is once again lower than the impact velocity and the specimen starts bending
into a more complex shape seen in the fourth stage. After 110 µs the specimen does
not undergo any further significant plastic deformation and the force exerted onto the
target comes from elastic relaxation of the specimen, as can be seen by the plastic strain
reaching its maximum of 0.3.

The alignment of the specimens upon impact influences the force history as seen in
Fig. 11 which shows experimental results together with results from a robustness test
based on simulations. In the robustness analysis the alignment of the specimens was
varied in two ways; one simulation was performed of a specimen impacting the target
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Figure 9: Three experimental results plotted together with numerical results at 50 m/s.
Red circles marks time stages used in Fig. 10

with an offset of 1 mm while in another simulation the specimen impacted at an angle of
5 degrees. A third simulation with a combination of off-centre and oblique impact was
also performed which showed that the combination of misalignments gave clear influences
on the contact force. All three simulations were performed at a velocity of 50 m/s
and at room temperature. The results of this robustness analysis clearly show that the
experiment is aligned well within 1 mm off-set and 5 degrees pitch.

The effect of friction between the specimen and the target is dependent on the shape
of the target. Forrestal et al. (1988) used ballistic impact experiments using projectiles
of different shapes to test the effect of friction. The results showed that impacts using a
spherical tip are not very sensitive to changes in the friction coefficient. Simulations with
different values of the friction coefficient, up to the value of 0.4, were performed in order
to verify this. As the results showed no observable differences in the force history, even
with high friction coefficient, the conclusion was drawn that friction only have negligible
influence in the impact event, and all subsequent simulations were performed without
friction.

When using finite element analysis numerical discretisation errors will always exist.
Therefore a grid size analysis was performed to investigate the impact of these errors. The
standard simulation at 50 m/s were compared with simulations using both a mesh with
doubled characteristic length and a mesh with half characteristic length. Comparison of
the force histories corresponding to the simulations using three different grid sizes showed
that the standard grid size of 0.2 mm gave almost identical result compared to the finer
grid, and the conclusion was drawn that discretisation errors are negligible.
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Figure 10: Pictures from simulation at impact velocity of 50 m/s showing the deformation
behaviour at six stages through the impact. The six stages are marked with red circles
on the force history in Fig. 9

5 Conclusions

An instrumented so called reverse impact experiment in which impact force history is
measured was designed to be used in validation of impact simulations. The specimens
were circular discs of 1.6 mm thick sheet material of aged nickel alloy 718. The ex-
periment is designed to also allow for heating of the specimens using an induction coil.
During the impact the specimen discs were free and therefore very simple to simulate
with regards to initial and boundary conditions. In the simulations the Johnson-Cook
plasticity model was used. Results showed good agreement between simulations and
experiments at velocities up to 55 m/s for room temperature and tests at 550 ◦C, and
50 m/s for tests at 650 ◦C. At higher velocities cracks were observed in the experiments
and since fracture is not modelled in this investigation agreement between simulations
and experiments degraded. It is concluded that this kind of experiments are suitable
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Figure 11: Robustness analysis of specimen alignment upon impact

for impact studies. The aim with future studies using this experimental set-up will be
the validation of models concerning the containment structure of aircraft engines. This
means the experiment will be used under conditions of combined plastic deformation and
fracture.
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Fracture behaviour of Alloy 718 at high strain rates,

elevated temperatures, and various stress triaxialities

Ted Sjöberg, Jörgen Kajberg, Mats Oldenburg

Abstract

A methodology for fracture characterisation at strain rates up to 1000 s−1, tempera-
tures up to 650 ◦C, and various stress triaxialities is presented. High-speed photography
combined with digital image correlation is used to evaluate the strain at fracture. The
methodology was successfully demonstrated on aged nickel based Alloy 718, commonly
used in the containment structure of aircraft engines. Tensile specimens with four dif-
ferent geometries were loaded to get a wide range of positive stress triaxialities. All
specimens originated from one single heat and batch to ensure consistent mechanical
properties. The results showed evident stress state dependency on the failure strain,
where lower failure strains were observed at higher stress triaxialities for all combina-
tions of temperatures and strain rates. A coupled relationship between the temperature
and the stress triaxiality controlling the fracture strain was found. However, any clear
dependency on strain rate was hard to detect.

1 Introduction

As environmental goals for the aerospace industry become more and more demanding,
such as Flight Path 2050 set up by the Advisory Council for Aeronautics Research in
Europe (ACARE), manufacturers are pushing structures and materials closer to their
limits in order to improve efficiency and save weight. Producers of metallic turbine cases
for aircraft engines experience on-going competition with much focus on weight reduc-
tion. The goal of weight reduction is however not the only objective for manufacturers.
For example it is also of great importance for the casing to maintain its containment
capability; i.e. the prevention of damage of the surrounding structure in the event of
released parts in accidents such as blade off events. This means that good knowledge of
plastic deformation and failure close to service conditions are absolutely necessary when
designing all parts of aircraft engine cases, including the hot parts. Practically speaking,
this involves knowledge concerning mechanical material response from onset of yield to
fracture, at both high strain rates and elevated temperatures. In the design process of
aircraft engine casings, testing in pilot-scale and full-scale are common and often required
for certification and use in civilian traffic. These tests are both time-consuming and ex-
pensive. However, with the increased computational capability of modern software a lot
of design steps can be managed in a virtual environment by using finite element analy-
sis. Many leading commercial codes, such as LS-DYNA, ABAQUS and PAM-CRASH,
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therefore put a lot of effort to meet the demands on reliable fracture criteria in order for
the industry to be able to accurately simulate complex situations such as blade off events
in turbines.

It is well known that one of the most important controlling factors in ductile fracture of
metals is the stress state. Bao and Wierzbicki (2004) performed experimental testing and
numerical simulation on 2024-T351 Aluminium using a series of different tests in order to
cover a wide range of triaxialities. Based on these tests they could find that the relation
between stress triaxiality and equivalent strain at fracture seems to be divided into three
distinct areas. For large triaxialities the dominating failure mode is void growth while
for negative stress triaxiality shear mode is the dominant failure mode. In between these
two regions, at low triaxialities, a fracture can develop as a combination of both modes.
Wierzbicki et al. (2005) used the experimental results obtained by Bao and Wierzbicki
(2004) in order to calibrate and evaluate seven different fracture models implemented in
multiple commercial FE-codes. The seven fracture criteria were formulated in either the
space of strain, stress or mixed strain-stress. They found that most models can only be
used when the stress triaxiality stays within narrow ranges. The model they found best
able to predict fracture over wide ranges of stress states was the Xue-Wierzbicki model.
It was concluded that in order to accurately deal with wide ranges of stress states the
fracture model needs to be constructed in the three-dimensional space of invariants. Teng
and Wierzbicki (2006) used the same experimental data on 2024-T351 Aluminium and
experimental data on Weldox 460 E steel obtained by Børvik et al. (2005) and Børvik et
al. (2001) to calibrate six fracture models for high velocity impact scenarios. In a similar
manner as Wierzbicki et al. (2005). they found that a fracture criterion formulated in
the space of stress triaxiality and equivalent strain at fracture is unable to accurately
represent fracture properties of a material. This can be demonstrated by for example
the axisymmetric and transverse plane-strain loading conditions, two cases having the
same stress triaxiality and therefore not distinguishable for such models. The solution
Teng and Wierzbicki (2006) proposed is to include the effects of the third invariant of
the deviatoric stress, J3, when modelling fracture.

To further improve the accuracy of fracture prediction over wide ranges of stress states
Bai and Wierzbicki (2008) proposed a new fracture locus in the space of equivalent strain
at fracture ε̄f , stress triaxiality η, and Lode angle parameter θ̄. The suggested model is
similar to the Xue-Wierzbicki model, but the fracture locus is asymmetric with respect
to the Lode angle. Another fracture criteria put forward by Bai and Wierzbicki, 2010 is a
modified version of the stress-based Mohr-Coulomb criterion (Coulomb, 1773). The pro-
posed version of the Mohr-Coulomb criterion is also a mixed strain-stress representation
in terms of the fracture strain ε̄f , the stress triaxiality η and the Lode angle parameter
θ̄. The aim was to thereby customize the classical criterion to also cover ductile failure.

Recently Algarni et al. (2015) studied the stress triaxiality and Lode angle dependencies
of nickel based Alloy 718. Experimental testing was performed at room temperature and
quasi-static loading using round specimens with different notch geometries as well as
a plane strain specimen geometry. The fracture behaviour was then characterised by
applying the modified Mohr-Coulomb model. The results from this study showed that
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the fracture of Alloy 718 was only moderately dependent on the Lode angle. However it
should be noted that the authors found that the plastic behaviour was highly dependent
on the Lode angle.

Chocron et al. (2011) proposed the addition of a Lode angle dependent term to the
Johnson-Cook plasticity model and failure criterion. This resulted in a model that is
simple to implement while still being able to predict more complex failure modes than
the standard Johnson-Cook model. Erice and Gálvez (2014) used the same Lode de-
pendent term to modify the Johnson-Cook failure criterion and then coupled it with a
elastoplastic damage plasticity model. The coupled model was then applied on Alloy 718.
For calibrating the model a number of geometries, both axisymmetric (round) specimen
with different notches and plane specimens, were subjected to quasi-static tensile loading
at room temperature. In addition a tensile split-Hopkinson bar was used to dynamically
load round specimens in uniaxial tension at strain rates of approximately ε̇ =1000 s−1.
The dynamic tests were also performed over a wide range of temperatures, from 25 to
approximately 800◦C. The fracture strains for the round specimens were estimated by
employing an optical profilometer, where the strain values up to failure were given by
ε = 2 ln(d0/d). The failure strains for the plane specimens subjected to quasi-static load-
ing were determined by using digital image correlation (DIC). Erice et al. (2014) later
used the resulting model to compare numerical results with outcomes from high velocity
impact experiments of Alloy 718 performed at elevated temperatures.

DIC, providing full-field displacement and strain measurements, is a well-established
technique that has been used in many high strain rate applications. For example Kajberg
and Wikman (2007) used DIC to evaluate the strains in dogbone specimens used in
split Hopkinson pressure bar experiments while Tarigopula et al. (2008) used DIC in
split Hopkinson tension bar experiments. Pierron et al. (2011) used DIC to obtain full
field measurements of a three point bending impact test on aluminium and Zhang and
Zhao (2013) used DIC in characterisation of mechanical properties in rock material using
different testing methods in a split Hopkinson pressure bar system. DIC has also been
used at high temperature conditions by amongst other Lyons et al. (1996) who evaluated
the use of full field measurements on uniaxial tensile specimens heated to 650◦C in a
furnace. Grant et al. (2009) pushed the temperature higher and by using filters and
blue LED light to suppress black-body radiation effects and were able to use DIC to
measure strains while uniaxially loading a nickel based alloy at a temperature of 1000◦C.
A study by Guo et al. (2014) reached even higher temperatures by spraying carbon fibre
specimens with tungsten powder to form a speckle pattern. The high melting point of
tungsten enabled application of DIC at testing temperatures as high as 2600◦C.

In this paper the focus is on characterising the fracture behaviour of Alloy 718 sheets
used in the fan case of an aircraft engine. An extensive experimental campaign was there-
fore launched reflecting the typical service conditions in the engine considering fracture
behaviour at plane stress conditions at varying strain rates, temperatures, and stress
states. Tensile tests of flat specimens were performed for four different geometries in
order to obtain a wide range of positive stress triaxialities at fracture. All geometries
were tested at four different strain rates and three temperatures. Unlike the extensive
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experimental study conducted by Erice and Gálvez (2014), all specimen geometries were
subjected to the same ranges of temperatures and strain rates. Further, the deformation
processes of the specimens were captured using a high-speed camera, enabling the use
of DIC in all cases. All specimens originated from the same material heat and batch.
This ensures consistent manufacturing and heat treatment conditions and hence similar
mechanical properties. To evaluate the stress triaxialities of the four specimen geometries
finite element analysis was employed.

