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Abstract

High pressure vessels such as gun barrels arerettéiged in order to increase their
operating pressure and fatigue life. Autofrettagases plastic expansion of the inner
section of the cylinder — setting up residual cosspive stresses at the bore after
relaxation. Subsequent application of pressure tbhasvercome these compressive
stresses before tensile stresses can be develbpeeby increasing its fatigue lifetime

and safe working pressure.

A series of Finite Element (FE) models of hydrawdigtofrettage were created, to
establish the correct boundary conditions requaed means of developing accurate
but computationally efficient models. Close agreamwas observed between the
solutions obtained from the developed models andelrom existing analytical and

numerical models. These initial models used a kstnpbi-linear stress-strain material

representation; this deficiency was then addressemligh the development of two

means of creating radial position dependent nagalimaterial behaviour within FE,

crucial for accurate prediction of residual stresse

The first utilised a method of altering the elagiroperties of the material to achieve
non-linear stress-strain response. This providsmlirate results that compared well
with existing methods, but was unable to be usesimulation of swage autofrettage
due to its elastic nature. The second method aetli@on-linear behaviour through
direct manipulation of the stress and plastic strafiates of the FE model at a
fundamental level. This was hence suitable foiti@nty loading procedures, including
swage autofrettage.

A swage-like model that applied deformation viaaad of pressure was developed, to
investigate the influence of localised loading asitkar stresses that result on the
residual stress field.

A full model of swage autofrettage was then devethpvhich was optimised on the
basis of accuracy and solution effort. It was thised to investigate the effects of
various mandrel and contact parameters on theieneat residual stresses. The model
is suitable for use in future optimisation studishe swage autofrettage procedure.
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PREAMBLE

NOMENCLATURE

Latin Symbols

a
Arg
Bi2
C

d
Ei2
Ele
Elax
ElRad
EITan
G

Gp
Hi2
k

K

lew

lg)
Iy

Im

Pe
Pi
la, I'p
fi
'm

A723 Material-fit constant

Material Model Parameters (Huang's Model)

Material Model Exponents (Huang's Model)

A723 Material-fit constant

A723 Material-fit constant

Loading and Unloading Young’'s Moduli

Number of axial elements in mesh

Number of axial elements along the parallel seatiba mandrel
Number of radial elements in mesh

Number of tangential elements in mesh

Material Shear Modulus

Pressure gradient (Band of Pressure model, mdang)

Loading and Unloading reverse Tangent Moduli

Material Yield Stress in pure torsiosy (V3 using Mises Yield Criterion)
Tube Wall Ratiory/ra

Length of pressure band (Band of Pressure mo@eic $and)

Length of element edge

Length of parallel section of mandrel

Mandrel Length

Wall Depth,ry - 1y

Tube Section Length

Multiplicative constant (Band of Pressure modelfis band)

Number of element lengths moved by the mandret passes through the
tube undergoing swage autofrettage (a distantetdf,)

Unit vector, normal and outwards to the surface

Autofrettage pressure

Mid-band pressure (Band of Pressure model, movargl)

Static band pressure (Band of Pressure moddk; biatd)

Scaling parameter used to control the number ofsseiis specified during
the sensitivity analysis of the value, documente@hapter 8.

Pressure increment between elements (Band of iPeessodel, moving
band)

Limiting Elastic Pressure at which yielding intga (atr,)

Interface Pressure (&)

Inner and Outer tube radii

Mandrel-Tube Interface radius

Mandrel radius (to parallel portion)
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rn Normalised radial position, given biy-€ra)/(ry - ra)

oy I's Primary and Secondary Yield radii

Sj Deviatoric stress tensor.

u, v, w Radial, Hoop and Axial Deflections

Greek Symbols

S Bauschinger Effect Factor, a ratio of reversedyigrength to initial yield
strength.

0 Mandrel-Tube Interference.- ra)

i Kronecker deltadj = O fori #], 1 fori =]).

ey Yield Strain, in simple tension

&ij Strain tensor.

Ome Angle between axis and forward taper of mandrel

Omr Angle between axis and rear taper of mandrel

Osec Angle of section in Hoop Section model

A First Lamé Constant

U Second Lamé Constant

v Poisson’s Ratio

o€ Elastic stress range between peak plastic stralroaset of reverse yielding.

0ij Stress tensor.

OMax Maximum stress reached during initial deformation

oy Yield Stress, in simple tension

) Initial Yield Stress, in simple tension

(0] Uni-axial stress-strain function, relating equesatl stress and equivalent
plastic strain (Jahed and Dubey method)

A Convergence criterion (Jahed and Dubey method)

Subscript Characters

msrst

Max

Peak

Mandrel, ram and Tube subscripts

Maximum value (stress or strain) experienced du@nitofrettage, where
plastic strain occurred

Subscript indicating a normalised value

Maximum value (stress or strain) experienced duatofrettage, where
plastic strain did not occur

Superscripts

L
UL

Loading superscript
Unloading superscript
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APDL Variables

Axi_Div
Rad_Div
Tan_Div

Number of axial elements
Number of radial elements
Number of tangential elements

FORTRAN Variables

absdpleq
BEF
MatParms
MaxEqSig
MaxTotStrn
gStrn

RevEIStrn
Revpleq
RevYProx
RevYStrn
Tensepeq
UnldFact

UnldFlag
UnldParm

Absolute value of plastic strain increment

Bauschinger effect factor

Array used to store material-fit parameters

Maximum equivalent stress reached during loadirtgfeettage
Maximum total strain reached during loading/awdtifige

Current equivalent total straint( suffix denotes the initial iteration
value)

Amount of elastic strain in unloading before reseeyielding occurs
Reverse plastic equivalent strain

Strain value used to indicate proximity to reveymsd

Equivalent strain, after which reverse yieldingurs

Maximum equivalent plastic strain reached duriwaping/autofrettage
Factor used to control tolerance to strain redacbefore unloading is
triggered

Flag used to indicate unloading state

Parameter calculated using initial and incremersteains to determine
whether unloading occurs (compared againstFact )

Acronyms and Abbreviations

AF

APDL
EMPRAP
Fortran

GB
ID
oD
UPF

Autofrettage

ANSYS Parametric Design Language

Elastic Modulus and Poisson’s Ratio adjustrpeocedure

A portmanteau of Formula Translator/Tramse a procedural
programming language, in which ANSYS UPFs may héewr
Gigabyte, a measure of computer storage capa€i# bytes.

Inner Diameter

Outer Diameter

User Programmable Feature, a means of extdndsigmising various
features within ANSYS. Generally written in thertran language, then
compiled and linked with ANSYS.

USERMAT A UPF in which a material’s stress-straiate may be customised.
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GLOSSARY

Elastic Range The stress range between peak siressal deformation §vayx) and the

reverse yield stresg ¢vo).

ane

Loading The pressurisation phase of the hydrauiiofeettage procedure, during
which pressure is increased from zero to the specifutofrettage
pressure.

Overstrain Defined as the proportion of the tubdl Weat has undergone plastic
deformation; often defined as a percentage of thlétiMckness.

Unloading The depressurisation phase of the hydraaltofrettage procedure,
during which pressure is decreased from the speciiutofrettage
pressure to zero, and residual stresses are dedelop

ANSYSPROPERTYNAMES

Symbol If\r I;‘E;; Description
oy S X Radial Stress
oy S,Z Hoop Stress
07 S,Y Axial Stress
- S XY Shear Stress (in the radial direction on the p
5 ’ perpendicular to the tube axis)
OuM S,EQV von Mises Equivalent Stress
e EPEL,X Elastic Radial Strain
ey EPEL,Z Elastic Hoop Strain
£y EPELY | Elastic Axial Strain
Ery EPEL,XY | Elastic Shear Strain (oriented identicallystg
Eom EPEL,.EQV | von Mises Equivalent Elastic Strain
e EPPLX | Plastic Radial Strain
e EPPL,Z Plastic Hoop Strain
e EPPLY | Plastic Axial Strain
e EPPL,XY | Plastic Shear Strain (oriented identicallytg
ey EPPL,EQV | von Mises Equivalent Plastic Strain
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NOTES

ANSYS “Classic” v11.0 SP1 was used to generateresdults presented in this

document, and any references made to the softwarspecific to this version and its

associated documentation. However, the modelstetteand references made are
thought to be mostly compatible with earlier (beyor8.0, the first version used in

these studies) and future versions.

Throughout this thesis, the word mandrel is usddlysdo refer to the physical object
that is passed through the inner diameter of a, twhéde swaging refers to the process
of swage autofrettage.
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1. INTRODUCTION

Even today, in the era of guided missiles and smmamitions, guns and other tube
weapons are crucial in the defence of nationalrésts. In terms of large bore
weapons, artillery and other indirect fire platfermieliver long range and preparatory
strikes in support of other forces (indeed, Stdkisignated artillery the ‘god of war’),

and direct fire weapons as found on tanks provue ability to engage and destroy
other such vehicles so that they may take and dgroldnd.

Guns must be able to contain high pressures, asrtt@nt of work done on the
projectile depends on the pressure acting upobase as it travels along the barrel.
This is quantified by (1.1), which applies the pipile of conservation of energy to the
projectile. Neglecting losses due to friction bedw the projectile and barrel, and any
changes in gravitational potential energy, the amad kinetic energy gained by the
projectile equals the mechanical work done on itheyexpanding propellant gases, or:

KE = AJ' R (x)dx =< m? (1.1)
) 2
Where:
A = base area of projectile,
Iy = barrel length,
m = mass of projectile,
Pp(X) = shot base pressure (pressure acting upolmatbe of the projectile),
Vim = muzzle velocity of projectile,
X = location in barrel.

Kinetic energy may be imparted to either a smaylged projectile launched at a high
muzzle velocity (allowing for long range and/or mhivelocity impact) or a large
payload projectile launched at a lower velocity;xmasing the pressure for a given
gun geometry allows the highest possible kinetergn

In addition, high pressure vessels are used ima#eu of other applications, namely:

* Food sterilisation, using high pressure to killgrproportions of bacteria
present in foods,

» Sintering of components from powders to create rigel dimensions and
minimise material usage and subsequent machining,

* Hyper-sonic (up to Mach 16) wind tunnels,

» Power generation,

* Water jet cutting.

To contain a high pressure would typically requareery thick tube wall due to the
concentration of tensile hoop stresses at the idmmneter (ID), creating a heavy



weapon system. The magnitude of pressure is ast@d by the material yield stress,
which must not be exceeded in normal use.

Figure 1.1: Turkish Bombard — given the relativelylow density stone shot it fired, its thick wall is
testament to its poor material utilisation (Publicdomain photograph taken at Royal Armouries,
Fort Nelson, Portsmouth, England)

This may be allowable in large or static domainkere size and mass are relatively
unconstrained, but is not feasible for land basembile weapon systems. Simply

selecting a high strength steel, or other metahoispractical as high ultimate tensile

strength (UTS) is rarely accompanied by high frexctioughness. Hence a gun made
from a high UTS steel in order to permit high pteesoperation will have a shorter

fatigue lifetime than its lower-pressure equivalent

Autofrettage is a means of pre-stressing thick-edaltubes to better distribute the
tensile hoop stress throughout the tube wall, slugieg the magnitude of the hoop
stresses found at the ID when the tube is re-prissslisubsequent to pre-stressing.
This is achieved by overloading the ID of the tubecause plastic expansion of some
or all of the tube wall, such that residual compnes hoop stresses are created in the
near-bore region whilst residual tensile hoop sessre created in the outer portion.

Use of autofrettage allows the wall thickness -+ r;) of gun barrels to be reduced
considerably, by definition decreasing its wallicaK, given byry/ra. This greatly
lessens its mass which, for a cylindrical barretafistant cross-section, is given by:

m, = p(l, OrtrZ -r2)

= ptl, a2 (K -1) (-2

Where:
K Wall ratio,ry/ra,

m, = Mass of barrel,

ra = Inner radius of barrel,

ro, = Outer radius of barrel,

p = Density of barrel material.



Hence, for a given calibre of round such thais fixed, the mass is proportional #?(
—1). This reduction in mass may be used to aljogater portability of the weapon,
and/or extending the barrel lengtly, to increase muzzle velocity (by allowing the
pressure of the propellant gas to act on the ptitgeadong a longer distance), provided
barrel droop (curvature) does not affect accuraSuch curvature of the barrel causes
lateral acceleration of projectiles as they traaeing it, the reaction force to which
induces lateral vibration of the barrel; such vilma may alter the orientation of the
projectile as it leaves the barrel, modifying rejectory.

However, the amount that the wall thickness mayeokeiced depends on how well the
residual stresses are known; if they are not pegclsnown the factor of safety must be
increased, limiting the amount by which the wallynhe thinned.

In addition to reducing barrel mass, autofrettaggeised to increase their fatigue life,
expressed in terms of the number of full effectiviag cycles. This allows for fewer
interruptions in service, reduced load on the lbgishain and reduced acquisition cost.
Wear life can be increased with barrel liners aodtiags so it is essential that fatigue
lifetime should equal or exceed wear lifetime. sSThequires accurate knowledge of
residual stresses present and the nature of dgeltting.