2 Theory

As previously stated it has been found that in order to accurately predict ductile fracture
in metals it is necessary to include the effects of all invariants. Most common is to use
the first invariant of the stress tensor σ together with the second and third invariants of
the deviatoric stress tensor S. The three invariants are given by Eqs. (1) to (3) as

p = −σm = −1

3
tr(σ) = −1

3
(σ1 + σ2 + σ3) (1)

q = σ̄ =

√
3

2
S · S =

√
1

2

[
(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (2)

r =

(
9

2
S · S · S

)1/3

=

[
27

2
det(S)

]1/3

=

[
27

2
(σ1 − σm) (σ2 − σm) (σ3 − σm)

]1/3

(3)

where the deviatoric part of the stress tensor S is defined by

S = σ + pI (4)

I is the identity tensor and σ1, σ2 and σ3 denote principal stresses. Often it is more
convenient to work with the normalized hydrostatic pressure η defined by

η =
−p
q

=
σm
σ̄

(5)

The parameter η is more often referred to as the stress triaxiality which, as mentioned
above, is one of two parameters often used for expressing the stress state in ductile
fracture. The other important parameter, the Lode angle θ, is related to the normalized
third invariant of the deviatoric stress according to

ξ =

(
r

q

)3

= cos(3θ) (6)

The definition of the Lode angle gives it the range of 0 ≤ θ ≤ π/3. The Lode angle
can also be normalized as
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θ̄ = 1− 6θ

π
= 1− 2

π
cos−1(ξ) (7)

This gives θ̄ the range of −1 ≤ θ̄ ≤ 1. θ̄ is commonly called the Lode angle parameter.
Wierzbicki et al. (2005) showed that for the plane stress condition, σ3 = 0, there exists

a unique relationship between the triaxiality η and the normalized third invariant of the
deviatoric stress ξ defined by

ξ = −27

2
η

(
η2 − 1

3

)
(8)

3 Method

3.1 Material and specimen types

Alloy 718 is a nickel-base super alloy known for its high strength and corrosion resistance
even at high temperatures. These combined properties makes sheets of Alloy 718 one of
the most commonly used materials in hot parts of aircraft engines such as low-pressure
rotors. The chemical composition of the alloy is shown in Table 1. The material for
experimental testing was supplied by GKN Aerospace Sweden AB, aged in an approach
comparable to the instructions from the manufacturers (Haynes International LTD). The
mechanical properties due to ageing resulted in a yield stress of σ0.2% = 1200 MPa, an
ultimate tensile strength of σu = 1500 MPa, and a percentage elongation A50 of 17%
when subjected to quasi static loading at room temperature. All material was supplied
in 1.6 mm thick sheets and originates from the same material batch in order to ensure
consistent heat treatment conditions and hence similar mechanical properties.

Table 1: Chemical composition of Alloy 718 by weight percentage, taken from Special-
Metals (2014)

Ni Cr Fe Nb+Ta Mo

50.00-55.00 17.00-21.00 As balance 4.75-5.50 2.80-3.30

Ti Al Co C Ma

0.65-1.15 0.20-0.80 1.00a 0.08a 0.35a

Si P S B Cu

0.35a 0.04a 0.15a 0.006a 0.30a

a Maximum

As mentioned in the introduction many modern fracture models are dependent on
both Lode angle and stress triaxiality. The calibration of such models requires multiple
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(a) (b) (c) (d)

Figure 1: Schematic drawings of the 1.6 mm thick specimens. All measures are given in
mm.

calibration points in stress space. To acquire this data approx. 300 mm long specimens of
four different geometries were subjected to tensile loading in their longitudinal direction.
All geometries cover a wide range of positive stress triaxialities at fracture. In order to
manufacture the specimen geometries within small tolerance, electric wire discharge was
used, as this machining method has less influence on the microstructure and better edge
finish is achieved. All specimens were cut out transversely to the rolling direction. The
four specimen geometries were:

� Simple shear specimen (denoted Shear) (see Fig. 1(a))

� Tensile specimen with a hole (denoted Hole) (see Fig. 1(b))

� Tensile specimen with large notch (denoted R-15) (see Fig. 1(c))

� Tensile specimen with small notch (denoted R-3.75) (see Fig. 1(d))

The schematic drawings in Fig. 1 show 50 mm cut-outs of the sections where all plastic
deformation and fracture occurs.

3.2 Dynamic testing

It has been shown by many authors, for example Pereira and Lerch (2001), DeMange et al.
(2009), and Wang et al. (2013), that Alloy 718 exhibits strain-rate hardening behaviour
and thermal softening when subjected to external loading resulting in plastic deforma-
tion. In containment design of cases surrounding the hot parts of the aircraft engine,
such as the low pressure rotor, it is of great interest to investigate whether any strain-rate
sensitivity and/or thermal dependency can be observed in the fracture behaviour for the
used construction material. Fracture testing has therefore to be performed at multiple
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strain rates and temperatures. In order to achieve strain rates in the region of interest
a high-speed tensile testing machine (Instron VHS-160/100-20) was used. For obtain-
ing full-field strain measurements by using DIC, a high-speed camera (Vision Research
Phantom v1610) was utilized. The high-speed tensile testing machine machine has the
capability to perform testing at velocities up to 20 m/s, with a force of up to 100 kN. In
order to obtain the desired strain rates the piston velocity for the tensile testing rig has
to be individually adjusted to the specific material and specimen geometry tested. By
using the so-called ’FastJaw’ system of the Instron equipment the specimen is gripped at
the moment when the piston head (upper grip) has accelerated to the desired velocity.
The specimen is accelerated almost instantly to the correct velocity, giving the desired
strain rate. The evolution of the strain rate was estimated from DIC by taking the time
differential of the calculated strain at the point of fracture, which is obtained from the
images captured by the high-speed camera. The strain rate is described as the average
value of strain rates corresponding to strains from approximately one quarter to three
quarters of the fracture strain. In this region the strain rate is nearly constant or increas-
ing slowly. The first quarter of the strain evolution includes a small ramp up which is
ignored. The last quarter, which is also excluded, contains the strain localization, caus-
ing rapidly increasing strain rate. The piston velocity was adjusted to obtain the four
approximate strain rates of 1, 80, 400, and 1000 s−1. Examples of the obtained strain
rate evolutions are shown in Section 4, Fig. 7. Because of the high velocities and in some
cases high temperatures involved the elongations of the specimens could not be traced
by using conventional extensiometers, instead a non-contacting displacement transducer
(Zimmer 100D) with a gauge length of 50 mm was employed. The elongation histories
from the displacement transducer were utilised in the finite element simulations presented
in Section 3.5. For measuring the applied tensile force with a minimum of resonance an
in-house developed load cell was used. An example of elongation and force histories are
given in Fig. 2.

3.3 Heating of specimens and validation of temperature unifor-
mity

Tensile tests were performed at three temperatures, room temperature, 550, and 650 ◦C.
The elevated temperatures reflect the condition the containment structure in the turbine
part of an aircraft engine is commonly subjected to. The specimens were heated using
an induction heating system (SINAC 5 SH, EFD Induction) with a maximum power of
5 kW. The system is run in a closed loop configuration where the temperature is measured
using thermocouples welded to the heated zones of the specimens.

It is important that the temperatures along the gauge length of all of the specimens vary
as little as possible in order to ensure uniform material properties. The induction coil was
therefore designed in-house to ensure nearly constant temperature in the gauge length
for all of the geometries used. The areas of greatest concern were notches and areas with
small radii since these zones are more susceptible to temperature concentrations from the
magnetic fields. In order to validate the test method a careful quantitative monitoring
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Figure 2: Example of measured 50 mm gauge length elongation and force histories from
two experimental repetitions. The histories are taken from the R-15 specimen testing
performed at 80 s−1 and room temperature.

of the temperature field in the heated zone of the specimens was undertaken. For this
purpose a thermal imaging camera (FLIR SC4000) was used at a stand-off distance large
enough to view the whole width of the specimen. The thermal camera outputs were
compared with temperatures given by thermocouples welded in central locations on the
specimens to ensure correctly calibrated results.

3.4 Strain field measurements using DIC

During all experiments in-plane deformations were measured using a commercial optical
full-field displacement measurement system - ARAMIS. ARAMIS recognizes the surface
structure of the measuring object in digital camera images and allocates coordinates to
the image pixels. The first image in the measuring project represents the undeformed
state of the object. After or during the deformation of the measuring object, further
images are recorded. This method utilizes that each arbitrarily chosen subarea has a
unique pattern. To ensure that uniqueness can be readily found in all subareas some
form of pattern is commonly applied by means of suitable methods, for example by
applying a stochastic speckle pattern by using white and black paint (see Fig. 3(a)). In
this study a boron nitride aerosol was used together with a heat resistant black aerosol
paint able to withstand the high specimen temperatures. In addition blue light LEDs
and filters were used for testing at elevated temperatures to suppress the effects of black
body radiation and ensure high contrast. The ARAMIS software obtains the full-field
measurement by first dividing the image into a number of subimages or facets. Due to
the randomness of the speckle pattern each facet is unique and can therefore be traced by
correlating the facet from the previous state with a facet from the current state. The best



3. Method 77

100 200 300 400 500

100

200

300

400

500

x [pixel]

y 
[p

ix
el

]

200

220

240

360

380

400

15.4

15.5

15.6

y [pixel]x [pixel]

ve
rt

ic
al

 d
is

p 
[p

ix
el

]

(a) (b) (c)

Figure 3: (a) Image of a speckled specimen used in DIC. (b) Example of displacement field
calculated by DIC. (c) Local displacement field from the marked facets in (b). (Kajberg
and Lindkvist, 2004)

correlation gives the shape and position of the new facet matching the area covered by the
facet from the previous state. From this a displacement field is obtained with measuring
points related to the centre point of each facet (see Fig. 3(b)). The deformation gradient
at a certain point is estimated by fitting a plane together with its eight neighbouring
points (see Fig. 3(c)). The deformation gradient components are then used to calculate
the local plastic strains in the specimen.

Due to the high-rate deformations and consequently short time scales the digital im-
ages of the specimens were captured by a high-speed camera (Vision Research Phantom
v1610). The spatial resolution of the images is directly related to the sample rate, i.e.
frames per second, where an increased sample rate results in decreased spatial resolu-
tion of the images. Depending on strain rate the sample rate and consequently spatial
resolution were varied. The chosen sample rates were 1, 50, 80, and 130 kHz for the
approximate strain rates of 1, 80, 400, and 1000 s−1, respectively. This resulted in 60-100
images of the deformation up to fracture. The corresponding spatial resolutions were
around 768x420 pixels for the slower tests down to resolutions of 256x256 for the experi-
ments at the highest sample rates. The length scale, i.e. measuring length was defined as
the facet-size plus twice the facet-step. A fixed measuring length of 0.6 mm was chosen
for comparable results between experiments with different strain rates and consequently
different spatial resolutions.

By using the plastic strain field obtained just before fracture, the path from edge to edge
experiencing the highest strains was detected. This path was used for the determination
of the point of fracture. For both the shear and R-15 specimens the fracture position
was identified as the facet experiencing maximum plastic strain. For the R-3.75 specimen
another approach had to be used. Looking at Fig. 4 a), showing the first picture captured
after fracture, one can see that the fracture initiation point was close to the middle of
the specimen. This may seem surprising since the highest strains were observed at
the edges of the specimen, see Fig. 4 b). The presumed reason for this is the stress-
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(a) (b)

Figure 4: (a) First picture where fracture is observed in the R-3.75 specimen. (b) Strain-
field obtained from DIC in the last image before fracture.

state dependency of the fracture. Because the stress state varies over the width of the
specimen, and maximum stress triaxiality is observed in the middle, failure was initiated
in the centre even though the maximum strain was observed at the edges. Hence, the
fracture strain for the R-3.75 specimen was obtained by taking the midpoint of the path
of highest straining.

3.5 Finite element analysis

To approximate the stress state in the different tensile specimens finite element analyses
were used. Simulations were performed using the commercial finite element software LS-
DYNA. The four specimen geometries were modelled as 50 mm cut-outs (Fig. 1), since
all plastic deformation is contained well within these limits. In addition this enabled
the use of the data from the elongation measurements (from the Zimmer displacement
transducers) as input for the boundary conditions. The geometries were discretised using
eight node selectively reduced fully integrated brick elements with a size of 0.3 mm, giving
five elements through the the thickness of the specimens. This size was chosen to be the
same as the size of the facets used in the DIC. The material was modelled with the
commonly used Johnson-Cook model, using parameters which were calibrated earlier
using the same material (batch and heat) as in the presented experiments. Details on
the calibration procedure can be found in Sjöberg et al. (2013). Simulations were run
at the global elongations (Zimmer measurements) giving the three strain rates of 1, 80,
and 400 s−1, respectively and the three temperatures used in the experiments. The stress
triaxiality evolutions were taken from the simulations using the element best representing
the failure point observed using DIC and up to a strain corresponding to the failure strain.
To visualize the resulting triaxiality values an integrated average value (Erice and Gálvez,
2014) was used given by

ηavg =
1

εpf

εpf∫
0

η(εp)dε (9)
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Figure 5: Visualization of resulting stress triaxialities from finite element simulations.
Solid lines are the stress triaxiality history while the dashed lines show the integrated
average value.

where εpf is the plastic strain at fracture. The stress triaxiality evolutions, determined
in the finite element analyses, showed no dependency on neither temperature nor strain
rate. In Fig. 5 the stress triaxiality evolutions for the simulations performed at room
temperature and strain rate of 1 s−1 are presented together with the integrated average
values according to Eq. (9). It can be observed that for the hole and shear specimens
the triaxialities are constant throughout the deformation processes, while the triaxiality
values increase for the notched specimens as the deformations progress. The average
values are used when presenting the obtained fracture strains in Section 4 (Figs. 9 and 10).

4 Results and discussion

In order to ensure an even temperature distribution of the region of the specimen where
all plastic deformation takes place, a thermal imaging camera was used. Thermal images
for all specimen types heated to 650◦C are shown in Fig. 6. Next to the thermal images
histograms showing the temperature distributions are presented. The temperature dis-
tributions are taken over the regions of greatest interest in each of the specimens, these
areas are marked with rectangles in the thermal images. The histograms in Fig. 6 show
that an even temperatures are obtained for all specimen types when heated to 650◦C. For
three of the specimens the spread in temperature is less than 15 degrees and the largest
spread in temperature are detected for the shear specimen, where the temperature varies
between 625 to 660◦C in the region of interest. The larger spread in the shear specimen
is due to the more complex shape with a lot of small radii, making it hard to get an
entirely even temperature all over the cross-section.

Fig. 7 shows examples of the strain rate evolutions for all specimen types. The examples
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Figure 6: Temperature distribution and histogram for all four specimens heated to 650◦C.
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are taken from the testing performed at room temperature and at the target strain rate
of 80 s−1. As can be seen the strain rate could not be considered as constant throughout
the testing. However, the middle part (second to third quarter of the evolution) is nearly
constant or is increasing slowly. Hence, the target strain rate can only be seen as an
approximation of the actual strain rate.

The images in Fig. 8 show examples of experimentally determined plastic strain fields
just before fracture for each one of the specimen types. The paths from edge to edge with
highest strains are represented by facets with black outlines and the fracture initiation
points for all specimen types are marked as green filled circles. The fracture strains
evaluated using DIC for all experiments are shown in Figs. 9 and 10. The fracture
strains are plotted against the average stress triaxialities (Eq. (9), Fig. 5) estimated
using finite element analysis. All points in these figures correspond to averaged values
of all experiments performed at the certain combination of strain rate and temperature.
The four images of Fig. 9 show the results arranged according to strain rate and in Fig. 10
the results are arranged according to temperature. From both sets of figures it is clear
that the strain at failure is dependent on the stress state, where higher stress triaxialities
result in lower fracture strains. This is the same result as found by Erice and Gálvez
(2014) who also found that the fracture strain was dependent on temperature, where
higher temperatures resulted in higher fracture strains. A close observation of the results
for the hole specimen (η = 0.33) in Fig. 9 shows the same result. This is of interest
since the hole specimen is the specimen with a stress triaxiality closest to the straight
round specimens Erice et al., 2014 used for investigating the temperature dependency.
However, the study in this paper where temperatures and strain rates have been varied
in a similar manner for all specimen types show that the dependency is reversed at
triaxialities deviating from the value noted for the hole specimen. I.e. lower temperatures
result in larger fracture strains in most cases. This implies that the dependency upon
temperature is not a simple relation such as increased temperature results in higher
fracture strain. Instead there might exist a coupled relationship between temperature
and stress triaxiality controlling the final strain at fracture. Fig. 10 shows what could be
interpreted as strain rate dependency in the case of shear. For this specimen the lowest
strain rate gives noticeably larger fracture strains compared to the strains at higher strain
rates. The strain rate dependency is more distinct at room temperature than at elevated
temperatures. For the other specimen types any clear rate dependency is not found at
any temperature.
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Figure 7: Examples of strain rates calculated for all specimens plotted together with the
target strain rate. All data is taken from experiments performed at room temperature.
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Figure 9: Resulting fracture strains obtained using DIC plotted versus average triaxiality
obtained from finite element analysis and arranged according to strain rate.
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5 Summary and conclusions

A methodology for fracture characterisation at varying strain rates, temperatures, and
stress triaxialities is presented. A high-speed tensile testing machine was used for testing
at strain rates from 1 to 1000 s−1, and elevated temperatures up to 650 ◦C were reached
by inductive heating. Furthermore, high-speed photography combined with DIC was
used to detect local strain fields. The methodology is successfully demonstrated on Alloy
718, a nickel base alloy commonly used in the containment structure in the hot parts
of aircraft engines. Tensile specimens in aged condition originating from one single heat
and batch were loaded at different strain rates and varying temperatures to imitate the
condition at a blade off event in a containment structure. Four specimen geometries
were used in order to obtain a wide range of positive stress triaxialities at fracture. The
fracture strains were evaluated from high speed camera images by using DIC.

The results from testing showed that Alloy 718 exhibits an evident stress state de-
pendency on the failure strain, with lower failure strains observed at higher stress triax-
ialities for all combinations of temperatures and strain rates. In addition the material
demonstrated a coupled relationship between the temperature and the stress triaxiality
controlling the fracture strain. When it comes to strain rate dependency however, any
clear tendencies were hard to find. Although the strain at failure does vary with strain
rate the only specimen where a kind of pattern could be observed was the shear specimen,
where the fracture strain decreases as the strain rate increases.

Hence, it is concluded that it is of utmost importance to take into account the effects
of different stress states when studying the fracture behaviour of Alloy 718 by using e.g.
the finite element method and proper fracture models. The temperature dependency is
also worth considering and it would be of great interest to further study the coupled effect
between stress state and temperature found in this work. Even though any clear pattern
in the strain rate dependency could not be established from the results it is apparent that
strain rate does influence the strain at fracture, especially when considering the results
of the shear specimen.
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Ted Sjöberg, Stefan Marth, Jörgen Kajberg, Hans-Åke Häggblad

Abstract

A method to experimentally characterize the stress state evolution for sheet metal speci-
men is presented. The method is demonstrated for Alloy 718, a material commonly used
in the containment structures of aircraft engines. Because of the high costs associated
with full-scale containment testing there is growing demand on accurate computer simu-
lations. Modelling of failure in ductile metals is often based on the state of stress through
the stress triaxiality and the lode angle. These parameters are estimated from theoretical
approximations or computer simulations. However, theory gives only the value of initial
stress state based on specimen geometry and does not take deformations into account. By
using Digital Image Correlation (DIC) on specimens loaded in tension a method to char-
acterize the triaxiality stress state and its evolution is presented. This method is based on
the Stepwise Modelling Method (SMM), a method able to characterize the post necking
hardening behaviour of material deformed under plane stress condition. The triaxiality
stress state characterization is demonstrated for three different specimen geometries with
three different theoretical stress states. The resulting triaxialities are compared with sim-
ulated triaxiality results obtained using Finite Element Method (FEM). It is concluded
that the SMM is suitable for characterization of the triaxiality stress state evolution for
sheet material from initial stress state to post necking and state of fracture, while at the
same time determining constitutive elasto-plastic stress strain relation of the material.

1 Introduction

The state of stress in solid materials is a property of great interest in many mechanical
scenarios. It is commonly accepted that the stress state is a key controlling factor for
the failure of most ductile materials. One parameter used to describe the state of stress
is the stress triaxiality parameter. The triaxiality is defined as the ratio between the
hydrostatic- and equivalent stress.

Bao and Wierzbicki (2004a) performed fracture testing on 2024-T351 aluminium alloy
over a wide range of stress triaxialities. From these tests the authors found that the
fracture was clearly stress state dependent, since the state of stress in the material effected
the mode of fracture. For negative triaxialities the main failure modes were through shear
while at higher triaxialities fracture was developed due to void formation. In between
these regions a third region was found where the failure develops as a combination of the
two failure modes. In an effort to give a comparative study on a multitude of commonly
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used failure criteria Wierzbicki et al. (2005) used the results from Bao and Wierzbicki
(2004a) to calibrate seven fracture models. The results showed that the models giving
the most accurate results over a wide range of stress states were the models constructed
in the complete, three dimensional, space of stress invariants. In a more comprehensive
comparative study Bai and Wierzbicki (2015) evaluated sixteen fracture models. The
models were divided into three groups, empirical models, phenomenological models, and
physics based models. The models were then calibrated using three different sets of
material data from two grades of steel and one aluminium alloy. All the models were
calibrated in the three dimensional space of invariants by using the stress triaxiality
parameter together with the normalized lode angle parameter.

The stress state dependency of Alloy 718 has been studied by many authors. Algarni
et al. (2015) performed experimental testing on Alloy 718 at room temperature and
quasi-static loading using round specimens with different notch geometries as well as a
plane strain specimen geometry. Erice and Gálvez (2014) used both axisymmetric round
specimens with different notches and flat plane strain and shear geometries to characterise
the stress state dependent failure of Alloy 718.

Because of the strong dependency on the stress state in many metals it is of interest
to perform testing at different states of stress and accurately determine the stress state.
Commonly the triaxiality parameter is determined by using Bridgman’s theoretical equa-
tions (Bridgman, 1944). For example Borvik et al. (2001) used Bridgman’s analysis to
calculate theoretical values of the triaxiality of notched specimen both in the centre and
as a mean value across the minimum cross-section. One limitation of this method is
that the results are only valid for notched specimens with axial symmetry. Bai et al.
(2009) extended the theory of Bridgman to derive equations for theoretical stress state
determination also for flat grooved plane strain specimens. Darlet and Desmorat (2015)
proposed a new method to use theoretical calculations for determination of the stress
state at the surface of structures for both plane strain and plane stress conditions.

However, for all these methods one difficulty persists when using theoretical determina-
tion of the stress state - in that the state of stress will change throughout the deformation
process in almost all experiments. This means that to correctly evaluate the data the
entire evolution of the stress state should be considered. Hence, Finite Element Method
(FEM) simulations are often used to evaluate the evolution of the stress state. This can
be performed in a direct manner as done by for example Bao and Wierzbicki (2004b), or
by using inverse modelling as done by Hambli and Reszka (2002) as a part of identifying
the critical value for ten different fracture criterion. The general procedure of inverse
modelling is described in detail by Tarantola (1987) and can also be used to determine
other material parameters. For example Saboori et al. (2016) used inverse modelling and
FEM to determine the stress-strain behaviour of different aerospace alloys beyond the
point of localization. The major disadvantage of inverse modelling is the high demand
of computational resources and that the resulting stress state evolution is highly depen-
dent on the used material model. It is therefore of interest to evaluate the stress state
from experimental tests using a more direct method, without need of time consuming
FE-modelling.
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Sjödahl and Benckert (1993) presented an algorithm used for speckle pattern pho-
tography which uses the Digital Image Correlation (DIC). The algorithm is based on
a two-dimensional discrete cross correlation between sub-images from different image
stages. Kajberg and Lindkvist (2004) used FEM inverse modelling coupled with DIC in
order to characterise the stress-strain behaviour of materials subjected to high strains.
Another use of DIC was proposed by Gruben et al. (2011) who found a method to cal-
culate the stress state evolution of specimen subjected to plane stress loading. With the
assumption of an isotropic Levy-Mises material the authors were able to express both the
stress triaxiality and the Lode angle only in terms of the ratio between the incremental
strains in the two principal directions. In order to obtain reasonable results for the stress
state variables filtering by low-order polynomial curve fitting was used. Another example
of experimental determination of the stress state evolution is shown by Östlund et al.
(2014) who also use DIC to determine not only the local strain field, but also the local
stresses. The authors evaluated the stress state in USIBOR steel tensile specimens with
notches and found that regardless of notch radii the stress state approached transverse
plane strain tension.