There are two methods of autofrettage: hydraulid swage. Hydraulic autofrettage
involves the application of high pressure to theola tube, until the desired extent of
plastic deformation is achieved. Swage autofrettaigates the required deformation
by passing an oversized mandrel through the Ieftibe, causing a moving, axially-
localised outward radial displacement at the bétaetube.

Swage autofrettage generally makes the pre-stgessincess less complex than

hydraulic autofrettage; the latter requires cargftdssure sealing arrangements and
accurate control of the applied pressure and mongoof tube expansion, as small

changes in the material yield stress may resuérge changes in the depth of yielding.

Conversely, swage autofrettage applies displaceiased loading, which generally

creates consistent depths of autofrettage yieldegpite normal variations in material

yield stress.

Analytical modelling of hydraulic autofrettage obrstant cross-section cylindrical
tubes, subject to some of the range of end comditics possible through the use of
simplifying assumptions, such as choice of yieldeda and material compressibility
and, critically, material stress-strain behaviow#owever, the transient and localised
nature of swage autofrettage, and resultant dewidtom plane conditions, makes it
intractable to analytical solution. In additiorery few numerical studies of swage
autofrettage have been published.

Autofrettage causes large plastic strains arouediEhof the tube, which noticeably
alters the unloading properties of those matedatemonly used and causes the early
onset of non-linearity; a phenomenon termed thesBlanger effect. This non-
linearity is dependent on prior plastic strain,vesl as the material in question, and
typically causes significant deviation from thoseatemial models that are often



assumed. The effect is most pronounced arountDthehich experiences the greatest
initial deformation, where compressive residuastes are most desired.

This in turn has a significant effect on the realdstresses developed when the
autofrettage load is removed, especially as itazarse reverse yielding to occur when
it otherwise would not be expected.

To avoid such assumptions, or to model swage aitafre, requires the utilisation of
numerical methods; it was clear that these mustdmpted to allow the goals of the
research to be achieved. It was decided to uskeH#lement Analysis (FEA) to

develop firstly a general model of hydraulic audttiage incorporating a realistic
material representation, and then a model of s\vaag®rettage, for which no analytical
solution exists.

The original contributions in this work are:

1. Validation and configuration of an FEA package @lANSYS, to accurately
represent a thick-walled tube undergoing hydraalitofrettage and subsequent
unloading allowing its stress-strain state to bgeased at both peak pressure
and after removal of such pressure.

2. Implementation of an existing method for simulatingn-linear material
behaviour through linear-elastic analysis (ElaMmdulus and Poisson’s Ratio
Adjustment Procedure (EMPRAP)), as an initial mdtld incorporating non-
linear material behaviour in the developed moddiyafraulic autofrettage.

3. Development of a custom material model (within thRSYS package) to
represent general non-linear material behaviourarbitrary geometry and
loading configurations, allowing it to be used witimodels of both hydraulic
and swage autofrettage.

4. Assessment of the transient and residual streasstand displacement
distributions in a swage-like procedure. An initi@odel of localised transient
loading was created, utilising a cylindrical barfdpcessure moving along the
ID in a manner analogous to the passage of a mlandre

5. Assessment of the transient and residual stregsstand displacement
distributions in a realistic model of swage auttirge. This more advanced
model uses a sliding contact between the defornrabledrel and the ID of the
tube; the displacements resulting from this interiee cause the requisite
plastic strains for autofrettage.

The significance of the work presented in this ihd®s in the newly-developed
capability of incorporating a realistic materiapresentation and hence predicting the
residual stress fields created during both:

1. Hydraulic autofrettage of a non-uniform cross-sectpressure vessel,
2. Swage autofrettage.



This knowledge allows more accurate prediction atigiie life and safe-working
pressures for gun barrels, which can lead to eitgbter weight and/or better system
performance characteristics. It will also provalgreater degree of confidence in these
calculations for real systems. The contents of ttiesis chapters are summarised
below.

Chapter 2 introduces the topic of thick-walled,mgessure, vessels, and gives a brief
description of their history. A review of litera&u pertinent to the topic is then
presented, including relevant analysis techniques.

Chapter 3 introduces the different material modelsvant to this study, and describes
an early analytical model of autofrettage. Thepéda of this model to include
additional stress-strain behaviours, and use iseugo-swage interference model, is
then detailed. The chapter ends with a summatiyeoelected models and their usage,
for comparison with numerical models to be devetbipefuture chapters.

Chapter 4 documents the development of a set oklmad hydraulic autofrettage that
were created in an FEA package, called ANSYS. mibdels use a simplistic, bi-linear
kinematic hardening, material model but span tmgeaof four end conditions which
are generally assessed when hydraulic autofrettageonsidered; the simplistic
material model allowed structural constraints tof@®issed upon. The chapter ends
with a comparison of the FEA results with thoserfriovo other models (one analytical,
one numerical), which serves to validate ANSYS aslitable platform for modelling
the geometrical aspects of hydraulic autofrettage.

Chapter 5 introduces initial material non-lineariging a quasi-elastic model, into the
set of hydraulic autofrettage models developed mmapfer 4. Results from the
combined model are then compared with the same mcehenodel used in Chapter 4,
verifying the ability of ANSYS to include materiaon-linearity in the context of
hydraulic autofrettage.

Chapter 6 describes the development of a more gemeethod for incorporating

material non-linearity, which would then be of usemodels of swage autofrettage.
The material was initially checked via simulatiohaouni-axial test which accurately
reproduces the original uni-axial stress-strainadatin addition, the material was
validated in hydraulic autofrettage through comgami with both the numerical model
used in Chapters 4 and 5, and the material mogeemented in Chapter 5.

Chapter 7 documents the creation of a swage-likéetpan which autofrettage loading
is applied to a long section of tube by a bandreégure that travels along its ID. This
developed the methodology for modelling a long tabetion in ANSYS, and gave a
first approximation of stresses that would be dewetl during swage autofrettage.
These results were then available for comparisah those that would be generated by
a more accurate swage autofrettage model.

Chapter 8 details the development of an accuratkehad swage autofrettage, adding a
deformable mandrel to the long tube model describe&dhapter 7. Several sensitivity
analyses were conducted on the model, to ensurk siE8g, section length and time



stepping were specified such that representativees@ction properties of a swaged
tube could be derived from the model. A systematialysis was then made of various
mandrel geometry parameters, allowing transientrastlual stress-strain states to be
assessed.

Chapter 9 collates compares and contrasts varispects of issues raised within
individual chapters, and addresses them in a corgévant to the overall thesis.

Chapter 10 then summarises the conclusions drareadhout the thesis, and assesses
the various strands of work collectively.

Chapter 11 compiles the appendices for the thesigtaining information and results
felt important, but not appropriate for inclusioittwn the main body of work



2. LITERATURE REVIEW AND FUNDAMENTAL
THEORY

2.1. INTRODUCTION

This chapter introduces the topics relevant towthek described in this thesis and the
literature underpinning them. It begins by presena brief overview of the history of
cannons, the first form of pressure vessel widelgpéed, and efforts made to refine
them.

The two methods of autofrettage, a means of pessitig cylindrical vessels, are then
described, followed by a summary of models of hyticaautofrettage that are pertinent
to this study.

Several methods of numerical modelling are therritgsd and subsequently assessed
based on their suitability for use in this inveatign.

The conclusions drawn within this chapter are teeammarised, and followed by a
programme of work which was developed based on tioeschieve the desired aims.

2.2. HISTORY OFCANNONS

The first pressure vessels of note that were widélised were cannons, making their
history synonymous with that of pressure vesselsdeed, the word “cannon” is
derived from the Latirtanng meaning tube, which reinforces their place inhéer
thick-walled pressure vessel field. As has beercse many times throughout history,
and particularly during the mid-T'aand 28' Centuries, military demands have focussed
development efforts, causing rapid progress in iipeareas. Such progress is
eventually disseminated, resulting in many advamaesss wide fields of application.
This is, and continues to be, true for cannons @edsure vessels even in the age of
rockets and airborne munitions. Even today, casreamtinue to be developed, with
particular focus on reducing mass to allow enharaegortability, to satisfy tactical
requirements that cannot be fulfilled with rockétsch as rapid target engagement, low
minimum range, continuous fire, with the abilityswitch targets rapidly).

The first cannon were comparatively low pressundads, due mainly to the poor seal
between the projectile and the tube wall and im#ffe gunpowder (serpentine
powder). However, combustion pressures soon isetkas corned powder was
developed (a more consistent gunpowder) and heaplerical projectiles were
introduced. Projectiles were primarily made frotong (such as granite or marble) or
iron. By the end of the 1400s, it was realised thgh operating pressures led to early
fracture of cannons, often causing them to split.



Although some early cannon were assembled frorpsstsf metal and held together
with metal hoops (as a wooden barrel might be)cesithen cannon have almost
invariably been cast.

Gun designers during the mid-1800s recognised dbe gtilisation of material (uneven
stress distribution) within thick-walled guns, aypb a practical upper limit on the
range of wall ratios that could be used. It wadised that if some inwards force could
be applied to a barrel, the effect of poor matartdisation could be mitigated. To this
end, barrels were “hooped” to pre-compress therirmugface of the barrel — for
example, William Armstrong [1] assembled compoumtinders from wrought iron
tubes.

Additionally, it was recognised by Rodman [2] tifahe cooling of a cast cannon were
controlled, the sequence of crystallisation fromuid could influence the residual
stress distribution and hardness of the tube nadt&trihe bore.

2.2.1. Early Modelling

The earliest form of modelling that reflected theewen stress distribution in
pressurised thick-walled cylinders, practically mdded via compound barrels by
manufacturers such as Armstrong, was that from [arsélution [3]. However, a

model of a pressurised tube incorporating plastisibuld be required to model one
method of overcoming the stress concentration. ériesaged method would achieve
pre-stressing by causing plastic expansion of #@r-bore region, achieving similar
pre-stressing to that developed by compound tulbesbarrel could be made to hoop
itself.

The termautofrettage or self-hooping, is generally attributed to a riate artillery
officer, L. Jacob, who appears to have coined #pgession in 1907, hence its French
origin. In 1909 LB Turner presented a “completetmeaatical study” at King’s
College, Cambridge. Autofrettage was adopted kyRtench in 1923, and soon after
saw widespread use. Macrae, a British artilleficef, produced a “complete solution”
[4]. Additional contributions were made by Mannig, Dirmoser [6] and Faupel [7].

To correctly model the plastic deformation and sgjoent residual stress field within a
thick-walled cylinder, several physical requirensemust be addressed:

Equilibrium and Compatibility Equations,
Stress-strain profile of the considered material,
Equivalence/Yield criterion,

End conditions of the tube,

Flow Rule and Compressibility.

arwnE



2.3. PRE-STRESSING OF MODERN CANNONS AND
PRESSUREVESSELS

As mentioned above, cannon are cast and/or forged machined to intermediate
dimensions. They are then autofrettaged, and tinelergo a final stage of machining
to ensure accurate sizing of the finished artichautofrettage introduces compressive
hoop stresses in the region surrounding the IDettuce the magnitude of the hoop
stresses developed there when the tube is presduriEhis may be accomplished in
one of two ways, as described in sub-sections 2:/3d12.3.2.

Generally, the greater the amount of residual cesgyve stress developed around the
ID, the more beneficial pre-stressing resultingnfr@autofrettage is. However a
phenomenon termed tlgauschinger effectypically observed in steels often used for
high-pressure vessels, limits the degree of pessing that may be applied. In
particular, it causes the early onset of non-litgaaround the ID when compressive
stresses are developed following tensile deformagixperienced during autofrettage.
The Bauschinger effect is described more fullyuh-section 3.2.3.

2.3.1. Hydraulic Autofrettage

Hydraulic autofrettage involves the applicationhgtirostatic pressure to the ID of the
tube, such that equivalent stress at the ID exctezisnaterial yield stress and plastic
deformation begins. Pressure is further increaseth that the deformation propagates
to the desired depth within the tube wall. Oiuged to pressurise the tube as it is non-
corrosive and only slightly compressible; compa@é highly compressible gas, this
reduces both the work done when increasing itsspres and danger if failure should
occur. Typically a solid spacer is first insertedo the centre of the tube to be
autofrettaged, reducing the volume of fluid thatsirioe pumped into the tube.

The ends of the tube must be sealed to contairpitbesurised oil; this is achieved

either through use of floating bungs or caps thiach to tube, which in turn carries the

applied axial force. The net axial force appliedhe tube in the Closed-Ends case will
alter the ratio of component stresses (compardgdeddpen-Ends case) found at peak
pressure conditions, potentially altering the realdstresses developed. These two
states, or end conditions, are classified as Oped-Closed-Ends, respectively, and the
details of their modelling are found in Chapter Mydraulic autofrettage, and the two

end conditions described above, are depicted byr&ig.1.
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relatively even over central range, transitioning
to plane stress conditions at the free ends.

Figure 2.1: Hydraulic Autofrettage Diagram, for Open- and Closed-Ends

Hydraulic autofrettage tends to be time consumasythe applied pressure must be
very carefully controlled to ensure the desiredodeftion is achieved; for a given
pressure, small variations of the material yiel@ést may cause considerable changes
in the depth of overstrain. Also, sealing the eofdthe tube is non-trivial because the
tube expands as the applied pressure increases.

2.3.2. Swage Autofrettage

Swage autofrettage achieves the required plasparesion of the inner portions of the
subject tube via mechanical interference betweeovansized mandrel and the inner
surface of the tube; Davidson, Kendall and Rainendacted an early scientific

investigation [8]. The nature of the loading déssa considerably from that

encountered during hydraulic autofrettage becauséhe small, travelling area of

contact. Shear stresses are developed due todaksked loading and friction between
the mandrel and tube surface. Residual stressedatively short tube section were
modelled by O’Hara [9], and mandrel driving forcasninvestigated by Iremonger and
Kalsi [10]; aside from these studies, few invedimas have been reported.

Mandrels typically consist of two conical sectigosed by a short length of constant
diameter; the forward conical section has a shatoslope than the rear section. The
conical sections not only aid alignment of the nrahdut also help control the initial
deformation (forward cone) and subsequent unloa@aea cone) of the tube.

11
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Force
Figure 2.2: Mandrel and Swage Autofrettage Diagram

The contact between the mandrel and the tube igcaibd to reduce the sliding

friction, for example with a stearate based lubricampregnated into a porous
phosphorus coating [9].

Despite the use of lubrication, a considerableldwi@e is applied by the mandrel to
the tube, which then must be constrained. Thecehoi constraint location, either the
mandrel entry or exit end, determines whether tferdhed length of tube is held is
tension (the former case) or the un-deformed lerggtompressed (the latter). As with
the Open- and Closed-Ends cases of hydraulic aitafe, these axial stresses may
influence the precise nature of the residual spasiern developed. The tube modelled
by O’Hara [9] was constrained at its mandrel eetng, around its OD.

Motion Axial Force,F; Motion

Figure 2.3: Tube Constraint during Swage Autofretage

2.3.3. Post-Autofrettage Machining

Machining is conducted on the autofrettaged tubgaréulic or swage) to ensure it
possesses the correct final dimensions and thaapgpked pre-stressing is consistent
along the required length. This generally involtres removal of the tube’s ends which
would have had developed a different initial defation during autofrettage due to the
interruption of axial stresses at the tube endd, raachining of the inner diameter to

that desired. This also removes the most highlprdeed material and alters the
residual stress field.

12



2.4. MODERNMODELLING

This section introduces the concepts and theondsmpinning the analytical modelling
of pressurised tubes and describes some of thaliapproximate solution methods
considered. The assumptions, presented in sulmisezid.1, underlie all modelling
techniques hence their early placement withintthesis.

2.4.1. Problem Formulation

The typical geometry of a thick-walled high presswessel is shown in Figure 2.4.
Given the shape of the vessel it is natural to rhitde cylindrical polar co-ordinates,

r, 8, andz, corresponding, in the case of plane end conditaord hydraulic loading, to

the principal stress-strain directions, radialgemferential and axial.

Wall Ratio, K = -
7

a

Figure 2.4: Tube Geometry and Dimensions

The dimensions shown on the diagram are:
la Inner radius
ro Outer radius
l, Tube length

The Wall RatioK, is the geometrical value that has the most initeeon autofrettage
and residual stress fields developed within the twblls; it is defined as:

13



2.4.1.1. Element Diagram

Figure 2.5 displays the stresses acting upon al stehent of a tube, modelled in
cylindrical co-ordinates.

Of depthoz.

09

Figure 2.5: Element Diagram (in Plane Conditions)

The standard assumptions for such a system are:

1.

While

Normal Stress in the-direction @) is assumed to have no effect on the
plane equilibrium.

Due to axial symmetry, there are no variationsgblane stress with.

Axial Symmetry implies mirror symmetry i.gy =7y = 0.

Axial symmetry precludes a body force in thdirection, but allows one in the
radial direction — e.g. a centrifugal effect.

Radial body forces, representedRasn Figure 2.5, are ignored, as the tube is
defined as non-rotational (no centrifugal effece)d gravitational forces are
considered negligible.

it is conceivable that non-axi-symmetric ciimths may arise during

autofrettage (for example localised deformationmuhydraulic autofrettage or an un-
aligned mandrel during swage autofrettage), suctdiions are the exception to the
mainstream and are sufficiently unpredictable to ipgored during the analyses
presented in this thesis. It is likely that a tuhdofrettaged under such conditions
would be discarded.

2.4.1.2. Equilibrium Equation

Assessing the radial equilibrium of the elemenegiv

o]

(ar + aaar B’ij(r +&)5952—0rr5952—2055r525in(%j+ Fﬁ(r +Ej59522 0

r
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Assumingdd is small (i.e. sir{o/2) = 66/2), takingdér = 0, and dividing through by
roro6oz gives:

00, L9709
or r

+F, =0

As explained above the body forde, is assumed to be zero. Asis the only
independent variable the partial derivative becometsl, giving the following
equilibrium equation:

do, _0y-0, 2.1)
dr r

2.4.1.3. Strain Relationship in cylindrical co-ordinates

Figure 2.6 displays the radial deflections (giventerms ofu) observed during axi-
symmetric expansion, at two radir-andr+dr.

Figure 2.6: Deflection Diagram

Strains (deflection/original length) may then bémked as shown below.

Radial strain:

=du

E =— 2.2
S ar (2.2)

Hoop strain, given that circumference 182
g = 2n(r +u)-2mr _u (2.3)

27 r

The following, standard, constitutive relationsoadgply:
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Etgr = Jr _Vt (JH +az) (24)
Ee,=0,-v (0 +0,) (2.5)

Ee,=0,-v,(o, +0,) (2.6)

2.4.2. Analytical Models

A selection of analytical models are presented wbelstarting with Lamé’s elastic
solution; while treatment of autofrettage inhengmédquires consideration of plasticity,
Lamé’s solution highlights the large tensile stessund around the ID and allows the
onset of yielding (sub-sub-section 2.4.2.2) to Wedjzted. Generally, it is only
possible to create an analytical model (or closgchfsolution) of autofrettage using
Hencky’s total stress-strain relationship as thenetl-Reuss incremental stress-strain
relations don’t allow this.

This is followed by an assessment of some of theempoominent analytical elastic-
plastic solutions of hydraulic autofrettage. Whiteany other solutions have been
developed, for brevity only those most relevarthie study are summarised here.

2.4.2.1. Lamé’s Solution of a Thick-Walled Elastic Tube

The Lamé solution is the simplest treatment ofsse within a thick tube, and as such
was the first aspect studied — Lamé elected toesaiv elastic plane strain case using
constitutive and compatibility relationships. Tdhevelopment of the solution, as given
in the “Theory of Elasticity” [11] is repeated imppendix Al.

Although in its pure form this solution is limited elastic loading, it is utilised in later
elastic-plastic models, as well as quasi-elasticdelsy making a thorough
understanding of it important.

From Equation (11.4) it is noted that, at the inti@meter  =ry), p; is the lower limit

of hoop stressaf), reached wheK tends to infinity. Thus in an elastically behayin
vessel, even for impractically large valueskogfthe tensile hoop stresses at the inner
diameter will always in practice exceed the inteqr@ssure. Figure 2.7 shows the
through wall hoop stresses for a range of elaghed.

In the context of high-pressure vessels, this tydamits the maximum allowable

pressure and fatigue life. Accordingly some meah®etter distributing the hoop
stresses, such as pre-stressing, must be adopted.
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Figure 2.7: Hoop Stresses, in a series of Elastithes with a range of Wall Ratios

2.4.2.2. Elastic Limit and onset of Yield

Autofrettage induces compressive residual streatdéle inner diameter, by causing
plastic deformation as a result of internal expamsihese residual stresses then reduce
the size of tensile stresses encountered at tleg tiameter. Lamé’s model describes
the elastic behaviour of a pressurised tube budigieneither yielding nor subsequent
plastic behaviour; therefore Lame’s solution is cegpable of simulating autofrettage.

Instead, a model that incorporates a yield critergorequired such that stresses within
the tube wall are related to a stress value reptatee of the material’s elastic limit.
Yield criteria incorporate the following:

1. A means of translating a set of component/principalues into a single
equivalentvalue,

2. An initial yield stress that is usually based oe theld stress either in simple
tension §yo) or pure shearkj.

The two most common yield criteria, Tresca and Mises (or Maxwell), are presented
formally below, in terms of principal stresses [12]

17



Tresca Yield Criterion

Also called the Maximum shear stress criterionyiakling is predicted to occur when
the greatest of the three shear stresses readn#Ea value — the yield stress in pure
sheark.

0, - 0,|0)o, -0, 0o, -0, = 2k (2.7)
At the onset of yield in simple tensian, = oyo, 02 =03 = 0, henceyo= 2k
von Mises Yield Criterion
Also called the Maximum shear strain energy caterias yielding is predicted to occur
when the shear strain energy (or energy of distoytper volume /2G) reaches a

critical value. The energy of distortiods, is given by:

_1+v

. (01 _02)2 + (Uz _03)2 +(Us _01)2]

SubstitutingE = 2G(1 + v), and equating the shear streg® the yield stress in pure
sheark, gives:

(01_02)2+(02_03)2+(03_U1)2 = 6k’ (2.8)
At the onset of yield in simple tensian, = ovo, 62 =03 = 0, hence:

207, =6k?

(2.9)
0, =3k =1.732Kk

The above equations show the different relationshigisveen the yield stresses in
simple tensiondyg and pure sheak)in the two yield criteria present.

This means that depending on the stress combinptesent (see Figures 2.8 and 2.9)
the Tresca criterion will likely underestimate thteesgth of the material compared

with the von Mises criterion.

To apply the above general formulae to this cylicalricasegy > 0, > o, IS assumed,
hence:

Tresca’s Yield Criterion gives:
g,-0, =0,,=2K (2.10)

von Mises’ Yield Criterion gives:

- 2 2 2
(0,-0,) +E[€UZ_Ur+Uej = 20 _ 2 (2.11)
2 3 2 3
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Tresca’s Yield criterion was chosen for initial bys&s (detailed in Chapter 3) due to
the correlation between its stress equivalence (LdiSEquation (2.10)) and the

numerator on the RHS of the equilibrium Equatioril)2 This allows separation of

variables and subsequent integration of the egqiuh equation, leading to an explicit

solution. The von Mises criterion was reservedl&ber use, as the lower accuracy of
Tresca was not thought to be excessive during &nky stages of this investigation.

Some degree of error was expected, as (discussmek)athe Tresca yield criterion

tends to gives a more conservative estimation dier@d yield stress than the von

Mises criterion does.
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Figure 2.8: Yield Prisms Figure 2.9: n-Plane Projection

Source: “Engineering Plasticity”, Johnson, W anellbt, P B, van Nostrand
Reinhold, 1973

2.4.2.3. Hill's Model

Hill et al. [13] formulated a model of a non-strdiardening hydraulically
autofrettaged tube in plane strain that uses thead®rReuss stress-strain relationship.
Importantly, it includes the effects of elasticagtrcomponents within the plastic region
(i.e. it is considered compressible); many solgioreglect them. The Tresca yield
criterion is used, allowing axial stress to be adeed independently from radial and
hoop stresses as it is the intermediate stressvetdr, it is shown that the solution is a
close approximation of one based on the von Misésrion (a 3% error in flow stress,
that only occurs during the initial increment oaglicity for each element, is quoted for
the given example).

The main finding is that an error of greater th@@o6occurs (for the presented case) in
axial stress if elastic strains in the plastic oegare ignored.
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2.4.2.4. Avitzur's Model

Avitzur developed a model [14,15] of an elasticspila tube undergoing hydraulic
autofrettage, using the von Mises yield criteriar both plane strain and stress
conditions. It models a smooth transitionrgtbetween an incompressible plastic
portion and compressible elastic portion, but agsuaxial stresses in the plastic zone,
when pressurised, to be calculated using Hooke&sdiae to the elastic strains present
(as plastic strains are of the same order of madeits elastic strains).

A substantial limitation is that the tube matei&lconsidered to be elastic, perfectly
plastic; this does not exert a great influence osenditions at peak autofrettage
pressure, but will significantly alter residualesses. Arguably, the lack of accurate
material representation will have a greater impactesidual stresses than the choice of
the von Mises rather than Tresca yield criteriaaeny the early onset of non-linearity
displayed by the materials of interest.

2.4.2.5. Huang’'s Model

Huang [16] developed a von Mises solution of arstedeplastic tube, which is made
possible by the following simplifications —

1. Incompressibility: & +ey+e,=0
2. Plane Strain: =0

Although more restrictive than Avitzur's model, digethe incompressibility criterion,

Huang’'s model very easily yields a solution makibhgof more practical use for

comparison with other methods — specifically nucerimethods. This makes it a
considerable advancement in the field of analyticatiels of hydraulic autofrettage.