In this work the Stepwise Modelling Method (SMM), introduced by Marth et al. (2016),
is used to experimentally obtain the stress state evolution in three different specimen
geometries of nickel based Alloy 718. All experiments are performed on sheet material
under plane stress condition loaded in tension up to failure. The experimentally obtained
stress triaxialities are compared with FEM simulations performed using the commercial
FE-code LS-Dyna.

2 Method

2.1 Theory

When defining the three dimensional space of stress invariants it is common to use the
invariants p, q, and r, defined by Eqs. (1) to (3).

− p = σm =
1

3
σkk =

1

3
(σ1 + σ2 + σ3) (1)

q = σ̄ =

√
3

2
sijsij =

√
1

2

[
(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (2)

r =

[
27

2
det(sij)

]1/3

=

[
27

2
(σ1 − σm) (σ2 − σm) (σ3 − σm)

]1/3

(3)

Here σij is the stress tensor, sij is the deviatoric stress tensor, and σ1, σ2, σ3 is the three
principal stresses. The first stress invariant is often noted as the mean stress, σm, while
the second stress invariant is often noted as the effective von Mises stress, σ̄. Often it
is advantageous to use normalized parameters. The normalized hydrostatic pressure is
commonly referred to as the stress triaxiality parameter. The triaxiality parameter is
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defined by

η =
−p
q

=
σm
σ̄

(4)

The third stress invariant can be normalized as

ξ =

(
r

q

)3

= cos(3θ) (5)

where θ is the lode angle having a range of 0 ≤ θ ≤ π/3. The lode angle can be
normalized, resulting in the lode angle parameter. The lode angle parameter is defined
as

θ̄ = 1− 6θ

π
= 1− 2

π
cos−1(ξ) (6)

giving it the range of −1 ≤ θ̄ ≤ 1.
For the plane stress condition, σ3 = 0, there exist a unique relationship between the

triaxiality η and the normalized third invariant of the deviatoric stress ξ defined by:

ξ = −27

2
η(η2 − 1

3
) (7)

To decrease the risk of including large errors averaging the stress history is often used.
One method is to use an integrated average of the stress triaxiality, defined as

ηint =
1

ε̄pf

∫ ε̄pf

0

η(ε̄p)dε̄p (8)

where ε̄pf is the measured effective plastic strain at fracture. The integrated average takes
the evolution of the stress state during the whole deformation process into account while
being described by a scalar value.

2.2 Experiments

The proposed method is demonstrated for Alloy 718. This nickel-based super alloy is
known for its high strength and corrosion resistance even at elevated temperatures. These
properties make Alloy 718 one of the most commonly used materials in the containment
structures of aircraft engines. The chemical composition of the alloy is shown in Table 1.
The material used in the experimental testing was supplied as 1.6 mm thick sheets in
aged condition. All material originates from the same material batch and heat in order
to ensure consistent mechanical properties. All specimens were cut transversely to the
rolling direction of the sheets.

In order to test the material at different stress states tensile specimens of three different
geometries were used. The geometries are shown in Fig. 1 and consists of one shear spec-
imen, one central hole specimen, and one notched specimen. All specimens were tested
under uniaxial tension with an strain rate of 1 s−1 using a high-speed tensile testing ma-
chine (Instron VHS-160/100-20). To obtain the desired strain rate the piston velocity for
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Table 1: Chemical composition of Alloy 718 by weight percentage, taken from Special-
Metals (2014)

Ni Cr Fe Nb+Ta Mo

50.00-55.00 17.00-21.00 As balance 4.75-5.50 2.80-3.30

Ti Al Co C Ma

0.65-1.15 0.20-0.80 1.00a 0.08a 0.35a

Si P S B Cu

0.35a 0.04a 0.15a 0.006a 0.30a

a Maximum

the tensile testing rig has to be individually adjusted for each specific specimen geometry.
By using the so-called ’FastJaw’ system of the Instron equipment the specimen is gripped
at the moment when the piston head has accelerated to the desired velocity. The speci-
men is accelerated almost instantly to the correct velocity, giving the desired strain rate
throughout the entire test. Three repetitions were performed for each specimen type. In
order to track the elongations a non-contacting displacement transducer (Zimmer 100D)
with a gauge length of 50 mm was employed. In addition, all experiments were captured
using a high speed camera (Vision Research Phantom v1610) to detect local deforma-
tions using DIC. The Stepwise Modelling Method is used to determine the constitutive
stress-strain relation. The method utilizes DIC to determine the deformation gradient on
the specimen’s surface. The deformation field is evaluated using the commercial software
ARAMIS. This software divides the captured area into sub-areas in order to trace the
deformation through cross correlation of the same sub-areas in two subsequent images.
The sub-areas are made traceable by applying a stochastic pattern to the surface of the
specimen, giving each sub-area a unique footprint. By using black and white aerosol
paint it was possible to create a fine pattern with high contrast, making it possible to
define small sub-areas having an edge length of 0.4 mm and an overlap of 75%.

2.3 Evaluation of the triaxiality evolution from tensile tests

Digital Image Correlation was used to evaluate the deformation gradient on the surface
of all specimens to enable the use of the Stepwise Modelling Method (defined by Marth
et al. (2016)). This method is used to determine the constitutive stress-strain relation
for materials even beyond localization. This is done by first calculating the in-plane
strain field from the observed deformation field. Taking incompressibility to account, the
resulting through thickness strains are determined, as done by for example Eman et al.
(2009). From the obtained strain field the complete stress tensor at every single point
for all time steps are computed. The procedure is described below.

In order to take large rotations of the strain field into account, co-rotational quantities



94 Paper D

(a)

(b)
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Figure 1: Schematic drawings of the specimens. (a) Shear specimen. (b) Hole specimen.
(c) Notched specimen.

are used. The co-rotational deviatoric stress tensor, ŝij, is obtained from the total elastic
strains as

ŝij = 2G(êij − ε̂pij) (9)

where G is the shear modulus, ε̂pij the co-rotational plastic strain tensor, and êij is the
co-rotational deviator of the total strain tensor. The co-rotational mean stress, σ̂m, can
be calculated as the product of the bulk modulus, K, and the co-rotational mean strain
as

σ̂m = 3Kε̂m (10)

Using Eqs. (9) and (10) the co-rotational total stress tensor, σ̂ij, can be determined
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from the co-rotational strain tensor using the relation

σ̂ij = 2G(ε̂ij − ε̂mδij − ε̂pij) + 3Kε̂mδij (11)

In case of elastic loading condition the stress can be determined using Eq. (11), however
under plastic condition another approach is needed to determine the plastic strain incre-
ment. In this case a radial return algorithm is used to determine the stress tensor. The
radial return is calculated assuming isotropic von Mises plasticity. For a more detailed
description of the von Mises radial return the reader is referred to e.g. Saabye Ottosen
and Ristinmaa (2005).

Assuming an isotropic von Mises material, the yield criterion, f , is given by the effective
stress, σ̄, and the current yield stress, σy as

f = σ̄ − σy = 0 (12)

In the Stepwise Modeling Method the yield stress is defined as a piecewise linear
hardening function where the current yield stress, σiy, is written as the sum of the previous
yield stress, σi−1

y , and the product of the current hardening modulus H i and effective
plastic strain increment, ∆ε̄p,i = ε̄p,i − ε̄p,i−1,

σiy = σi−1
y +H i∆ε̄p,i i = 1, 2, 3, ..., n (13)

The effective plastic strain, ε̄p, is defined as

ε̄p =

∫ √
2

3
dε̂pijdε̂

p
ij (14)

where dε̂pij is the incremental plastic strain tensor in the co-rotational coordinate system.
With one time of known stress and strain; for example the unloaded state, where both

the strain ε
(0)
ij and the stress σ

(0)
ij are zero, it is possible to calculate the trial stress tensor

for the next time-step. With the strain increment, ∆ε, and the stiffness tensor, Dijkl, the
co-rotational trial stress tensor for the next state can be calculated as

σ̂tij = σ̂
(k−1)
ij +Dijkl∆ε̂kl (15)

Here and in the following equations the index k indicates a time step containing unknown
variables while the previous time stage k−1 contains only known parameters.

With the trial stress known, the effective trial stress, σ̄t, can be calculated. If the
effective trial stress is larger than the yield stress, then the plastic part of the strain
increment must be increased by ∆λ while the elastic part is decreased. The yield criterion
(Eq. (12)) then take the shape of

σ̄ − 3G∆λ− σy(ε̄p(k−1) + ∆λ) = 0 (16)

where the plastic strain increment, ∆λ, can be determined. The yield stress, σy is a
function of the current effective plastic strain, ε̄p(k) = ε̄p(k−1) + ∆λ.



96 Paper D

With both the current yield stress and the trial stresses known the current co-rotational
stress tensor, σ̂

(k)
ij , can be calculated as

σ̂
(k)
ij =

σ
(k)
y

σ̄t
σ̂tij (17)

By assuming plane stress, the resulting force in the loading direction are calculated
through an integration path across the specimen. By minimizing the residual between
the calculated cross-section force and the experimentally measured tensile force the work
hardening of the material are then determined in each time step. Details of this procedure
are described by Marth et al. (2016). Since all testing were performed using sheet metal
the assumption of plane stress condition is valid on the surface of the specimens.

In a last step the resulting stress tensor is finally transformed back into the global
coordinate system by from the co-rotational coordinate-system using

σij = Rikσ̂klRjl (18)

where Rij is the rotation tensor computed by polar decomposition of the deformation
gradient at each time step.

This leads to the result that the stress tensor is known in all time steps. Based on
this both the mean stress, σm, and the effective stress, σ̄, are calculated according to
Eqs. (1) and (2), and from this the evolution of the stress triaxiality field are calculated
using Eq. (4). In addition, the Stepwise Modelling Method returns a piecewise linear
hardening curve from each experimental repetition. These hardening curves are fitted to
an empiric curve described by

σy(ε̄
p) = c0 − c1 exp(−c2ε̄

p)− c3 exp(−c4ε̄
p) (19)

where C0−C4 are fitting parameters. The fitting is performed in a least square sense by
minimizing the mean squared residual given by

R (σy) =
N∑
i=1

Li∑
j=1

( expσj − σy(expε̄pj)
Li

)2

(20)

where N is the total number of experiments performed, Li is the number of data points
in an experimental set, the pre exponent, exp〈•〉, denotes experimental data.

2.4 Finite element simulations

To validate the resulting stress state history obtained using the SMM all specimens were
modelled using FE-simulations. The numerical simulations were performed using the
commercial FE code LS-Dyna developed by Livermore Software Technology Corporation
(LSTC) Hallquist et al. (2007). The specimen geometries were discretized using 8-node
fully integrated brick elements with an element formulation for reduced risk of transverse
shear locking. Similar to the FE simulations performed by Gruben et al. (2011), a thin
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layer of Belytschko-Tsay shell elements was merged with the surface nodes of the brick
elements on one face of the specimens. The shell elements were given a thickness of
10−4 mm and were used to obtain results where plane-stress condition prevailed. To save
computational time only the part between the 50 mm gauges were modelled, this also
enabled the use of the 50 mm elongation measurements from the non-contact transducers
as input for the boundary conditions. The elements in the plastic zone had an initial side
length of 0.3 mm for all specimen geometries resulting in five elements in the thickness
direction. The resulting number of elements in the meshes are given in Table 2. All sim-
ulations were run in a parallel environment using an explicit integration scheme without
artificial mass or velocity scaling.

Table 2: Approximate number of elements used in simulations of different specimen
geometries.