The incompressibility criterion means that the platrain state is similar to the closed-
ended case (which applies a tensile axial Ioadaljrrnudepi*r:*n), due to the greater
tensile axial stresses developed in the elastiomeg

Crucially, the model includes an impressive degreexibility of modelling material
stress-strain behaviour, allowing bi-linear or rimear response to be specified
independently for both loading and unloading proced. Non-linear behaviour is
restricted to power-law relationships but this @wboreasonable flexibility, dependent
on the desired stress-strain profile. With respet¢he materials used in high pressure
vessels, whose behaviour is dependent on priotipktsain, the main limitation is that
only one unloading profile may be used. The usélwing’'s model is described in
Chapter 3.
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2.4.3. Numerical Models

When a particular set of equations cannot be sadwedytically, it is often possible to
numerically solve (usually to high and predictadteuracy) instead. This may be used
when a differentiation or integration procedure rc@nbe achieved through normal
means, or if variables cannot be separated sutftigigo allow direct solution. A
selection of models that use these methods, tocores some inherent restrictions of
analytical solution of hydraulic autofrettage, described below.

2.4.3.1. Chu’s Method

Chu [17] made a good review of existing models, drdeloped a finite difference

model of a hydraulically autofrettaged tube undemegal plane strain conditions. The
autofrettaged tube may consist of a strain hardematerial, be subject to end loads in
addition to internal and external pressures, arthve according to von Mises vyield
criterion and Prandtl-Reuss incremental stressastasvs. These combine to make an
effective model of hydraulic autofrettage, whichosled excellent agreement when
compared with the models of Hill [13] and Hodge][i8 the autofrettage of an elastic,
perfectly plastic tube.

Selection of a finite difference approach was praiignat the time the model was

developed; computing resources were far scarcer tbday, and commercial FEA

packages were in their early stages. Chu notesiththe finite element method,

stresses and strains must be determined via nusheliiterentiation, and that a fine

mesh is required for accurate results. He thetestan reference to his method,
“incremental stresses and strains at each nodat pee directly used as variables and,
hence, numerical differentiation in the evaluatioh stresses and strains is not
required.”

Given the development of computational resourcesFEA packages to run on them,
the use of the finite element method is now a muouire viable, accessible and
accepted means of creating an autofrettage modilch packages automatically
generate and solve the required FE equations, diiti@a to providing tools for the
creation of model geometry and other features.

2.4.3.2. Jahed and Dubey’s Method

Jahed and Dubey [19] developed a method for solwmgrlinear behaviour using a
guasi-elastic analysis, which treats elastic pribgeras field variables such that the
stress-strain state may be calculated for eachidocavithin the considered region. It
builds on a method [20] for the solution of elagilastic conditions, using Hencky-
llyushin total deformation theory, which transforrtiee constitutive relations into a
form analogous to elastic relations. Effectivesaproperties are iteratively applied,
such that the desired stress-strain profile isofe#ld, until a converged solution is
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reached. Their method (expanded upon in Appendx then used within FEA in
Chapter 5) is then applied to a thick-walled tulelergoing hydraulic autofrettage,
which is broken down into a series of strips towlproperties to be varied throughout
the tube wall.

The authors investigate the effect of a variabledghinger Effect Factos), using
empirical results from Milligan, Koo and DavidsoBl], on the depth of reyielding
following pressure removal, and residual hoop ardlastresses. Based on the
material profile used, they conclude that the \@e# only has significant impact on
the three values when the degree of overstrailasively small. This is logical, gkis
effectively constant for initial plastic strains afore than 2%, and the greater the
degree of overstrain the greater the depth of taéewill have exceeded this threshold.
However, they did not exploit the full potential tfe method as the material did not
exhibit non-linearity.

2.4.3.3. Hencky Programme

The Hencky Programme allows accurate simulatidmydfaulic autofrettage for a wide
range of end conditions (Plane strain and strgg-oand closed-ended) and materials,
using von Mises vyield criterion. It was developky Parker [22] from a basic
EMPRAP formulation by Jahed and Dubey [19] (destibn Appendix A3) and
allows radial variation of unloading properties (@hare crucial when determining
residual stresses) based on prior plastic strapersanced. Notably, the Hencky
Programme can simulate the often significant nealiity exhibited by various
candidate gun steels (e.g. A723, HY180, PH 13-8Muwjing unloading following
initial plastic deformation.

It achieves this by considering a thick-walled tubeconsist of a series of thinner,
concentric, cylindrical shells. Each shell is gbll (via the formulation) to satisfy
requirements of equilibrium and compatibility & ibner and outer interfaces where it
interacts with its neighbours. The behaviour ef shells is treated elastically such that
it may be modelled using Lamé’s tube equations;[®@®&se provide the hoop and radial
stresses in a cylinder, when subjected to inteandlexternal pressure.

By using a large number (of the order of 100) dfnglrical shells, radial variation of
material behaviour due to plastic strain can belyeasodelled. Jahed and Dubey’s
method is employed to tailor the elastic properfieandv) of each shell, such that its
stress-strain profile matches the desired matbeahhviour. This allows the hydraulic
autofrettage (and subsequent unloading) of tubes iwmariety of end conditions,
consisting of virtually any material, to be accehatsimulated. The range of end
conditions is achieved by applying suitable comstsa— for exampleg, = 0 for plane
stressg; = 0 for plane strain.

Numerical modelling of the pressurisation phasauwbfrettage begins with an initial
guasi-elastic, or hypothetical, stress distributjparmally the elastic solution for the
original homogeneous, isotropic material and setédbore pressure). From this
solution initial yielding is assessed, and effeetelastic propertiesEl; and ver) are
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calculated. The effective elastic properties aftned through a series of iterations.
An iterative procedure is employed to refifg: for each strip, as illustrated in Figure
11.3, which represents three iterations, Ieadin@ge’t@ Convergence is monotonic,
reasonably rapid, and easily assessed.

Loading and unloading phases are solved as separases, each using essentially the
same procedure. However, whereas during loadiegetis a single profile associated
with all radii, during unloading there is potenlyaa different profile associated with
each radius, uniquely defined by the prior maxinpiastic strain experienced at that
radius. In terms of Figure 5.1, the 2-3- sectibthe plot is rotated through 180° and
translated so that point 2 (now at the lower léfthe line segment) lies at the origin of
the graph. This is illustrated, for a given radiasFigure 5.4.

The unloading stresses are calculated by the atitade (to the same pressure as was
originally used) of a tube whose material loadingfipes have been modified to be that
of the unloading profiles. Finally, the total ihsal stresses are obtained by subtracting
the unloading stresses from the loading stresses.

2.4.3.4. Single Effective Material (SEMAT)

The complexity of accurate material modelling (utthg the Bauschinger effect) that
reflects radial variation within autofrettage malbhs acted as a major obstacle in the
development of accurate models of hydraulic autisfge. Various co-authors of
Parker et al. [24] developed a method of represgrdiseries of prior strain dependent
unloading profiles with a single effective mate(8EMAT) stress-strain profile. This
is accomplished by selecting a material profiledolasn the final stress-strain loci that
are observed within a hydraulically autofrettagedet When the material profile is
applied to a hydraulic autofrettage simulations thinsures that the final residual stress
state is accurate, although the path taken ishwatever, this is of little importance as
partially unloaded stress states are rarely ingatdd.

It is demonstrated [24] that numerical solutionsynise obtained using a single
‘fictitious’ material in this manner; whist thisqgeires a very small number of iterations
for accurate convergence, it dramatically redudes material-modelling challenges.
Furthermore, SEMAT may be implemented into an diclly procedure thereby
permitting highly accurate modelling of a real metlewhose unloading behaviour
varies with radius. Comparisons indicate that e robust, accurate procedure.

SEMAT was not utilised within the work presentedthis thesis, partly due to being

developed following the work in Chapter 6, and lyadue to the focus on swage

autofrettage.  Unlike hydraulic autofrettage, a emat's stress-strain behaviour

throughout unloading is important in the developtmainshear stresses during swage
autofrettage, making it crucial that any materiakd follow the correct stress-strain
profile during the entire unloading process.
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2.5. NUMERICAL METHODS

Whilst a range of analytical models of hydraulictcdrettage exist, all include
simplifying assumptions which limit their applicéty, especially in terms of material
modelling. Additionally, no analytical models of/@ge autofrettage exist. As such, it
was recognised that numerical modelling would logiired to achieve the goals of this
study.

Given the increase in computational capabilitiesP@s in recent years, numerical
methods are very much more practical than was @uely the case; in particular,
commercial Finite Element packages have become midespread.

2.5.1. Numerical Modelling Procedure

Regardless of the method employed, the processralgnevolves the same three
stages: pre-processing, solution and post-proagsdihese are described below, in the
context of the mechanical stress analysis thatheillitilised in this study.

Pre-Processing describes the process of assehsisgdtem that is to be analysed, and
formulating its properties within the selected mbdg method such that solution may
commence. This generally comprises the followiagss:

* Rendering the model geometry into discrete portisugable for the selected
method.

» Application of special properties, such as planaistbehaviour and appropriate
symmetries.

* Formulation of governing equations (for examplepgnt matrices in FEM).

» Specification of material behaviour.

* Application of boundary conditions and loads.

The Solution procedure encompasses the computatiozsults, as well as the setting
of method-specific values such as the number oé tsteps to be used or accuracy
tolerances.

Post-Processing covers the extraction of poignata ftom the complete set computed

during solution, as well as any subsequent caloust performed on them and
arrangement for presentation.

2.5.2. Finite Difference Method

Finite differences are described as the discretdogne of derivatives, and are often
used to evaluate boundary value problems when dlerging differential equations
are known but the function is not. Pressurisedktwalled tubes may be addressed
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using this method; typically the boundary valuegatfial stress (at, andry) will be
known, and the equilibrium equation is a differahéxpression that relates radial and
hoop stresses.

Essentially, finite difference terms are used tplaee derivatives in differential
equations; progressive numerical solution is thessfible. While potentially of use, it
was not expected that a reconfigurable model ofgswautofrettage could practicably
be formulated using finite differences.

2.5.3. Boundary Element Method

The boundary element method (BEM) again requires dbnsidered region to be
decomposed into discrete portions, but differs hat tthe boundary, not the entire
region, is considered; this reduces the dimensiynaf the problem by one order.
Compared to the FEM, the BEM is a relatively recdewelopment; it is based on the
solution of partial differential equations, formidd as integral equations, via
numerical means. Boundary conditions are used bmé@indary values into the integral
equation selected for the problem; once this isexell, the integral equation may be
evaluated within the considered region to obtagrdquired solution data.

The BEM is in some cases less computationally deimgrthan, for example, the finite
element method, particularly when the considergiiorehas a small surface area to
volume ratio. However, in many cases, the oppasiteue as the computational cost
(in terms of both memory requirements and procg3shBEM tends to increase with
the square of the model size, whereas a more Imedationship is observed for finite
element models.

An additional restriction on the applicability dfet BEM is that for any problem that is
considered, it must be possible to calculate a i@sdenction; this generally requires
that the region consist of a linear homogenous amediNon-linear properties may be
modelled, but this generally requires the use diime integrals, which in turn need to
be decomposed into sub-sections and addressed inaltyer This negates one of the
main advantages of BEM over FEM, especially asra component of this study will

be material non-linearity.

Given the linear homogenous restriction, relativaturity of FEM tools and
complexities of translating the transient displaeatmboundary condition imposed by
the mandrel during swage autofrettage, the BEMnedsised in this study.

2.5.4. Finite Element Method

The finite element method (FEM) concerns itself mamily with geometrical
rationalisation of the considered region, by whiekans the problem is reduced to one
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which may be solved numerically. Such rationaitsatis achieved through the
decomposition of an arbitrary region into a finiember of geometrically simple sub-
regions, or elements, collectively termed a mesghe field properties within elements
may then be evaluated individually and assembleaxbtain them for the whole region.

The decomposition of the considered region intamelets reduces an otherwise
intractable problem into a finite number of unknewmwhich are then solved by
expressing the unknowns (field variables) withincreaelement in terms of the
approximation (or interpolation) function. Suchdtions are defined in terms of nodal
values; nodes are shared by adjacent elementschiati” the mesh together by
ensuring continuity of field variables between etens.

Forces arising from the physical interaction of iesdmodelled in FE may be

calculated usingontact analysiswhich made the FEM a likely candidate for use in
this research. Combined with the relative matuoitycommercial FE packages (that
would allow model geometry to be rapidly formulgtes the reason the FEM was
selected for use.
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2.6. SUMMARY

Gun barrels have been made for many hundreds o$,y&#&h growing understanding
of the processes that influence their performamze ldetime. “Hooping,” and “self-
hooping” methods were developed to mitigate thé hansile stresses found at their
bores when pressurised, and these have becomailfectsof study since the early
twentieth century. Many models of hydraulic autttiige have been developed (both
analytical and numerical), each based on diffeassumptions of yield criterion, flow
behaviour and, critically, material stress-stramfile — particularly when unloading
from peak pressure, when the early onset of naatity occurs, described as the
Bauschinger effect. However some models, partifufaumerical, do achieve accurate
behaviour in some or all of these respects.

Swage autofrettage has not been addressed tortteedsgree; the travelling, localised
load, and associated shear stresses and non-maagitur put it beyond the reach of
analytical solution, and make it complex to addmsserically, especially if accurate
material response is included.

However, in recent years the abilities of computease developed rapidly, as have
commercial FE packages. This means that swagédreitdge, with all its associated
complexities, may now be more practically modelled.