Shear Hole Notched

Solid 17 300 9 900 7 700
Shell 3 500 2 000 1 500

3 Results

Based on the Stepwise Modelling Method the hardening behaviour of Alloy 718 is char-
acterized for the three different tensile specimen geometries. Fig. 2 shows the resulting
piecewise linear yield stress versus effective plastic strain relations for all performed exper-
iments. The solid black line in this figure is the resulting hardening function, described in
Eq. (19), that was fitted to the experimental results. The fitting parameters for the hard-
ening curve was evaluated to c0 = 1860 MPa, c1 = 360 MPa, c2 = 210, c3 = 630 MPa,
and c4 = 8. Calculating the Pearson’s correlation coefficient for the resulting model yields
an r-value of 0.985, where 1 is a perfect fit. For details on the Pearson’s correlation the
reader is referred to literature on statistics such as Box et al. (1978).

Fig. 3 show the effective plastic strain field for one representative repetition of each of
the three specimen geometries in the last image captured before fracture, calculated using
the SMM. The green point in each sub-image represents the evaluated fracture point. The
fracture position is the point where the triaxiality stress history data is evaluated.

For all specimen types the resulting stress triaxiality evolution from the three repeti-
tions are shown in Fig. 4. The blue lines in this figure show the results from the shear
specimen sample, while the red lines are the resulting stress triaxiality evolutions from
the hole specimen. The results from the last specimen, notched, is shown as green lines.

For a state of pure shear the expected triaxiality value is η = 0 due to the lack of any
hydrostatic pressure and as can be seen in the results the experiments show resulting
stress triaxialities close to this value. The hole specimen is designed to reach uni-axial
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Figure 2: Resulting yield stress versus effective plastic strain from SMM shown in dashed
lines (− Shear specimen; − Hole specimen; − Notched specimen). The solid black line
is the empiric hardening curve (Eq. (19)) used in the FEM simulations.

tension condition at the hole edges, i.e. a theoretical triaxiality value of η = 0.33. It can
be observed that all experimental repetitions of the hole specimen have initial triaxiality
values near this expected theoretical value. However, close to fracture the triaxialities
start to deviate. The resulting stress triaxiality evolutions for the notched specimen are
oscillating around an almost constant stress triaxiality of η = 0.53 up to plastic strains
of ε̄p = 0.15. Beyond this strain the triaxiality histories show a slight trend of increase.

To achieve smooth results low order polynomial fitting, based on all three experiment
repetition for each specimen type, was performed. Fig. 5 compares these low order
polynomials for each specimen with the results obtained from the FEM. The resulting
stress triaxiality evolution for these low order polynomials for each specimen are plotted
as solid lines, whereas the simulated results are shown as dashed lines. Each specimen
geometry is simulated up to the experimentally measured fracture elongation and the
results are taken from the element closest to the fracture initiation point, shown in
Fig. 3. From the FEM simulations all three specimen show mostly constant triaxialities
throughout the deformation. The shear specimen shows a higher triaxiality value than
the theoretical value of η = 0. The hole specimen appears to reach a state very close to
the theoretical value of plane strain, η = 0.33. The simulation of notched specimen for
the stress triaxiality a stable value around η = 0.5.

The integrated average of the stress state, as defined in Eq. (8), is calculated for all
specimens from the unfiltered values and are summarized in Table 3 together with results
from the numerical simulations.

The experimental determined effective plastic strain at fracture, ε̄pf , versus the inte-
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Figure 3: Effective plastic strain fields at fracture calculated using the SMM. The green
point represents the fracture point at which the triaxiality stress history is evaluated.
(a) Shear specimen. (b) Hole specimen. (c) Notched specimen.



100 Paper D

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Stress triaxiality - η, [ - ]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
ff
ec
ti
ve

p
la
st
ic

st
ra
in

-
ε
p
,
[
-
]

Exp #1

Exp #2

Exp #3

Figure 4: The experimental triaxiality stress evolutions evaluated by using SMM at the
fracture points. − Shear specimen; − Hole specimen; − Notched specimen.
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Figure 5: The triaxiality stress evolutions evaluated at the fracture points, filtered ex-
perimental results from SMM and FEM simulation results from surface shell elements.
− Shear specimen; − Hole specimen; − Notched specimen.
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Table 3: Integrated triaxiality measure, ηint, for all specimens from SMM and FEM
simulation.

# Shear Hole Notched

1 -0.002 0.353 0.545
2 -0.023 0.360 0.539
3 -0.016 0.363 0.544

Sim 0.047 0.330 0.503
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Figure 6: Fracture strains plotted versus integrated value of the stress triaxiality histories.
− Shear specimen; − Hole specimen; − Notched specimen.

grated stress triaxiality measure, ηint is shown in Fig. 6. The resulting integrated stress
triaxialities each of the three experiments for each specimen show only small deviations.
While the plastic strain at fracture for the shear and notched specimen is considerable
equal, a deviation in the plastic strain at fracture between the different experiments from
the hole specimen can be observed.

4 Discussion

The idea behind the presented method is based on using the resulting stress tensor
obtained by the SMM to characterize the triaxiality evolution during tensile testing in
a fast and reliable way. In order to ensure reliability and to show the accuracy of the
method the experimentally measured triaxiality evolutions are compared with simulated
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results.

The results for the shear specimen show that the experimental triaxiality values are
grouped slightly below the theoretical value of η = 0 for pure shear. For the simulations
the resulting stress state evolution show a different history with triaxiality values always
positive and close to a value of η = 0.05. The obtained stress triaxiality evolution for
the hole specimen shows that the simulated evolution indicates close to uniaxial tensile
condition with a nearly constant triaxiality value just above the theoretical value of
η = 0.33. The experimental triaxiality evolution also indicate stress states close to
uniaxial tension for large parts of the deformation history. However, close to fracture the
results start to drastically deviate. The large spread is thought to be caused by excessive
localization and DIC shortcomings. This since the fracture initiation point is located at
the edge of the inner hole, and DIC has difficulties to obtain accurate values very close
to specimen edges and contour jumps, as explained in GOM (2007). The experimentally
obtained stress triaxialities of the notched specimen show a mostly stable evolution for
the first part of the deformation, with a trend toward a state of transverse plane strain
tension in the end. The same behaviour has been observed by for example Östlund et al.
(2014) for notched specimen of boron steel. When comparing these results with FEM
simulations differences are be observed, as the simulations show much smaller increase
in stress triaxiality for larger strains. The reason for this is concluded to be because
of the inability of the thin shell elements used in the FEM simulations to capture the
thickness reduction of the specimen. This since the thickness reduction observed as the
deformation localizes is thought to change the stress state in the specimens.

From Table 3 the resulting integrated stress state measure of the experiments and
simulations can be inspected and compared. For the shear specimen the integrated
triaxiality measure for all experimental repetitions are close to zero on the negative side.
The simulation on the other side get a positive integrated average triaxiality. For the
experimental repetitions of the hole specimen the spread in the integrated measure are
small and quite comparable with the simulation result that give an integrated average
of exactly uniaxial deformation. For the notched specimen the experimental integrated
stress state measures show slightly higher values than the results from FEM simulations.

Many fracture criterion for ductile fracture are described in the plane of stress triaxi-
ality and effective plastic strain. Hence the results shown in Fig. 6 are of great interest.
This figure show the effective plastic strain at fracture plotted against the integrated
average of the stress triaxiality, meaning that the results of this figure can be used to
directly calibrate many of the fracture models used by for example Wierzbicki et al.
(2005). Another result that is obvious from this figure is that the effective plastic strain
at fracture of Alloy 718 is stress state dependent. It is also apparent that in order to
accurately characterize the complete fracture envelope it is useful to obtain data from as
many different specimen geometries, aiming for different stress states, as possible.

Another strength of the presented method comes to light when taking into account load
path dependency, employed by some fracture models, since the full stress state evolution
is calculated and available for any calibration.

As a comparison, Fig. 7 show the results of using the method presented by Gruben
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Figure 7: Resulting triaxiality evolution using the method proposed by Gruben et al.
(2011). − Shear specimen; − Hole specimen; − Notched specimen.

et al. (2011) on the experimental results obtained in this work. First it should be noted
that since this method use the relation of the principal strain increments to calculate the
triaxiality, the results are presented as a function of the total equivalent strain ε̄, not
the effective plastic strain. Looking at the resulting triaxiality evolution for the shear
specimens this method shows results slightly closer to the theoretical value for pure shear.
The triaxiality evolution for the hole and notched specimen show a similar behaviour with
an increasing trend as the deformation progress.

Even though the strain values on the ordinate of Fig. 5 and Fig. 7 are not the same
measure it is reasonable to compare the results shown in the figures because of the small
elastic strains present. This comparison show that the resulting triaxiality evolutions
obtained by the SMM are similar to the results obtained using the method proposed by
Gruben et al. (2011).

5 Conclusion

To increase accuracy for failure and damage criteria dependent on the state of stress a
method to obtain the triaxiality stress state evolution direct from experimental testing is
presented. The method proposed is based on the Stepwise Modelling Method, in which
digital image correlation are used to evaluate the full stress tensor in specimens of sheet
metal subjected to tensile loading. The method is used to characterize the triaxiality
stress state evolution for three different specimen geometries with three different theo-
retical stress states made from Alloy 718. The resulting experimentally obtained stress
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triaxiality histories are compared to results from finite element simulations and another
experimental based method.

It is concluded that with the presented method it is possible to effectively charac-
terize the triaxiality stress state evolution for sheet metal specimen directly from the
experiments, while at the same time determining constitutive elasto-plastic stress strain
relation of a material.
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Calibration and Validation of Three Fracture

Criteria for Alloy 718 Subjected to High Strain

Rates and Elevated Temperatures

Ted Sjöberg, Jörgen Kajberg, Mats Oldenburg

Abstract

Three established criteria have been applied to characterise the fracture behaviour of
Alloy 718 at varying temperatures and strain rates. Alloy 718 is a nickel-based superalloy
commonly used in the containment structure of aircraft engines. The calibrations of the
criteria, modified Mohr-Coulomb, maximum shear stress and magnitude of stress vector,
were based on high-speed tensile tests of thin sheet specimens with different geometries
for varying different stress states. The fracture strains were determined using high-speed
photography combined with digital image correlation. The temperature and strain rate
were varied from 20 to 650◦C and 1 to 1000 s−1 respectively, to reflect the conditions in
an aircraft engine. The calibrated criteria were validated through finite element analyses
and reverse impact testing at room temperature up to 650◦C. Discs were fired against a
instrumented rod with different shapes of their tips for obtaining varying stress states.
It was found that the modified Mohr-Coulomb locus showed the best agreement with
measured fracture strains in the calibration experiments. This criterion did also predict
the fractures of discs in the reverse impacts tests fairly well.

1 Introduction

The ecological footprint is a metric used nowadays to estimate how much natural re-
sources exist and how much is currently used. Today the equivalent of 1.6 Earths is used
according to global footprint network to provide the resources consumed and to absorb
the waste created. Environmental goals have therefore been more and more demanding
to reduce the ecological overshoot. For example the aerospace industry has an impor-
tant role to play in reducing greenhouse gas emissions. Such goal has been established in
Flight Path 2050 by the Advisory Council for Aeronautics Research in Europe (ACARE).
Aerospace manufacturers do therefore push structures and materials closer to their limits
in order to design for minimal weight. Producers of metallic turbine cases for aircraft
engines experience on-going competition with much focus on minimal weight without
risking the crucial containment capability. This means low weight combined with protec-
tion of the surrounding structure in the event of released parts such as blade-off events.
When designing all parts of the aircraft engine cases, including the hot parts, knowledge
concerning the material behaviour in the service conditions is therefore absolutely neces-
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sary. In reality this involves mechanical material response from onset of yield to fracture,
at both high strain rates and elevated temperatures. In the design process of aircraft
engine casings, testing in pilot-scale and full-scale are common and often required for
certification and use in civilian traffic. These tests are both time-consuming and expen-
sive. However, with the increased computational capability of modern software a lot of
design steps can be managed in a virtual environment by using finite element analysis.
Many leading commercial codes, such as LS-DYNA, ABAQUS and PAM-CRASH, there-
fore put a lot of effort to meet the demands on reliable fracture criteria in for example
containment design.