2.7. PROGRAMME OFWORK

Initial work will focus on investigating materiaehaviour relevant to autofrettage, and
the selection of existing hydraulic autofrettagededs suitable for comparison with and
validation of FE models of the same.

Models of hydraulic autofrettage will then be depsd within FE, featuring simplistic
material stress-strain profiles, and validated r@gjathe previously selected existing
models.

Accurate material stress-strain behaviour will then implemented within FE, and
subsequently validated against existing model®itdien its behaviour.

A model of swage autofrettage will be developedenaulate the physical process as
closely as possible. This will be compared agaiihstonly known solution in open
literature.

Finally, accurate material behaviour will be condanwith the swage model, to allow
accurate residual stresses to be calculated.
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3. MATERIAL AND ANALYTICAL MODELS
3.1. INTRODUCTION

This chapter utilises the models introduced in @@, and assesses their suitability
for use in validation of numerical models of auttiage developed at later stages
throughout this course of research.

The Tresca-based elastic-plastic model of hydraiofrettage is initially investigated
and implemented. This is then extended to incateodifferent responses to plastic
strain, and subsequently a swage-like scenario Imctwthe applied pressure is
calculated from interference with a solid disc (iaheh).

Finally, an overview of a range of more suitable-pkisting hydraulic autofrettage
models is presented, ready for use in subsequefitagon of future models.

3.2. MATERIAL MODELS

When modelling a system, in addition to accurafgegentation of its geometry and

applied loads, the stress-strain behaviour ofotsstituent material must be simulated.
In the context of conventional thick-walled highepsure vessels in general, and this
study in particular, engineering metals are ofrigge— specifically, high strength, high

alloy steels. The stress-strain behaviour of suakerials is hence fundamental to this
study, both pre- and post-yield.

3.2.1. Plasticity following Initial Yield

Engineering metals exhibit a linear stress-stragponse within the elastic regime, up
to their initial yield stressgyg, their post-yield stress-strain behaviour is désd by
one of the following models: bi-linear, multi-lineand non-linear. Figure 3.1 plots
these behaviours.
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Figure 3.1: Post-Yield Stress-Strain Response

While they often display a small amount of non-iingy during initial yield,
engineering metals can often be satisfactorily eyprated by a bi-linear
representation. A special case of the bi-linead@hds that when no strain hardening
occurs (the plastic modulull, equals zero) — thelastic, perfectly plasti¢Figure 2.4)
case. This is the simplest form of modelling ptatst, as the yield stress always equals
the initial value (this fact is utilised by the detion given in section 3.3).
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Figure 3.2: Stress-Strain Diagram of an Elastic, &fectly-Plastic Material
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3.2.2. Strain Hardening

Once the stress-strain behaviour in initial yiedd lheen modelled, the response of the
yield stress to plastic strain, when the directéioad is reversed, must be considered.
One model assumes that the stress range, betwesn tpasile stress and the
compressive yield stress, is twice the initial gieltress (kinematic hardening); the
other that the stress range is twice the peakléessiess (isotropic hardening). These
are illustrated in Figure 3.3.
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Hardening Material Hardening Material

Figure 3.3: Material Hardening Models

The above diagrams compare uni-axial stresses @aihss the same behaviours, in
multi-axial stress conditions, can be plotted aasiplane (see Figure 2.9). When this
is done, loci of equal equivalent stress can betgdoon thez-plane; if von Mises
equivalence is used the locus forms a circle, afideisca equivalence is used the locus
forms a hexagon. In both cases, the yield locicardgred on the zero deviatoric stress
axis. In the von Mises case, the yield stresfi@fmaterial is represented by a circle of
radius oyo (or the Tresca case, a hexagon circumscribed bycke of radiusoyg).
Subsequent descriptions will be based on the vaedlcase, but will be applicable to
the Tresca case also.

Once the initial yield stress of the material hasrbexceeded, the yield circle behaves
differently depending on whether Kinematic or Ispic hardening occurs; during
Kinematic hardening the vyield circle moves, andirtyisotropic hardening the yield
circle enlarges. The translation of the yield leirduring Kinematic hardening causes
yielding to occur at a lower stress on the oppasde of the zero deviatoric stress axis.
However, given the relatively small plastic modofimetals (often several orders of
magnitude less than the elastic modulus), any fsegni movement/enlargement of the
yield circle would generally require large plastcains.
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However, while the initial yield behaviour of steehay well be suitably described by
the above models, neither describes the unloadamgbour (from maximum stress)
well. Typically, when unloading from initial defmation, such materials experience an
early onset of non-linearity (significantly earli¢ghat that modelled even during
Kinematic hardening), termed tlBauschinger effect This is further explained in the
following sub-section.

3.2.3. Bauschinger Effect

The Bauschinger effect [25] describes the earlydfdinear elastic behaviour observed
in most polycrystalline metals during load revens@len unloading from prior plastic
strain, compared with that which would be predicteg the hardening models
described above. The reduction of yield stresemesl when the loading direction is
reversed is generally explained in terms of didiooa within grains. Strain hardening
occurs when the movement of dislocations is impeded example by grain
boundaries. One explanation of the Bauschingerceft that residual elastic stresses
present in some grains (caused by their uneveni@ldsformation) following plastic
deformation allow dislocations to move more easilyhe reverse direction. Another
explanation is that dislocations of the opposigngio those generated during initial
deformation are created by the same sources. Whkrading, the dislocations of
opposite signs annihilate each other, reducingodddion density and hence the
strength of the material.

Again dependent on plastic strain, the locatiothefearly non-linearity depends on the
peak plastic strain encountered (typically in tensat peak pressure in the case of
hydraulic autofrettage). It is quantified by tBauschinger Effect Factpg, (a function

of prior plastic strain — see Figure 3.5) such thatreverse yield stress is defined by —
Pove, as demonstrated in Figure 3.4:
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Figure 3.4: Material exhibiting the Bauschinger Efect and Strain Hardening

This early onset of non-linearity is significanttivirespect to the efficacy of the
autofrettage procedure, given that compressivesgreare developed following tensile
yielding, i.e. load reversal. This limits the siakcompressive stresses that may be
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applied to a thick-walled cylinder before reverselding occurs; clearly any accurate
simulation of autofrettage must include it.

While the slight reduction in reverse yield stresssent in Kinematic hardening may
be described using, Kinematic hardening is generally not an accuratedel of
material behaviour given that the plastic moduHisis often small hencg~ 1. Figure

3.5 compares the elastic stress raagebetween peak and reverse yield stresses, as the
initial plastic deformation is varied, to illusteathis difference for the case of a gun
steel named A723-1130 (see sub-section 5.1.1 tailslef the material-fit).

2.5
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Figure 3.5: Comparison of Elastic Stress Rangeg, between Kinematic Hardening model and
A723-1130
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3.3. INITIAL AUTOFRETTAGEANALYSIS

A model of a tube undergoing hydraulic autofrettageplane strain conditions, was
created using Tresca’s yield criterion to prediehdviour in the yield zone; elastic
stresses in the region beyond this are calculagedyuamé’s relationships. It is hence
referred to as th@&resca Elastic-Plastic solutionWhile this model was developed [26]
and expanded upon (e.g. by Bland [27]) many yeds to this study, it builds upon
the Lamé solution to incorporate plasticity into elegant analytical solution. This
provides a convenient means of introducing manmseand concepts, so is included
here. In addition it was used as the basis ohdialiswage model, described in section
3.5. The development of the Tresca Elastic-Plasilation is given in Appendix A2,
and the resultant equations are summarised below.

3.3.1. Overview

Whether autofrettage is achieved hydraulically broagh swaging, the process
involves expansion and plastic deformation of tifeet followed by relaxation and the
development of compressive stresses around the ID.

Consider a tube loaded by an internal pressureyhich increases from zero to the
final autofrettage pressurpar. Once the pressure is high enoupgd) {ensile yielding
initiates at the ID r( = r,), propagating outwards as the pressure incredsesg’s
solution clearly shows that the Tresca equivaléneiss is highest at the ID. When the
applied pressure reachpg, the maximum radius of plasticity is termed temary
Yield Radiusrp (ra<rp<rp).

Upon removal of the autofrettage pressure compredsoop stresses are developed
within the expanded material found within the pmgngield region (2 < r < rp),
partnered by tensile hoop stresses in the elasgiom ¢, <r <r,). As in the pressure
application phase, these compressive stresseseatest around the ID. If the change
in stress state (i.e. equivalent stress) betweeak peessure and residual conditions
exceeds the elastic stress rangg),(compressive yielding initiates at the ID and
propagates outwards — the limit of this reyieldim¢ermed th&Secondary Yield Radius
rs. As will be demonstrated, unless the tube mdtefiar < r, loses all strengths{¢ =

0) following the plastic strain experienced duriagtofrettagers < rp. Figure 3.6
illustrates these radii.
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Figure 3.6: Yield Diagram

As noted towards the end of sub-section 2.4.2.8, fitst elastic-plastic solution
investigated is that based on Tresca’s yield ¢otgerwhich allows for explicit solution
of the stress field (within a hydraulically autdfegyed tube that remains plane
throughout). An elastic, perfectly plastic matefiz. ov"°™ = 6"} is used which is
the most simple stress-strain response that inslptiesticity (see Figure 3.2).

3.3.2. Autofrettage Stresses

Plastic Region

Elastic Region

_ 9valp
g <r=sr 3.2
6~ 2rb ( j P b (3.2)
2
p
2
b

o,=Ee, +|/0'Y0(r ]

The primary yield radiust,, cannot be determined through rearrangement aar oth
direct means; instead, it must be found througthatsteration using the boundary
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condition o; = par at the ID ( = ry) applied to the radial stress expression from
Equation (11.6). This was achieved (using Matlalt, any other suitable numerical
method would quickly achieve a converged answerinbgementing from an initial
value ofr,.

A special case of the radial stress from Equatibh6) can be formed to give an
expression for the minimum pressure required feldyng (or limiting elastic pressure)
at the inner facge. Settingr andrp tora:

2
p%[l_]ff_(li] @3

If the autofrettage load is hydraulic, a simple pamson of the applied pressure to the
limiting elastic pressure, from Equation (11.8)ll@etermine the presence of yielding.

3.3.3. Unloading Stresses

Unloading stresses are calculated in a separategsdo the autofrettage stresses, and
then subtracted from the autofrettage stresseseterrdine the residual stresses.
Unloading from peak autofrettage conditions mayuo@ither elastically or otherwise
involve further plasticity; this is found to occat the ID in the first instance, and may
be detected by assessing the Tresca equivaless stiere the tube to remain elastic.
This can be more easily seen by rearranging Equafid.9), and making the
substitutionr =ry;

S =0y (3.4)
&
Pe
If unloading occurs elastically, residual stressescalculated by superposing standard
Lamé elastic stresses, caused by the applicatigmffrom Equations (11.4) upon
those created during pressurisation If residuasses are sufficient to cause reverse

yielding, a secondary vyield radiuss, must be designated and unloading stresses
calculated by the following:

Plastic Region

r2 r2
O, ==0yo|1-=+In| =
ry r
r.2 r.2
g, =0, 1+ri2—ln r% ra<r=<rs (3.5)
b
Jz = Et‘gz +Vt(ar +U€)
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Elastic Region

2 2
Oyl | T
7, = st(%ﬂj osr=n (39
fy r
o :E[£z+vt(ar+09)

The secondary yield radius, is found using the zero internal pressure agkxation
criterion. This means that the residual radiaéssr(from Equation (11.12)) summed
with the radial stress during Autofrettage (fromuBtion (11.6)) must give an answer
of zero (arr =r,), as seen below.

PRI (| A e :
-2 1-—+In| = ||+0,|1-=+In| = || = 4
2 2 r2 O 2 r2 3.7)

As with rp from Equation (11.6)rs may be calculated by a short iteration; it will be
found to be smaller tham. It can be seen from Equation (11.9) thap/gs increases
from 2 (for the elastic, perfectly plastic casedcandary yielding occurs for radii
progressively greater thap. Plots of residual hoop and axial stresses withilbe
with Wall Ratio 3.0 can be seen in Figure 11.2.

3.3.4. Strains

While Equations (2.4) — (2.6) provide a means &seasing component elastic strains,
they are not capable of calculating plastic strdinsse are found by subtracting elastic
strain components from the total values. Totalghstoains are found to be:

2
% =-ve, + (1—|/I)JY°:”2 +(1- 2|/t)(20—*)t ra<r<rp, (3.8)
Elastic t !

Plastic Elastic

Plastic hoop strains may then be found by subtrgatlastic hoop strains, calculated by
Equation (11.16), from the total value, Equatioh.?1).

O, 2
£p =(1—vf{ Y0 —Ej (3.9)

Er? E

Whereo represents the yield strengilaring loadingof the materiakt that position
Hence when modelling the Bauschinger effect if éhisr no strain hardening present
(i.e.H = 0) it equalsryo, and when modelling strain hardening it increasEording to
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the hardening relationship defined. Also, givem #ssociated integrated flow rule,
plastic radial strain is given by:

gP=-¢&) (3.10)
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3.4. VARIATIONS ON THETRESCASOLUTION

The model described in section 3.3 incorporateslastic, perfectly plastic material —
this is a simplistic plasticity model, which maimis a constant equivalent stressof
while in the plastic regime. As such, it is nopnesentative of the stress-strain
response of candidate steels to plastic deformdgspecially during unloading), as
described in section 3.2. In light of this, a eerbf adaptations are applied to the
Tresca solution to reflect the different responweplastic strain described in section
3.2.

Not only does the development of the variants allogvinfluence of these responses to
be observed, it increases experience in the dewmop of modelling autofrettage
scenarios. The adaptations allow the followingaweburs to be modelled:

Isotropic Hardening,
Kinematic Hardening,
Bauschinger Effect,
Pseudo von Mises.

PowpbdPE

3.4.1. Effects of Plastic Deformation

Equations (11.12) to (11.14) provide a means oésmsg stresses within the tube
subsequent to secondary yielding, providing theemetproperties of the tube remain
unchanged. However, after tensile yielding (aseeepced by the tube during either
hydraulic or swage autofrettage), metallic materiakperience changes to their
properties, as described in section 3.2.

As can be seen from Figure 3.3, strain hardenitgrsalthe stress-strain state of a
material once plastic deformation has begun. Waébpect to autofrettage, strain
hardening would manifest as a reductiomgifor a given value opar as the material in
the regionr, < r <r, would carry more pressure load than in an autafgettube of a
perfectly plastic material (although the minimunegsure required for autofrettage,
would be unchanged). This is most obviously tiue imodel that utilises the Tresca
yield criterion, given the commonality with the @durium equation (used in Equation
(11.5)). As strain hardening occurs, the diffeeeetween hoop and radial stresses
increases, allowing for greater hoop stresses amlcen greater pressure load.
Subsequent unloading would also be affected; foligwthe load reversals would
either be increased or decreased, for kinemaigotropic hardening, respectively.

The Bauschinger effect occurs solely during unlogdafter plastic strain (Figure 3.4

shows this, and defines tBauschinger Effect Factpp); the primary yielding process
is unaffected, henag remains unchanged.
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3.4.2. Implementation

Strain Hardening and the Bauschinger effect areeftsl by multiplying the yield
stresses from the Tresca yield criterion (Equatibt0)) by a scaling factor. Stresses
in both loading and unloading procedures must tezead, requiring a scaling factor for
each case — designatégl andFgy for loading and unloading, respectively.

During loading only strain hardening occurs as Beuschinger effect does not
influence vyield stress until load reversal commendence only material within the
deformed regionrg <r <rp) is affected; accordinglifs, is only applied to the stresses
eqguations within the deformed region. Hence, titefeettage loading stress equations,
adapted from Equations (11.6), are scaled usgpgobecoming:

F.o r; re
o = ——SLZ Yo {1——"2 + In(—”zﬂ
r r

r2 re
0, = FSLZO'YO {“_g_m{r_gﬂ (3.11)

'y

Jz = Etgz +Vt (Jr +JH)

Extending the principle of an altered yield streg® the unloading phase, a second
scaling factorFsy, is introduced to alter yield duringnloading— in this case to the
unloading yield criterion, Equation (11.9).

During unloading both strain hardening and the Bhumger effect influence yield
stress; in addition, when isotropic hardening isspnt, the increased yield stress
extends beyond the reyield regian € r < rs) to r,, which must be reflected by the
elastic stresses in the regiyx r < r,. Fsyis calculated to incorporate this behaviour
(and must equal 1 in the undeformed regrgrs r < r,), and is used to scale unloading
stress equations, adapted from Equations (11.12JHin13), in both elastic and plastic
regimes:
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The secondary yield radius is then found by summadjal stresses at=r,, from
Equations (3.12) and (3.11), to zero, forming Emume{3.14) (this is equivalent to the
formulation of Equation (11.14)):

F. O r2 r2 r32 r52
_—SLZ Y {1_é+ln(r_:2J}+ FSUUY0|:1_E+In(r—aZ :O (314)

In summary,Fs. andFgy are used to control post-yield stress-strain iaiahips; it
now remains to defin€s_ andFsy so as to give the desired behaviour during plastic
deformation.

3.4.3. Plastic Strain

As both the Bauschinger effect and Strain Hardemirggdependant on plastic strain,
the (loading) plastic strain must be identifieddvefthey may be addressed. Plastic
hoop and radial strains are given by Equations2@land (11.23), and may be

combined into the Tresca equivalent plastic stusing the following:

gP =gP—gP
Tr 4 r (315)
=2&)

At this stage, it was thought that making straimdeaing proportional to the Tresca
equivalent plastic strain was a sensible balan@eaifiracy versus simplicity.

Now the plastic strain which occurs during autafgé has been quantified, it remains
to formulate relationships between it and mateyiild stress.

3.4.4. Strain Hardening

The increased strength of the tube material duaungfrettage in the deformed region
(ra<r <rp) is represented by raising the yield strength alaQy— in general, treating it
as a function of Tresca equivalent plastic strain:
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g,-0, =0, = F(sTp,) (3.16)

Assuming linear isotropic hardening, the alteredidjistress of the strain-hardened
material is given by:

F(‘sT",)zaY =0, +Heh

Whereoy is the modified yield stress of the material, #h(the Tangent modulus) is a
constant, typically assumed to be 0.05 to B.1 Substituting for Tresca equivalent
plastic strain (Equation (3.15)) and rearrangingg fTresca yield criterion (from

Equation (2.10)) in a linearly strain hardened tigo®und:

am[1+ 201-v?) :ﬂ

Op=0,=0= H (3.17)
[1+ 2(1—1/2)}
E
Accordingly the yield stress scaling factor in loay Fsy, is given by:
Hr?
1+21-v?)—°
2|

Fe = (3.18)

[1+ 2(1—v2)';}

It must then be decided if the tube material bekasetropically or kinematically in
plastic deformation, such that the elastic stressye ¢) may be calculated. If
isotropic hardening is desiregk = 2omax henceFsy = Fgy, or if kinematic hardening is
desired,oe = 20vo henceFsy = 1 (Fsy operates on the stresses developed in Equations
(3.12), which, as described in sub-section 11&ready incorporate the stress range

= 20'\(0).

Figure 3.7 plots the residual stresses within ariatic hardening tube with Wall Ratio
3.0 subject to Strain Hardening ldf= E/10, again with an autofrettage pressure ratio,
pi/oy, = 1.0909. The normalised primary yield radiugrdases to 0.4090, and the
normalised secondary yield radius decreased to7Q.80resulting from the increased
yield stress of the material.
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Flot of Residual Stresses vs. Radial Position, Secondary Yield Case
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Figure 3.7: Residual Stresses in a Tube subject tanear Strain Hardening

3.4.5. Bauschinger Effect

As described in sub-section 3.4.2, the Bauschirgdiect was implemented through
selection of the scaling factor in unloadifrgy, (given by Equations (3.12)).

The Bauschinger effect was addressed by considdrendegree of weakening to be a
function of Tresca equivalent plastic stra.h;l'?X, so that as initial plastic strain drops
from a maximum at, to zero at, £ varies accordingly with radius in the tube.

As described above, the loading stage is unaffdayeithe Bauschinger effect (e fgs.
= 1), leavingFsy to be defined. To model a decrease in yield gtren

F,=A 0<f<1  (3.19)

Milligan, Koo and Davidson [21] assessed the Bawmgsr effect in high strength
steels, providing a basis for the selection of @alaf the Bauschinger Effect Factgy (
used here.
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The unloading profile of a material subject to Beuschinger effect is determined by
prior plastic strain — accordingly, as prior plaslecreases from a maximumrato a
minimum atrp,  was varied in this region. In this study, it whsught that scaling the
decrease in yield stress in proportion to priors€eeequivalent plastic straiaqﬁ, was a

good approximation for this study, i.e.:
B=1-Fy, [&] (3.20)

WhereFg is a positive scaling factor. We may now applyead constraint to identify
Fg—if = o atr =r,, then:

Fy = ~Fy (3.21)

P
Er

Now thatp has been found;sy may be found using Equation (3.19); subsequently,
Equations (3.12) and (3.13) may be evaluated to gileading and hence residual
stresses.

The formation of the above equations rely on theiragsion thatrs < rp; to confirm
this, Equation (3.14) is evaluated withis set to the limiting case of equality with

FsL= 1, giving:
r.2 r.2 r.2
-k 1——”2+In( J +k(1+5) 1——"2+In{—”2] =0
rb rb ra

(1+B)=1 (3.22)
In view of Equation (3.22), it is clear that< r, when 0< f; hence the range95 <1
is valid without exception for Equations (3.12) 48dL3).

= | =
NI ESEIN
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Flot of Residual Stresses vs. Radial Position, Secondary Yield Case

Mormalised Stress, gﬂ"n

o / —— Radial Stress, o,

0.8 Ty TRREEEEE REEEEE Foo-eo- $oo-e- 1--| — Hoop Stress, o,

' : . : | i ---- Axial Stress, o

I I I
a 0.1 0.2 03 04 05 0B 07 0s 0% 1
Mormalised Radial Position, (-r ) -r )

Figure 3.8: Residual Stresses in a Tube subject the Bauschinger Effect

Figure 3.8 plots the residual stresses within & twlth Wall Ratio K, = 3.0 subject to
the Bauschinger effecp{ = 0.7)), again with an autofrettage pressure rgley, =
1.0909. Compared with the elastic, perfectly jtasase (Figure 11.2), the normalised
primary yield radius remains at 0.8703 (the Bausghi effect is an unloading
phenomenon); however, the normalised secondarg yadius increased to 0.1291 —
resulting from the reduced yield stress of the mm@teunder reverse loading.
Additionally, the magnitudes of the stresses withia yielded region are reduced. This
is unfavourable, as the size of residual stresstsermiines the amount of benefit
obtained from autofrettage.

3.4.6. Pseudo von Mises

The Pseudo von Mises model uses the relationshipelea the yield stresses calculated
by the Tresca and von Mises vyield criteria, devetbpn sub-section 2.4.2.2, to scale
the Tresca yield stress to the von Mises yieldsstie plane stress

By assuming a plane stress € 0) case, and approximating = -0y, we may then

assume, using Equation (2.9), tkabecomes the von Mises value, and increases in
magnitude by ~15.5%. This new vyield stress (inepshiear) may then be used in the
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above Tresca method to approximate a von Misegigolof a planestresstube. This
should be used with caution, as it is not a steedenerally exists in long tubes.

3.5. PSEUDO-SWAGE MODEL

Once an insight into stresses (and methods totfiath) in pressurised tubes had been
gained from Lamé’s solution, the focus of work oipeah to form an analytical model of
autofrettage. The process of pseudo-swage autgjeeis modelled by treating the
mandrel as a short solid disc (in Plane Stressglirag down a tube. It is assumed that
the mandrel behaves elastically, while the tubsulsjected to plastic deformations.
However, as there are no axial variations incorjgakathe model is effectively that of
hydraulic autofrettage, albeit incorporating theerference fit of the mandrel — which
gives an insight into the required mandrel size @itections encountered.

Figure 3.9: Interference Diagram

3.5.1. Initial Stages

First, the Compatibility criterion is introducedj the basis that the inner surface of the
tube is in contact with the mandrel, at some radi@@s shown in Figure 3.9), wherg
<r; <rm Ensuing from this requirement, the combineded#itbn of the tubew) and
mandrel () must equal the difference between the mandrelsad,) and the inner
radius of the tuberf). Letting this differencerf, - ro) equalo:

o=r,-r, (3.23)
It also follows that:

0 =-u,+u, (3.24)
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Sub-section 11.2.6 develops and number of straaioaships in tubes; in particular,
Equations (11.15) and (11.16) are used to linkretreo displacements, which are used
below. Additionally, the tube and mandrel are disked by the continuity of radial
stress across the interfacern(atr;) between them. Hence,rat

o =(0,) =-p (3.25)

The tube and mandrel will now be addressed searate

3.5.2. Mandrel

The mandrel is assumed to be an elastically befdulve, of inner radius zero. Asitis
assumed to behave elastically, the stresses witleirmandrel may be assessed using
Lamé’s case, Equations (11.2) and (11.3). Howeasethe mandrel is soliddecreases
to zero at its centre; hence, the consBumust be set to zero to avoid singularities.
This means:

=0,=A (3.26)

It is now possible to assess the hoop stress imtdralrel (required for compatibility —
Equation (3.24)). Substituting the Plane Stregsrasn (o, = 0) into the general elastic
hoop strain Equation (2.5), the following is obtain

(&) :((ae)m _Vnle )mj (3.27)

E E

m m

We may substitute fosy in Equation (3.27), using Equation (3.26), obtagnithe
following simplification:

(€)= % (3.28)

m

By substituting fore; from Equation (3.25) into the above, the followieguation is
yielded.

(&), = P=m) ('E V) (3.29)

m

Equation (11.16) is then used to change Equatid@®)3nto a deflection expression.

T (3.30)

m
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Aside from the interface pressupg, all terms on the right hand side of Equation @3.3
are known. It now remains to form an expressiarte deflection of the tube, to solve
the compatibility requirement between the mandnel @be using Equation (3.24).