It is well known that the state of stress is one of the most important properties in ductile
fracture of metals. Bao and Wierzbicki (2004) studied 2024-T351 Aluminium in a wide
range of stress triaxiality by using a series of varying specimen geometries. It was observed
that the relation between stress triaxiality and equivalent strain at fracture seemed to be
divided into three distinct areas. For large triaxialities the dominating failure mode is void
growth, while for negative stress triaxiality shear mode is the dominant failure mode. In
between these two regions, at low triaxialities, a fracture can develop as a combination
of the two surrounding modes. Wierzbicki et al. (2005) used the experimental results
obtained in Bao and Wierzbicki (2004) to calibrate and evaluate seven different fracture
models. It was concluded that to accurately deal with wide ranges of stress states the
fracture model needs to be constructed in the three-dimensional space of stress invariants.
Similar conclusion was also found by Teng and Wierzbicki (2006) using data from Bao
and Wierzbicki (2004) and data on Weldox 460 E steel obtained by Børvik et al. (2001)
and Børvik et al. (2005) for high velocity impact scenarios. Teng and Wierzbicki (2006)
therefore suggested that the fracture models should be complemented with the third
invariant of the deviatoric stress, J3, to better describe the state of stress at fracture.

For fracture modelling in the three-dimensional space of invariants Bai and Wierzbicki
(2010) proposed a modified version of the stress-based Mohr-Coulomb criterion (Coulomb,
1776). The proposed version of the Mohr-Coulomb criterion (MCC) is a mixed strain-
stress representation in terms of the fracture strain ε̄f , the stress triaxiality η and the
Lode angle parameter θ̄, related to J3. The aim was to customize the classical criterion
to also cover ductile failure.

The material of interest in this paper is the nickel-based superalloy, Alloy 718, com-
monly used in aircraft engine cases. The fracture behaviour of Alloy 718 has been char-
acterised by the MMC-criterion in a recent study presented by Algarni et al. (2015). The
criterion was calibrated at room temperature and quasi-static conditions, which, how-
ever, do not reflect the service conditions in the aircraft engine. The results from this
study showed that the fracture of Alloy 718 was only moderately dependent on the Lode
angle.

Alloy 718 has also been studied by Erice and Gálvez (2014), where a modified Johnson-
Cook failure criterion, considering the Lode angle parameter, was applied. Contrary to
the study in Algarni et al. (2015) the experimental data for calibration was obtained
at conditions relevant for aircraft engines. A number of geometries, both axisymmetric
(round) specimen with different notches and plane specimens, were subjected to quasi-
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static tensile loading at room temperature. In addition a tensile split-Hopkinson bar
was used to dynamically load round specimens in uniaxial tension at strain rates of
approximately ε̇ =1000 s−1. The dynamic tests were also performed over a wide range
of temperatures, from 25 to approximately 800◦C. The fracture strains for the round
specimens were estimated by employing an optical profilometer, while the strains flat
specimens were obtained by using digital image correlation (DIC). The calibrated model
was finally used to compare numerical results with outcomes from high velocity impact
experiments of Alloy 718 performed at elevated temperatures.

The aim of this paper is to characterise the fracture behaviour of Alloy 718 sheets
used in the fan case of an aircraft engine. In a previous paper (Sjöberg et al., 2017a)
an extensive experimental study of Alloy 718 was conducted at circumstances reflecting
the typical service conditions in the engine. The fracture strains at varying strain rates
(1-1000 s−1), temperatures (20-650◦C), and stress states were obtained by using digital
image correlation (DIC) combined with high-speed photography. Unlike the extensive
experimental study conducted by Erice and Gálvez (2014), all specimen geometries were
subjected to the same ranges of temperatures and strain rates. Further, high-speed
imaging combined with DIC were utilised in all experiments.

Besides obtaining the fracture strains at the varying conditions mentioned above, the
deformation hardening behaviour is determined by using a stepwise modelling method
(SMM) proposed by Marth et al. (2016), where the hardening is described by a piecewise
linear curve. No finite element analyses or inverse modelling are needed for evaluating the
mechanical properties. In Sjöberg et al. (2017b), SMM is further developed to also deter-
mine the evolution of the stress triaxiality. Hence, for each experiment, the deformation
hardening, stress triaxiality and fracture strain are determined.

Based on the obtained experimental results the modified Mohr-Coulomb criterion
(MMC) will be calibrated in this paper. Further, a particular case of the MMC-criterion
will be considered, where it is reduced to a maximum sheer criterion (MSS), only de-
pendent on the Lode angle. Finally, a criterion proposed by Khan and Liu (2012) based
on the magnitude of the stress vector will be calibrated, which is only dependent on the
stress triaxiality.

The obtained plastic behaviour and all three calibrated fracture models will be vali-
dated through so-called reverse impact testing resembling the situation at blade-off event
in an aircraft engine. The principle of the experiment is accelerating a flat circular ma-
terial sample using an air gun for impacting a instrumented target rod for measuring
the force. Varying stress states are obtained in the material sample by using different
shapes of target tips. For reflecting the temperatures present in the aircraft engine an
induction heater is used as described in Sjöberg et al. (2016). Reverse impact testing
approaches have also been used by for example Bourne et al. (1997), Proud et al. (2001),
and Hockauf et al. (2007).
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2 Stress state definition

Most common to define the state of stress is to use the first invariant of the stress tensor
σij together with the second and third invariants of the deviatoric stress tensor sij. The
three invariants are given b Eqs. (1) to (3) as

− p = σm =
1

3
(σkk) =

1

3
(σ1 + σ2 + σ3) (1)

q = σ̄ =

√
3

2
(sijsij) =

√
1

2

[
(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (2)

r =

[
27

2
det(sij)

]1/3

=

[
27

2
(σ1 − σm) (σ2 − σm) (σ3 − σm)

]1/3

(3)

where σ1, σ2 and σ3 are the three principal stresses. Based on the two first invariants, p
and q, the normalized parameter commonly referred as the stress triaxiality parameter
is defined as

η =
−p
q

=
σm
σ̄

(4)

In the same way the second and third invariant are used to find a normalized parameter
described as

ξ =

(
r

q

)3

= cos(3θ) (5)

where ξ is often referred as the normalized third invariant of the deviatoric stress. The
lode angle θ ranging from 0 ≤ θ ≤ π/3 is normalised resulting in the lode angle parameter
θ̄. Hence, the lode angle parameter is defined as

θ̄ = 1− 6θ

π
= 1− 2

π
cos−1(ξ) (6)

varying from -1 to 1. The two normalized parameters, the stress triaxiality, η and the
lode parameter, θ̄, are often used when defining the full stress state in fracture models.

For the plane stress condition, σ3 = 0, there exists a unique relationship between the
triaxiality η and the normalized third invariant of the deviatoric stress ξ defined by

ξ = −27

2
η(η2 − 1

3
) (7)

3 Calibration experiments

3.1 Calibration experiments

The aim of this paper is to characterise the fracture behaviour of Alloy 718 sheets. This
nickel-based super alloy is known for its high strength and corrosion resistance even at
elevated temperatures. These properties make Alloy 718 one of the most commonly used
materials in the containment structures of aircraft engines.
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(a) (b) (c) (d)

Figure 1: Schematic drawings of the 1.6 mm thick specimens (Sjöberg et al., 2017a). All
measures are given in mm.

In a previous paper (Sjöberg et al., 2017a) an extensive experimental study of Alloy 718
was conducted at conditions reflecting the typical service conditions in the engine. The
fracture strains at varying strain rates, temperatures, and stress states were obtained by
using digital image correlation (DIC) combined with high-speed photography. In order
to test the material at different stress states tensile specimens of four different geome-
tries were used. The geometries are shown in Fig. 1 consisting of one shear specimen,
one central hole specimen, and two notched specimen with different notch radii. The
material used in the experimental testing was supplied as 1.6 mm thick sheets in aged
condition. All material originates from the same material batch and heat in order to
ensure consistent mechanical properties. All specimens were cut transverse the rolling
direction of the sheets. All specimens were subjected to tensional loading in a high-speed
tensile testing machine (Instron VHS-160/100-20) resulting in local strain rates in the
range 1-1000 s−1. Besides testing at room temperature, high-temperature tests were also
conducted using induction heating to heat the specimen to 550 and 650◦C.

For obtaining full-field strain measurements through digital image correlation (DIC),
a high-speed camera (Vision Research Phantom v1610) was utilised. An example of a
high-speed image for the just-fractured notched specimen (R-3.75) is shown in Fig. 2a.
In the figure to the right the evaluated strain field just before fracture is depicted. More
details concerning the set-up and all results are given in Sjöberg et al. (2017a).

3.2 Stepwise Modelling Method

The Stepwise Modelling Method (SMM), presented by Marth et al. (2016), is a method
used to determine the stress-strain relation for sheet materials from initial yielding past
the point of localization and all the way to fracture. The method utilises Digital Image
Correlation (DIC) to determine the deformation gradient of the specimen. Based on the
evaluated deformation field the in-plane plastic strain field is calculated, and by assum-
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(a) (b)

Figure 2: (a) First picture where fracture is observed in the R-3.75 specimen. (b) Strain-
field obtained from DIC in the last image before fracture (Sjöberg et al., 2017a).

0.05

0.1

0.15

0.2

0.25

R-3.75 specimen

Figure 3: Example of calculated plastic strain fields from DIC just before fracture. The
path of maximum straining is highlighted by the facets with black outline, going from
edge to edge. The fracture initiation point is marked as a filled green circle.

ing incompressibility the resulting through-thickness strains are determined. With the
derived strain tensor, and by assuming isotropic von Mises plasticity, the stress tensor
is then calculated in each time step using a radial return algorithm. The size of the
time step is set by the frame rate used for capturing the images for DIC-evaluation. For
each time step, the work hardening is determined by minimizing the residual between
the resulting force through an integration path across the specimens cross-section with
highest straining (see Fig. 3), and the experimentally measured tensile force. For each
test this procedure gives the stress strain relation of the material as a piecewise linear
curve from initial yielding all the way to observed fracture. Since testing is performed
at varying temperatures and strain rates, all hardening curves are finally used to fit a
thermo-viscoplastic hardening relation for coming finite element modelling of the valida-
tion experiment. The relation is given by

σ̄(ε̄p) =
(
c0 + c1 (ε̄p)

c2 − c3e
−c4ε̄p

)(
1 + d1 ln

(
˙̄εp
˙̄ε0

))(
1− (T ∗)d2

)
(8)
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where c0 − c4, d1, and d2 are material parameters, ˙̄ε0 = 1 s−1 is a reference strain rate,
and T ∗ is the homologous temperature given by

T ∗ =
T − Tr
Tm − Tr

(9)

Tr = 20◦C is the room temperature and Tm = 1300◦C is the melting temperature of the
material. The fitting of the model is performed in a least square sense by minimizing the
residual stress given by

R(σy) =
N∑
i=1

Li∑
j=1

( expσj − σy(expε̄pj)
Li

)2

(10)

where N is the total number of experiments performed, Li is the number of data point
in each experimental set, and the exponent exp〈•〉 denotes experimental data.

In Sjöberg et al. (2017b), SMM was further developed to derive the evolution of the
stress triaxiality. Based on the stress tensor, mean (−p) and effective stress (q) are cal-
culated. Those quantities are then used to determine the stress triaxiality (η) according
to Eq. (4). A time-integrated average value of the triaxiality at the position closest to
the fracture initiation (see green circle in Fig. 3) is calculated according to

ηint =
1

ε̄pf

∫ ε̄pf

0

η(ε̄p)dε̄p (11)

The time-averaged stress triaxiality values are later used when calibrating three fracture
criteria.

4 Fracture model calibration

Based on the evaluated fracture strains and the derived stress triaxilities at the fracture
initiation points, three fracture criteria are calibrated. The criteria are modified to
account for strain rate and temperature dependence on the fracture strain. Two of
the three models are also transformed into strain-based definitions, although they are
originally defined as stress-based. Stress-based models might under certain conditions
lead to spurious erosion of elements in finite element analyses. The transformations
into strain-based definition also facilitate comparisons between predicted and measured
fracture strains.

All fracture models use an accumulated integrated, load path dependent treatment,
where element erosion occurs once the fracture evolution parameter F is greater than 1.
The fracture evolution parameter is calculated as

F =

∫
˙̄εp

ε̄pf
dt (12)
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4.1 Temperature and strain-rate dependency

In order to model the temperature and strain rate dependency on the equivalent strain at
fracture two additional factors were introduced in all three fracture models. The factors
were applied similar to the Johnson-Cook damage model introduced by Johnson and
Cook, 1985.

ε̄pf
(
η, θ̄, ˙̄εp, T

)
= ε̄pf

(
η, θ̄
)(

1 +
˙̄εp

˙̄εp0

)D1

(1 +D2T
∗) (13)

Here ε̄pf ( ˙̄εp0, Tr) is the fracture surface obtained at reference strain rate and room tem-
perature, D1 and D2 are material parameters, ˙̄ε0 is the same reference strain rate as in
Eq. (8), and T ∗ is the homologous temperature previously defined in Eq. (9).

4.2 Modified Mohr-Coulomb

The stress based Mohr-Coulomb (M-C) fracture criterion is widely used in the modelling
of brittle materials such as soil, rock, and concrete. M-C takes the stress triaxiality and
Lode angle effects accurately into account. Bai and Wierzbicki (2010) therefore extended
the model for predicting failure in ductile materials. The resulting model is called the
modified Mohr-Coulomb (MMC) criterion and is described as

ε̄pf
(
η, θ̄
)

=

{
C2

[
C3 +

√
3

2−
√

3
(Cax − C3)

(
sec

(
θ̄π

6

)
− 1

)]
[√

1 + C2
1

3
cos

(
θ̄π

6

)
+ C1

(
η +

1

3
sin

(
θ̄π

6

))]}− 1
C5

(14)

where

Cax =

{
1 for θ̄ ≥ 0

C4 for θ̄ < 0
(15)

MMC contains five plus two parameters, (C1, C2, C3, C4, C5 and D1, D2), that have to
be calibrated. The parameters are calibrated in least squares-sense by minimizing the
residual given by

R
(
ε̄pf
)

=
N∑
i=1

(
expεpf,i − ε̄

p
f (
expηint,i,

expθ̄i)
)2

(16)

where N is the number of calibration experiments.
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4.3 Maximum shear stress

Bai and Wierzbicki, 2010 also found that one particular case of the MMC criterion
emerges when parameter c1 is set to zero, making the MMC model reduce into the
maximum shear stress criterion (MSS). The MSS criterion is another model that has
been successfully used in soil and rock mechanics where failure occurs at small plastic
strains. The criterion is now tested for ductile material. Formulated in the space of stress
the MSS criterion is described as

τmax = (τmax)f (17)

where

τmax = max

[
σ1 − σ2

2
,
σ2 − σ3

2
,
σ3 − σ1

2

]
(18)

Bai and Wierzbicki (2010) showed that Eq. (14) reduces to

ε̄pf
(
θ̄
)

=

[
C2

√
3

3
cos

(
θ̄π

6

)]− 1
C5

(19)

when C1 = 0. Hence, MSS is only dependent on the Lode angle parameter and only two
plus two parameters (C2, C5 and D1, D2) need calibrating. The parameters are calibrated
in least-squares sense by minimizing the residual given by

R
(
ε̄pf
)

=
N∑
i=1

(
expεpf,i − ε̄

p
f (
expθ̄i)

)2
(20)

where N is the number of calibration experiments.

4.4 Magnitude of stress vector

The final considered fracture model is the magnitude of stress vector criterion (MSV).
This criterion was proposed by Khan and Liu (2012) and is based on the magnitude of
the stress vector given by

MSV =
√
σ2

1 + σ2
2 + σ2

3 (21)

where σi is the principal stresses. Eq. (21) may also be expressed in terms of stress
triaxiality η and von Mises effective stress σ̄ according to

MSV =

√√√√(√3σm

)2

+

(√
2

3
σ̄

)2

=

√(
3η2 +

2

3

)
σ̄ (22)

Khan and Liu, 2012 found that the magnitude of the stress vector at fracture MSVf
showed a quadratic relation to the first stress invariant, I1, and therefore suggested a
fracture criterion as in Eqs. (23a) and (23b). Here Eq. (23a) defines the fracture in the
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region of positive hydrostatic stress and Eq. (23b) in the region of negative hydrostatic
stress.

MSVf = C1|I1|2 + C2|I1|+ C3 (23a)

MSVf = C4|I1|2 + C5|I1|+ C3 (23b)

In Eq. (23) there are a totally five material parameters (C1, C2, C3, C4, C5). However,
only positive hydrostatic stress was present in the calibration experiments, and therefore
only three parameters (C1, C2, C3) are calibrated herein. Eq. (23a) can also be expressed
in terms of σm or η and σ̄ as

MSVf = 9C1σ
2
m + 3C2σm + C3 = 9C1η

2σ̄2 + 3C2ησ̄ + C3 (24)

The stepwise modelling method (SMM) briefly described in section 3.2 gives the stress
tensor and the principal stresses and the invariants are thereby easily derived. MSV
at fracture is then calculated according to Eq. (21). The parameters (C1, C2, C3) in
Eq. (23a) are estimated in least-squares sense by minimizing the residual given by

R =

NTr
ε0∑
i=1

(expMSVf,i −MSVf (
expI1,i))

2 (25)

where NTr
ε0

is the number of calibration experiments at the reference temperature Tr and
reference strain rate ε0.

By setting Eq. (22) equal to Eq. (24) the effective strain σ̄ at fracture σ̄f is expressed
in terms of the stress triaxiality and the estimated parameters as

σ̄f (η) =

(√
2
3

+ 3η2 − 3C2η
)

18C1η2
−

√√√√√√

(√

2
3

+ 3η2 − 3C2η
)

18C1η2


2

− C3

9C1η2
(26)

The MSV criterion may now be transformed to strain-based by equalling Eqs. (8) and (22).
Notice, that only reference temperature and reference strain rate are considered, meaning
that Eq. (8) is simplified to the first factor. The fracture strain ε̄pf is then estimated by
numerically solving the equality. Hence, the fracture strain is now expressed in terms of
the stress triaxiality and is consequently independent of the Lode angle parameter.

In order to include the temperature and strain rate dependency the parameters D1 and
D2 in the two factors in Eq. (13) are estimated by using the experimental data at the
elevated temperatures and enhanced strain rates. Hence, the fracture strains are obtained
by scaling the fracture locus obtained at the reference temperatures and reference strain
rate.
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Figure 4: Schematic layout of reverse impact testing set-up (Sjöberg et al., 2016).

5 Validation

The obtained plastic behaviour and all three calibrated fracture models are validated by
using so-called reverse impact testing. The basic principle of the experiment is shown
in Fig. 4. A flat circular material sample is accelerated using an air gun to impact
a certain target. The final velocities of the test samples are adjusted to obtain just-
fractured samples. The target is in this case an instrumented (strain gauges) rod able to
register the elastic incident wave and thereby the force during impact. In order to reflect
the temperatures present in the aircraft engine an induction heater is positioned at the
beginning of the cannon barrel. The temperatures of the test samples are monitored by
thermocouples mounted on their surface. Varying stress states in the fractured regions
of the samples are obtained by using different shapes of target tips. Fig. 5 show the four
different geometries of tips used. A more detailed description of the experiment is found
in Sjöberg et al. (2016), where the same set-up was used to evaluate the plastic behaviour
of Alloy 718.

(a) Spherical (b) Chisel (c) Flat (d) Point

Figure 5: Drawings of the four different geometries of tungsten-carbide tips used in the
validation experiment. All measures are given in mm.
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A finite element model of the reverse impact test is created. A great advantage with
the design of the set-up is that the test sample flies freely at the instant of impact.
Hence, the sample is a simple disc with free boundaries. This means only three parts of
the experiment has to be modelled in the simulations; the steel target rod, the Tungsten-
Carbide tip, and the free-flying specimen disc. The numerical simulations are set up
using the commercial code LS-Dyna. The specimen plates are discretised using eight-
node brick elements with approximate side lenghs of 0.2 mm. In order to circumvent
hourglass deformation modes fully-integrated, selectively reduced, element formulation
is utilised. The elastically loaded target is discretised using the same element formulation
but having aspect ratios of up to 5:1 for reducing the computational time. The target
tips are defined using ten noded tetrahedrons. The target tip welded to the rod are con-
nected using a tied contact formulation. Both the tip and the rod are given linear elastic
properties with Young’s modulus, Poisson’s ratio of 670 GPa, 0.24 and 210 GPa, 0.3,
respectively. The Tungsten-Carbide tip and the steel rod have densities of 15800 kg/m3

and 7850 kg/m3, respectively. The registered forces during impact are utilised for com-
parison with the corresponding predicted forces. The mechanical material response of
the test samples is based on the stress-strain relation (Eq. (8)), where its parameters are
calibrated using SMM. The same velocities of the test samples are applied in the finite
element analyses as in the experiments. The damages detected, by implementing the
calibrated fracture criteria in the numerical analyses, are finally compared with the real
just-fractured samples.

6 Results

6.1 Thermo-viscoplastic stress-strain relation

By using the Stepwise Modelling Method (SMM) the stress-strain relation could be ob-
tained for every specimen used in the calibration experiments. All experimental data
was used to calibrate the thermo-viscoplastic stress-strain relation according to Eqs. (8)
and (9) in least-square sense resulting in material parameters presented in Table 1. The
model response and examples of obtained stepwise hardening curves from SMM at 650◦C
and 400 s−1 are shown in Fig. 6. The piecewise linear curves for the hole and the notched
specimens coincide well, while the corresponding curve for the shear specimen shows
lower stress levels. The calibrated model was used in all finite element analyses of the
reverse impact test.

Table 1: Estimated parameter values for the thermo-viscoplastic stress-strain relation.

c0[MPa] c1[MPa] c2 [-] c3[MPa] c4 [-] d1 [-] d2 [-]

1330 704 0.250 342 9.79 0.00355 1.75
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Figure 6: Thermo-viscoplastic stress-strain relation for Alloy 718 at 650◦C and 400 s−1.
Black solid line: model response, blue dashed line: shear specimen, red dashed line:
hole specimen, green dashed line: notched specimen R-15 , purple dashed line: notched
specimen R-3.75.

6.2 MMC calibration results

The MMC-criterion consisting of seven model parameter (Eqs. (13) and (14)), of which
six could be estimated due to lack of experimental data for negative Lode parameter
values, are presented in Table 2. An example of the resulting fracture locus is shown in
Fig. 7a, where the black line in the image represents the plane stress condition derived by
utilising the relation between triaxiality and Lode angle according to Eq. (7). The surface
shown in the figure is for a temperature of 550◦C and a strain rate of 400 s−1. In Fig. 7b
the plane stress case is projected on the η-ε̄pf -plane, where also the experimental data is
included as red symbols. The triaxiality values vary during the deformation processes of
the specimens. The values in the figure are therefore time-averaged values according to
Eq. (11). The calibrated criterion is following the trend of the data. However it is under
predicting the fracture strains for the stress triaxialities corresponding to both the hole
and notched specimen with large radius at 550◦C and 400 s−1.

Table 2: Estimated parameter values for the MMC-criterion.

C1 [-] C2 [-] C3 [-] C4 [-] C5 [-] D1 [-] D2 [-]

0.100 2.01 0.931 1 0.127 -0.00403 -0.255
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Figure 7: Resulting modified Mohr-Coulomb criterion at a strain rate of 400 s−1 and a
temperature of 550◦C.
a) Full three dimensional surface with the path of plane stress plotted as a black line.
b) Plane stress path plotted against stress triaxiality with corresponding experimental
data marked as red symbols

6.3 MSS calibration results

The parameters for the special case of the MMC-criterion, where the parameter c1 is
set to zero and thereby reducing the criterion into a maximum shear stress criterion
(MSS), are presented in Table 3. Notice that the number of parameter is reduced to
four according to Eqs. (13) and (19). In Fig. 8a the fracture locus is shown and the
plane stress condition is high-lighted with a black line. The 2-D representation for plane
stress is presented in Fig. 8b. The locus is created for temperature of 550◦C and strain
rate of 400 s−1. The MSS-criterion has obvious problem to predict the fracture strain
accurately for the lowest triaxiality values. At this specific temperature and strain rate,
MSS also under predicts the fracture strain at higher triaxialities, except the highest
value for the notched specimen with small radius. However, better fitting is achieved at
lower temperatures and strain rates.