3.5.3. Tube Stresses

In the case of swage autofrettage the applied presssults from the interference fit
between mandrel and tube. The interface pressumand by solving Equation (3.24),
given the interference from Equation (3.23). Tékagtic) mandrel deformationy,, is
found from Equation (3.30) — an expression fortiiee deflection is needed to solve
Equation (3.24).

Sub-section 11.2.6 develops a relationship fortoke& hoop strain in an elastic-plastic
tube, given by Equation (11.21). This can themdr@verted into a deflection equation
by multiplying through byr (as when formulating Equation (3.30)). At the ann
surface of the tube, where=r, ands; = -p;, this then becomes:

2
u =-rve,+@1-v,) Ko ra(1—2|/t)2Ioi (3.31)

tra t

Substituting Equations (3.30) and (3.31) into Equa(®24), yields:

kr? . T
5=ty + (1) 2L 2Vt)%—(1—vm)% (3.32)

t'a t m

A value for the axial strairg;, must now be selected. As the length of the tisbe
considered to be large, it is appropriate to assin@Blane Straincase — meaning axial
strain is set to zero. The radial stress at therisarface of the tube, from Equations
(11.6), is then used to introduce an expressiompifoby substituting from Equation

(3.25).
it
p=K1--—2+In = (3.33)
r, r,

This leaves Equation (3.32) with one unknown,—While r, cannot be separated and
solved analytically, an iterative method quicklyelgs a value numerically. Once
found, the value of, can then be used to evaluate Equations (11.6) &hd)( to
identify the stresses within the tube when defi@dtg the mandrel.
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3.6. OTHER SOLUTIONS

A selection of solutions is presented below, bathlgical and numerical; these were
chosen on the grounds of their suitability for camgon and validation of numerical
methods developed subsequently in this researchilewhey have been appraised in
the Literature Review, this section expands upoairttspecific suitability and
subsequent use.

3.6.1. Avitzur's Model

While Avitzur's method is quite general in termshyidraulic autofrettage load cases it
can model, it does not give an explicit solutiom fioe component stresses or yield
radii, and hence large amounts of iterations agaired to obtain an output. This made
it awkward to implement within a spreadsheet, a@adck it was not used for validation
of later numerical simulations. Although Avitzurimethod offers an answer for
hydraulic autofrettage using von Mises, the ultenaim of this research is swage
autofrettage. Critically, without the ability toadel material non-linearity, Avitzur's
model is of little use to this study, beyond it#iat stage. As such, a more practical
comparison model is required, even if more limitadterms of the end conditions
which may be considered.

3.6.2. Huang’'s Model

Although restricted to the incompressible planaistcase, and hence more restrictive
than Avitzur's model, Huang’s model very easilylggea solution. This makes it of
more practical use for comparison with numericatigle developed later in this course
of study. In addition Huang's model can represkoth bi-linear and non-linear
material behaviours, making it suitable for comgami with future autofrettage models
(depending on the specific stress-strain relatigmshvith the noted exception that a
single unloading profile must be used. The uskEludng’s model is described below,
which reuses the nomenclature used in the initialipation for clarity.

The model considers the tube material to behawsaliy in the elastic phase (both
loading and unloading), and either linearly or adow to a power-law in the plastic
phase (loading and unloading may be treated indigely). Figure 3.10 shows a
material following a power-law relationship in bdtrading and unloading. Yielding
occurs in the loading phase at point 1, when thevetgnt stress reacheé'; during the

unloading phase yielding occurs at point 3 whenvedent stress equats, .

Table 3.1 summarises the set of stress-strainioefatin both elastic and plastic
regimes. As well as Young’s Modulus (in both loggiand unloading; as described in
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sub-section 5.1.1, Young’'s Modulus can change Wolig plastic strain), the relations
require the following parameters to describe trestit behaviour of the materia;,
Ay, As, A4, B; andB,. The parameters form three groups: constantfidAg), linear
(A2 andA,) and exponentiaB; andB,).

Loading Unloading
Phase Stress Response Phase Stress Response
0-1 o=E¢ 2-3 o =E,&e™
1-2 o= AL+A2£Bl 3- ot = A3+A4(8U|_)Bz

Table 3.1: Summary of Material Parameters, Huang'sMiethod

A; andAg are selected such that the two sets of elasticptastic equations produce
continuous results at.E; anda\ﬁJ = (points 1 and 3 on Figure 3.10) respectively:

A=6E-Ag (3.34)

A=V E, - Al ) (3.35)

A, and A, are multipliers in the plastic regime; when aibear material is modelled
they give the plastic slopes, and respectivelysateequal tdH; and H,, the plastic
slopes in loading and unloadin@; andB, are exponents of plastic strain; when a bi-
linear material is to be modelled they are set qaaé one, denoting linear stress
response to plastic strain.

O A

+ <«

Oy

UL OE

@ ey g

Figure 3.10: Stress-Strain Diagram of Material-Fitused by Huang

Huang’s model is used in the comparisons present€thapter 4, where it is used with
a bi-linear material model. It was considereddomparison with results from material
models developed in Chapters 5 and 6, which alleprasentation of the gun steel
A723-1130 (the material-fit is described in subtmec 5.1.1) within ANSYS.

However it was thought that the single, fixed udiog profile used by Huang's Model,
combined with the requirement for an incompressibigerial under zero axial strain
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would complicate comparison; instead, only resiutisn the Hencky Programme were
used.

3.6.3. Hencky Programme

Given the ability of the Hencky Programme to mduraulic autofrettage, using von
Mises equivalence, over the full range of end ctmials and including realistic material
behaviour, it was deemed suitable for validatiorhydraulic autofrettage models that
would be created. It was used in Chapter 4 to lsitewa bi-linear material behaviour,
and in Chapters 5 and 6 to simulate a non-lingasststrain response in unloading.

3.7. SUMMARY

A review of material models was conducted, with bBagis on response to plastic
strain. The Tresca elastic-plastic solution wasntimplemented and subsequently
adapted to reflect some of the plastic strain nesps previously identified. Finally, the
solution was extended to include an interferenceith a solid, elastic, cylinder within
the tube’s ID.

A review of analytical and numerical models suigalibr comparison with future
models of hydraulic autofrettage was then made.
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4. HYDRAULIC AUTOFRETTAGEMODELS INFEA

4.1. INTRODUCTION

After the investigation of analytical models in @kexs 2 and 3, Finite Element models
were developed; this allowed a wider range of nmresaistic hydraulic autofrettage
conditions to be simulated, than is practically giole through analytical methods.
This will form the basis of future work, in partian the model of swage autofrettage —
of crucial importance to this study.

To be useful to this study, it is essential thay amethod used meets the following
criteria:

Uses the von Mises equivalence relation,

Offers suitable material modelling capabilities,

Allows constraints to be applied to suitably moaelide range of conditions,
Allows for batch processing of cases so that ogttnon, convergence and
parametric analysis may be conducted.

PwpNpPE

As ANSYS [28] was immediately available, it was essed on the above criteria; it
was found to fulfil all points, with the followingotes:

1. Strong scripting through the ANSYS Parametric Desiganguage (APDL),
allows for very effective parametric/batch modeglin

2. ltincludes a well developed means of customisadiomany features, including
material models, through User Programmable Feafuless).

It is accepted that most modern FE packages oféarynor all of the required features,
ANSYS'’s known strengths and immediate availabititgde it the clear choice.

The analyses presented in this thesis, conductddnvthe ANSYS FEA programme,
utilise Lagrangian methods, as the amounts of di&fle that occur in the various
models are not sufficient to require Eulerian-basedhods.

Eulerian methods represent the modelled geometityirwa fixed frame of reference,
making them more suitable for modelling flow (swshthat which occurs during large
plastic deformation); instead, Langrangian methadse a moving frame of reference
more suitable for modelling discrete objects.

In terms of geometrical discretisation as usediad Rhe Lagrangian method considers
a predefined section of material to be containethiwithe periphery of an element
which deforms with the material, whereas the Eaftermethod considers cells to
remain stationary whilst material flows into, otditamd through the cells.

This chapter describes the work conducted to mibaéehydraulic autofrettage process,
and subsequent unloading, in a range of end-conditi To this end, simplistic bi-
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linear material models are used; elastic, perfgalhgtic during the optimisation stage
(section 4.6) and kinematic hardening for comparisdh other methods (section 4.7).

This allows development work to focus on the madglbf the physical conditions of

autofrettage, allowing errors to be rapidly idaetif and inconsistencies between
models to be addressed with confidence. Accuratiemal representation will then be
added at a later stage.

4.1.1. Summary of Hydraulic Autofrettage Models

The Hydraulic Autofrettage models created within & were designed to simulate
the mid-section properties of a long internallygsurised tube, subject to a range of
end conditions. Additionally, as simulation of thgdraulic case would serve as a
precursor to that of swage autofrettage, modelmogk done on the former should be
transferable to the latter to avoid duplicatioretiort.

The first model simulated and section of tube, which allowed both plane strap=(

0) and plane stress,(= 0) conditions to be created through applicatdbrelement
properties. Results from this initial model weretable for comparison with those
from analytical and numerical methods studied eafsee Chapter 3), and gave good
agreement.

As ther,d section model was limited in the range of end @tk it could simulate,
and could not include axial variation (which woub@ important when modelling
swage autofrettage), it was then necessary to atman autofrettaged tube in another
way, this time modelling anz section.

Using anr,z section it was possible to predict the stressiligion in both plane stress
and general plane strain conditioags< constant w.r.tr), comprising true plane strain

. 27
as well as open-ends (net axial force sums to m[{.(())l,rj'r o, [dr[dd=0) and closed-
ra

21 pry
ends (net axial force sums t_f) jaz [dr (@6 =2mm2p,. ) conditions. Additionally,
0 r,

axial variations can be included, making the maaleleffective mile-stone towards
simulating swage autofrettage.

As in the analytical models, gravitational effeate ignored in all FE models used in
this study; given the tiny size of gravitationatdes compared to those resulting from
pressure loading, inclusion of gravitational foreesuld add needless complexity and
preclude the use of axial symmetry in theesection model.
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4.2. COMMON MODELLING NOTES

4.2.1. Model Optimisation

This sub-section describes the optimisation proeedas applied to FEA; it is
employed generically for all models, both describethis chapter and subsequently.

Once ANSYS models were confirmed to be generatuitalsle results, their meshes
were optimised to balance computational size agaicsuracy of results; this dilemma
is faced almost universally whenever a process waihed. While the meshes
described in this chapter remained relatively sempllowing results to be obtained in
10-20 seconds, it was recognised that models carklgubecome more complex.
Accordingly, optimisation was crucial to minimisensputational requirements while
keeping element size small enough to resolve radightion in material behaviour,
particularly during unloading.

The optimisation was conducted in a relative marn@sults from one mesh geometry
were compared against those from the next mesheirappropriate “fineness” series
(i.e. a coarse mesh was compared against a sligisgycoarse mesh).

This may seem counter-intuitive when like-for-li&@mparisons with different methods
are possible, but relative error convergence iseful measure (and in some cases
necessary) due to the following:

1. Available Comparisons — like-for-like comparisonoulM not always be
possible, especially as swage models were developecbrdingly it was
important to confirm that ANSYS is able to genersudficiently stable results
to allow convergence to be monitored as elemeetisidecreased.

2. Numerical Accuracy — even though different numérarad analytical models
may be used to model identical conditions, diffeemin iterative procedures
and rounding (some of which will not be known ontrollable) will mean that
no two methods ever give exactly the same answéhese inter-method
differences may be small, but will skew convergegi@phs.

Once the optimisation process had been conducteddch model, results from the
optimised models were compared and validated agalata from other sources
(numerical or empirical), where available. For #hidal section model developed in
this chapter (section 4.4), such comparisons aderrasection 4.7.
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4.2.2. Material Model

A bi-linear material model was chosen — while agistic representation, it allowed

the structural aspects of the model to be develepgwut the complexities of material

non-linearity (the implementation of which is dédiin Chapters 5 and 6). Such a
model is defined in two stages in ANSYS; elastid pfastic behaviour. To model the
apparent drop in reverse yield strength (see se@id) of steel, a kinetic hardening
model was selected (rather than isotropic). Wtiile is not an accurate model, it is
generally more representative than isotropic handen ANSYS refers to such a

material as BKIN.
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4.3. HOOPSECTION MODEL

The following description has been kept brief, suamsing early work, with notes on
element selection and details of tests moved tbased.5 to reduce the duplication of
material between Hoop and Axial section models.

During the development of the model, familiarity svgained with ANSYS, and
modelling methodologies were developed that woutt@ valuable when developing
future models. For this reason, future modelsi{sagthe Axial Section) are presented
in more detalil.

4.3.1. Overview

After following initial tutorials contained withinthe ANSYS documentation, a
transverse section of the tube was modelled. Eidut displays the dimensioning of
the model, and Figure 4.2 describes the mannerhichwthe model is loaded and
constrained.