Table 3: Estimated parameter values for the MSS-criterion.

C2 [-] C5 [-] D1 [-] D2 [-]

2.59 0.268 -0.00363 -0.331
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Figure 8: Resulting maximum shear stress criterion at a strain rate of 400 s−1 and a
temperature of 550◦C.
a) Full three dimensional surface with the path of plane stress plotted as a black line.
b) Plane stress path plotted against stress triaxiality with corresponding experimental
data marked as red symbols.

6.4 MSV calibration results

The last studied model, the magnitude of stress vector criterion (MSV), consists of five
parameters according to Eqs. (13) and (23a). The estimated parameters are presented
in Table 4. The criterion was calibrated by fitting the magnitude of stress at fracture
as a quadratic relation to the first invariant of the stress tensor. Fig. 10 show the fitted
curve, where the experimentally determined MSV-values are depicted as diamonds. The
fitted curve agrees well with the experimental data. As mentioned in section 4.4, the
MSV-criterion can be represented as strain based. The resulting fracture locus is shown
in Fig. 10a and the 2-D projection for plane stress in Fig. 10b. The red symbols show
the experimentally obtained points of final plastic strain before fracture plotted versus
the integrated average of the stress triaxiality. The MSV criterion underestimates the
fracture strain at 550◦C and 400 s−1 for the hole specimen while overestimating the
fracture strain for the shear specimen.

Table 4: Estimated parameter values for the MSV-criterion.

C1 [(MPa)−1] C2 [-] C3 [MPa] D1 [-] D2 [-]

0.000142 0.0110 802 -0.0123 -0.338



124 Paper E

-100 0 100 200 300 400 500 600 700 800
Magnitude of first stress invariant - |I1| , [ MPa ]

0

200

400

600

800

1000

1200

1400

1600

M
ag
n
it
u
d
e
of

st
re
ss

ve
ct
or

-
M
S
V

,
[
M
P
a
]

Figure 9: The relationship between magnitude of stress vector and I1 for the experimental
fracture points plotted together with the resulting quadratic failure function.
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Figure 10: Resulting magnitude of stress vector criterion at a strain rate of 400 s−1 and
a temperature of 550◦C.
a) Full three dimensional surface with the path of plane stress plotted as a black line.
b) Plane stress path plotted against stress triaxiality with corresponding experimental
data marked as red symbols.

6.5 Validation Results

In order to validate the calibrated fracture criteria reverse impact testing was performed.
The test samples in the impact test were heated to the same temperatures as the spec-
imens in the calibration experiments. For achieving varying stress states in the impact
zones four different target tips were used (spherical, chisel, flat and point). The registered
impact forces at the three temperatures and four different tips are shown as black solid
lines (see Figs. 11 to 13). The incoming velocities of the test samples varied between 40
and 80 m/s depending on target tip and temperature. The numerically predicted forces,
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based on obtained thermo-viscoplastic hardening and the three fracture criteria, are also
included in the figures. The MMC, MSS and MSV criteria are depicted as, blue dashed,
red dashed, green dash-dotted lines, respectively. The force histories are mainly used
for validating the calibrated stress-relation according to Eq. (8), meanwhile investigation
by eye of the samples is the most suitable way to check for signs of fractures and later
comparisons with predicted fracture parameters (F ≥ 1 =⇒ failure and element ero-
sion). Overall the predicted force histories agree well with measured impact forces, unless
the utilised fracture criterion predicts early fracture and element erosion occurs causing
the the force to drop. This can be observed in many graphs in Figs. 11 to 13 for the
MSS-criterion. Especially, for the flat target tip the drop in stiffness, and thereby force,
is pronounced. MMC and MSV have the best overall agreement since they do not predict
early fracture. However, the MSV-criterion shows the same drop in force for the pointy
target tip at room temperature. In summary, the MMC-criterion shows best agreement
to the experimental results, although also the MSV-model agrees fairly well.

Figs. 16 to 19 show photos of the rear side of the test samples, where the cracks
initiated (impact on front side). Figs. 16 to 19 show the half-spherical, chisel, flat-
nosed and pointy tip, respectively. In each figure photos of samples corresponding to
the three different testing temperatures are present. In Fig. 16 remaining pieces of
the thermocouples are indicated by the red circles. Pieces of thermocouples could be
found in almost all photos and should not be mistaking as cracks. Further, the simulated
impact tests at 550◦C, using MMC, are shown in the figures, where the fracture evolution
parameter F is presented. The fringe plots are taken at the last time step before first
element deletion for all cases but the flat target tip. In this case no failure was predicted.
Instead, the shown fringe plot in Fig. 18d is taken at the instant where maximum damage
is obtained. The simulation for the flat-nosed tip differs from the others in one aspect.
As can be seen in Fig. 18d, the calculated fracture parameter value is not symmetric.
This is because the modelled sample is tilted 1◦C to avoid a perfectly symmetric impact.
A perfect hit caused too stiff behaviour of the test sample in the simulation, which in
turn resulted in unrealistically high forces.

Fig. 20 shows side views for the cross-sections of the samples with fringe plots of the
fracture evolution parameters, F , obtained at the last instant before the first element
failure. For the sample hitting the flat-nosed tip the time for maximum damage is used
since no failure was predicted. The maxima of the fracture evolution parameters are
observed at the backside of the samples, just as the initial cracks observed in the real
samples.

All fractures were detected on the unloaded surface of the rear side of the samples. In
Figs. 16 to 19d fringe plots are showing the regions with highest values of the fracture
evolution parameters as areas with highest red intensities. Here, the first failed elements
were detected and the stress triaxiality values of those elements were used to characterise
the state of stress. In Fig. 14 the computed (FEA) evolutions of the triaxiality values in
the current plane stress are presented (all curves except the black one). As can be seen
all values are very close to the biaxial stress stress state (η = 2/3). For the spherical and
pointy tip cases this is expected due to symmetry. Although the two nonzero principal
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stresses for the chisel and flat-nosed cases are unequal (σ2/σ1 ≈ 0.6− 0.7) the triaxialities
do not deviate much from the biaxial value. In order to obtain potential fracture on the
front side and thereby a stress state diversing from the obtained states on the rear sides,
the sample velocity was increased to 130 m/s before impacting the flat-nosed target tip
(temp.: 650◦). Hence, this test should resemble a punching operation. At 130 m/s the
sample was fully perforated and the resulting evolution of the stress triaxiality is depicted
as the black curve in Fig. 14. The first failed element was found on the front side in line
with the edge of the target tip. The fracture evolution parameter had therefore basically
the same distribution as at the impact for the lower velocity (see Fig. 18d). Contrary
to the previously presented evolutions this evolution varies a lot, starting at a stress
state dominated of compression before ending close to a shear state (η = 0), which is
expected for a impact similar to punching. The measured and calculated impact force
histories are shown in Fig. 15. The same good agreement as for the lower velocities is
not obtained. The simulation resulted in a peak force in the beginning and slightly lower
values thereafter.
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(b) Chisel (50 m/s)
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(c) Flat (80 m/s)
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Figure 11: Resulting force histories from validation experiment and simulations at room
temperature. Results are divided by geometry of the tip.
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Figure 12: Resulting force histories from validation experiment and simulations at 550◦C.
Results are divided by geometry of the tip.
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Figure 13: Resulting force histories from validation experiment and simulations at 650◦C.
Results are divided by geometry of the tip.
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Figure 15: Resulting force histories
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d)
Figure 16: Specimens from testing with the half-spherical tip. The red circles indicate
remaining pieces of thermocouples
a) 20◦C, b) 550◦C, and c) 650◦C
d) Fracture evolution parameter, F , for simulation at 550◦C.

d)
Figure 17: Specimens from testing with the chisel-shaped tip
a) 20◦C, b) 550◦C, and c) 650◦C
d) Fracture evolution parameter, F , for simulation at 550◦C.
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d)
Figure 18: Specimens from testing with the flat-nosed tip
a) 20◦C, b) 550◦C, and c) 650◦C
d) Fracture evolution parameter, F , for simulation at 550◦C.

d)
Figure 19: Specimens from testing with the point-nosed tip
a) 20◦C, b) 550◦C, and c) 650◦C
d) Fracture evolution parameter, F , for simulation at 550◦C.
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(a) (b) (c) (d)

Figure 20: Snapshots from simulations using the MMC-fracture criteria taken just before
failure of the first element.
a) Spherical tip, b) Flat tip, c) Chisel-shaped tip, and d) Point-nosed tip

A more detailed comparison between the impact tests and the numerical predictions
using the MMC-model is therefore conducted. The study is, however, restricted to the
half-spherical tip. By altering the incoming velocity slightly, both positively and nega-
tively, the MMC-criterion is checked whether it can predict the impact force accurately
when fracture occurs. In Fig. 21 the force histories corresponding to experiments and
the simulations, are depicted as solid and dashed lines, respectively. The red lines show
the forces for just-fractured test samples, while the blue lines show forces at lower veloc-
ities without any signs of fracture. Finally, the green lines present the forces when the
velocities have been increased and more pronounced fractures are observed. The MMC-
criterion predicts the impact forces for just-fractured and not-fractured test samples well.
This is expected because of the good agreement in Figs. 11 to 13 for just-fractured sam-
ples. What is of more interest is that the forces also agree quite well for the increased
velocities. Here MMC must predict fracture to achieve similar force evolutions as in the
experiments. Without fracture predictions, causing element erosions, the stiffnesses of
the simulated samples would be too high, resulting in too high levels of the predicted
impact forces.
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Figure 21: Resulting force histories from validation experiment and simulations for al-
tered incoming sample velocity.

7 Discussion and Conclusions

Three criteria have been applied to characterise the fracture behaviour of Alloy 718 at
varying temperatures and strain rates. The calibrations of the criteria have been based on
an extensive experimental campaign, where specimens with varying geometries resulted
in different stress states. The work hardening and the stress triaxility from initial yield
to fracture have been directly evaluated using the Stepwise Modelling Method (SMM).
Hence, no finite element analyses or inverse methods are needed to obtain the material
properties for fracture characterisation. The calibrated criteria have been validated by
reverse impact tests, where experimental and numerical results have been compared.

Of the three utilised fracture criteria, the MMC-criterion, showed the best agreement
with the experimentally obtained fracture strains (compare Figs. 7, 8 and 10). MSS has
obvious weaknesses to predict the failure strains for low triaxiality values. The model’s
lack of stress triaxiality dependence makes MSS improper to use for Alloy 718. Some
sort of triaxiality dependence would need to be introduced, such as proposed by Bai and
Wierzbicki (2015) in their pressure modified maximum shear model. The shortcomings
of MSS are also apparent in the validation, where it in many cases underestimates the
failure strain causing the resulting impact force to drop suddenly.

The lack of Lode parameter dependence in the MSV model does not have the same
negative influence as the lack of stress triaxiality dependence in the MSS-model. MSV
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shows good agreement with the validation experiments in most cases. However, looking at
the resulting fracture locus in Fig. 10 it is worth pointing out the overestimated fracture
strain for pure shear (η = 0). In almost all applications it is favourable with models
giving conservative values.

The MMC-criterion was the model that showed the best overall agreement with mea-
sured fracture strains and also gave good predictions in most of the validation cases.
A more detailed numerical study, where the incoming velocity was slightly altered from
the velocity causing just-fractured samples, was conducted. It showed that the criterion
predicted the fracture evolution well. The resulting stiffness of the fractured sample led
to reaction forces in the simulations comparable to the measured forces in the target
rod. Fracture initiations on either the rear side or the front sides of the test samples
were detected. Lower impact velocities resulted in initiations on the rear side, while full
perforation and initiation on the front side were achieved when the velocity was doubled
when applying the flat-nosed target tip. A reasonable consequence due the lack of mu-
tual variation in triaxiality (all near 0.66) at the lower velocity is that the number of
target tip may be reduced as long as the fractures are initiated on the rear side. Target
tips and impacting velocities causing stress states considerably different from the biaxial
case (η = 2/3) shall be further studied to achieve a more extensive validation to cover a
wider region of the calibrated fracture locus.
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