Pressure applied
to Inner

urensuo)D /
[eoaWWAS

N

Figure 4.1: Hoop Section Model Geometry Figure 4.2: Hoop Section Model Constraint

Initially a single quadrant (Figure 4.3 was useddemonstrate that the developed
stresses when autofrettaged were as expectedhahdotational symmetry could be
used to reduce the model size. This was refintml an1° segment (Figure 4.4)) to
further exploit the rotational symmetry of the tuladowing a finer mesh for a given
number of elements. In both cases, the meshes we&med by constraining the
section surfaces as lines of symmetry.
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Figure 4.4: Refined Mesh

The above mesh gave finer radial granularity,
allowing more accurate comparison of stresses.

Figure 4.3: Initial Mesh

The first quadrant mesh, showing a contour
plot of von Mises stress during autofrettage.

Preliminary investigations showed that the angleeaaftion ¢se9 had no influence on
the generated results, which left mesh finenesshasnext topic of study. Mesh
fineness is effectively represented by two valdks, number of division in the hoop
and radial directions; these two variables wera theestigated.

Initially, both the number of radial and circumfetial divisions were varied, to
determine which had the most influence on errdne mumber of radial divisions used
were 10, 20, 30 and 40, and the number of circienteal divisions used were 1, 2, 3
and 4 (Figure 4.11 shows the mesh structufig)swas selected to give square elements
at the ID (see Figure 4.11). The convergence pébiswing errors (relative to Huang's
method) in radial and hoop stresses at the innamelier during peak pressure
conditions, are shown in Figure 4.5.
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Figure 4.5: Initial Error Convergence Plots

Results were taken at the ID for an incompresdildbe ofK = 2, of bi-linear material
(E = 209 GPay = 0.4999999999%v0 = 1,100 MPaH = 20.9 GPa), autofrettaged to
791 MPa (nominally 50% overstrain). These werecimad in Huang's model.

It was quickly discovered that while the number axfcumferential divisions had

virtually no effect on error (the data sets forfeliént numbers of circumferential
divisions are almost coincident), the number ofakdivisions strongly influenced the
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accuracy and smoothness of results. Consequémtywumber of radial divisions then
became the focus of a more thorough sensitivityyarsa described in section 4.6.

Following these initial investigations, optimisati@f the number of radial divisions
was systematically assessed, as described in stibrsd.6.2.
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4.4. AXIAL SECTION MODEL

4.4.1. Overview

Once initial work, developing the hoop sectiand model, had been completed, a
series of axial section (taken on thg plane) models were created. As well as
allowing Open-Ends and Closed-Ends (in additiontrtee Plane Strain and Plane
Stress) conditions to be investigated, axial vemmtwould also be able to be

incorporated. In turn, a similar model could bedigas the basis for simulating swage
autofrettage, as well as tapered sections and nidaron pressure loading.

Switching to an axi-symmetric model had the addaio benefits of effectively
eliminating any unnecessary simulation overheadelycing the considered angle of
tube to zero, and presenting a rectangular arean&shing (avoiding problems with
element geometry at high valueskgf

General plane strain (in the context of tubes) wless the condition when initially
plane sections remain plane while under loadgi.Bs invariant with respect to radius.
General plane strain is a collective term encompgsangineeringplane strain — in
which all sections of the tube possess an equalanud axial strain — anttue plane
strain — a special case of engineering plane stinaihoccurs wheg, = 0 throughout the
tube wall.

In general, it would be necessary to model a l@ggien of tube to allow accurate mid-
section properties to be calculated (Saint-Venapticiple implies that stresses
resulting from a point load applied to the end dfemm may be considered uniform
when more than one thickness from its end). Howamghe models described below
the end constraints (on surfaces 1 and 3) aretedléz reproduce the conditions found
at the mid-sections of the respective tubes, eltimg the need for long models. For
the general plane strain cases (i.e. all excepiieg Plane Stress model), the end
constraints maintain plane strain conditiofgq constant throughout the tube wall) and
apply an appropriate axial load; details are giéh the model descriptions.

4.4.2. Axi-Symmetric Modelling

When creating an axi-symmetric model in ANSYS ibmy necessary to represent one
half of the section, as rotational symmetry equétess a special case of, reflectional
symmetry. ANSYS requires that the axis of symmetrglaced on the global Y-axis —
this means the following conversions apply when fwar co-ordinates of the
considered section are translated to the Cartesiardinates used:to X, 6 to Z, zto

Y. Thisis shown in Figure 4.6.

Accordingly an axi-symmetric model is created bgating an area as described above,

which is then meshed with a suitable planar elepterwhich has been applied the axi-
symmetric property (throughkEYOPY.
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Applying the axi-symmetric properties establishesoastitutive relationship between
hoop and radial properties, much like that in tlggildrium equation (2.1). This

provides effective constraint in the radial direati requiring only the application of

axial restraint to achieve a fully constrained modén addition to restraining the

model, axial constraint is used to control axia¢sses within the section; accordingly
the particulars of the constraints applied are ifipeto each end condition, and are
hence given with the description of each end coylit

r
b IWalIdepth,

Irzrb'ra

\ 4

X v

Figure 4.6: Co-Ordinate System and Model Dimensian

4.4.3. Notes Common to ANSYS Modelling

The following notes apply to all models.

4.4.3.1. Element Selection

As explained in sub-section 4.5.4, PLANE183 elememere again selected for this
model, to which the axi-symmetric property was &apl

4.4.3.2. Model Geometry and Meshing

To represent a mid-section segment of a tube, arsiynple rectangle is required; thus
the model consisted solely of a rectangle, appatglsi constrained. The aspect ratio of
the rectangle was determined in a subsequent s#gs@nalysis (see sub-section
4.6.3), but was based on the premise that the mesidd always contain two axial
elements. When developing the initial model (ptmithe sensitivity analysis) it was
quickly determined that the number of axial eleraemad virtually no effect on the
accuracy of the results. This would suggest the of just one axial element.
However, it was found that thesolutionof results was improved slightly if they were
taken along an element boundary. For this reasorakial elements were used, rather
than one.
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4.4.4. General Plane Strain Models

The three plane strain (True Plane Strain, Oped- @wsed-Ends) conditions used
identical meshes; one end of which (A-C, as shawigure 4.7) is constrained to zero
axial displacement, the other (B-D) is constraiteedreate the desired end condition.

Tube Longitudinal
et e - .> AXIS’ Z

Pressure applied
to Inner Diameter

ALd400000 B

la

Mo

A
A\ 4

I,
Figure 4.7: Geometry and Common Constraint of Germal Plane Strain Model

Descriptions of the three Plane Strain conditioasd the constraints required to
achieve them, are given below; Figure 4.8 thenigesva graphical summary.

44.41. True Plane Strain

The True Plane Strain condition specifies thatlt@tdal strain remains at zero
throughout the autofrettage process (and subseguérading) at all points within the
tube wall; this is achieved through the applicatioh a zero axial displacement
constraint to the free end of the section (B-D)shswn by the additional constraints
applied to B-D on the left hand diagram of Figur8.4If required an arbitrary axial
strain may be created within the tube, as the epgglisplacement need not be zero.
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4.4.4.2. Open-Ends

The Open-Ends condition requires that the tube masty no net axial load (axial
stresses summed through the tube wall must surart)).z Simply leaving the end (B-
D) free would achieve this, but the section would remain plane (indeed, for a thin
section this would approximate the Plane Stressdition); instead, the axial
displacements of the nodes along B-D @yapled As the tube axis is perpendicular to
the surface, this has the effect of keeping thé@eplane whilst avoiding a constraint
load. This is shown by the dashed line along BARh® central diagram of Figure 4.8.

The Open-Ends condition is one that conceptuallyldjodue to its free end, have the

greatest axial variation — to capture these detaitsg tube section would be required.
Figure 2.1 describes the Open-Ends condition gcaiii
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4.4.4.3. Closed-Ends

The Closed-Ends condition represents a tube whplereences an additional tensile

axial force, which results from the pressure ofdhéofrettage fluid acting on end caps
that retain the fluid within the tube. These caps attached to the ends of the tube
(they are not free floating as in the Open-Ende)xasssentially the tube develops the
required reaction force to resist the pressureeforc

The Closed-Ends condition is created within theéisedy coupling the nodes along B-
D (as in the Open-Ends condition) and applying @diteonal load to that surface. The
load is scaled to equal the reaction force of thtofeettage pressure acting over a
circular area, of radius,. Figure 2.1 describes the Closed-Ends conditraptgcally.

F,. = P, d732) (4.1)

e Tube Axeg

Par

A Q00 B

i:> Fax

C D

True Plane Closed-Ends

Strain

Figure 4.8: Constraint Diagrams, General Plane Sain Models
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4.4.5. Plane Stress

The plane stress condition stipulates that thenedbaxial stresses present (i.e. stresses
lie on ther-0 plane). Unlike the Hoop Section model, the AX8aiction model cannot
use through-plane properties to achieve planess{ths tube axis now lies in-plane);
instead it is accomplished using a very short sactiln the absence of an applied
pressure (such is the case for the free ends afdtiBon), no normal stresses can exist
at a free surface.

The short section is constrained by setting thalaksplacement of a single node, at
the mid-point of the ID, to zero. The final lengilas selected during the sensitivity
analysis described in section 4.6.

Tube Longitudinal
» Axis, z

Mo

C;| D
_»4__

P

Figure 4.9: Geometry and Constraint Diagram, Planestress Model
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4.5. FEMODELLING, AND SUMMARY OF COMPARISONS

This section describes how the four different endditions were modelled within
ANSYS; although the final sizing of elements withive models was not established
until the section that follows, the models used foth optimisation and comparison
shared the same constraint, loading and meshinigotetogies.

For that reason, the above methodologies are pgesken this section, alongside a
summary of the two sets of tests that are detéiliylin the following two sections.

4.5.1. Summary of Comparisons

The comparisons were conducted in two stages $b dinsure the stability of results
from the ANSYS models, and secondly to assessdtieracy of results obtained from
them.

The first stage (section 4.6) was accomplished riwestigating the sensitivity of
representative results to the size of element ubeslallowed meshes to be identified
that generated sufficiently accurate results widebeing too onerous to solve.

The second stage (section 4.7) used results frermibdel optimised in the previous
stage, and compared them with equivalent resubis fexisting analytical and semi-
analytical methods (respectively, Huang’s model #tn@dHencky Programme).

45.2. Constraint

With the exception of the Axial Section Plane Sireaselines are constrained in all
models to retain the tube sections. In additiaséhconstrained lines act as lines of
symmetry, which is crucial for the Hoop section mlgdas they do not include the axi-
symmetric element property used in the Axial sectredels.

4.5.3. Loading

The pressure applied to the tube during the cormpasi were determined iteratively
based on the desired amount of overstrain, asleléta section 4.7. Conversely, the
precise amount of overstrain was not importanttieroptimisation process; instead, all
models were loaded to a specific pressure (seavidelothe value). While it would be

possible to apply load such that an equal amouwtvefstrain occurred in all models,
the basis of the comparisons was to assess homdldels respond to the same input.
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Additionally, gauging the extent of plastic strainthe more coarsely meshed models is
somewhat imprecise, and reliant upon manual intatioo.

All autofrettage pressures are applied to the limgsesenting the inner diameters of
the respective models, using the ANS$EL command. The magnitude of loading
would have to be sufficient to cause a significamount of overstrain (greater than
50%), to provide a valid test of autofrettage ctinds and residual stresses.

Selection of a suitable pressure required somilikperimentation which indicated a
pressure of similar magnitude to the material ystiegess would be suitable. For this
reason, the material yield stress was used asiitied value ofPar.

However during initial mesh sensitivity tests icheae apparent that in the Plane Stress
case, hoop stresses at the inner diameter at pessuype tended to zero. This
exaggerated the relative errors, making the tresflictively meaningless. It was
subsequently realised that given a small amountstcdin hardening (post-yield
equivalent stress ay(), this would always occur in Plane Stress cond#tiothenPar =

oyo, at the inner diametef; = Par = oy, ando; = 0, so given the von Mises yield
criterion,ay = 0.

For this reason, £Pa was selected as the valueHgr for the optimisation process.

4.5.4. Meshing

For both the Hoop and Axial section models, a twoeahsional (planar) element was
required. For a mechanical loading scenario, AN$¥&ides four such elements:

Element Number of Nodes
PLANEA42 4
PLANES82 8
PLANE182 4
PLANE183 8

Table 4.1: Element Summary

While the two sets of elements (PLANE42 and PLANE18nd PLANES82 and

PLANE183) are very similar, PLANE42 and PLANE82mmt support custom material
models (see Chapter 6), which immediately ruled theair use. PLANE182 and
PLANE183 do support custom material models — benoge recently developed, their
abilities are a superset of the earlier elements.
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Figure 4.10: Element Nodal Configuration

The addition of mid-side nodes allows for non-lingguadratic) deformation along the
side of an eight-node element; similar results d¢dag obtained using quadruple the
number of four-node elements, compared to eigheredements. It is arguable that the
results obtained from the larger number of fourenetements may be somewhat more
precise than those using the smaller number oft-gigtie elements, as a group of four,
four-node, elements is more easily able to distofithis precision would require
approximately 25% more nodes as well as four tithesnumber of integration points
(each of the elements mentioned has four).

However, for an otherwise identical mesh eight-netiaments would generate more
accurate results than would be the case if fouersldments were used. Also, due to
the quadratic deformation which is possible aldmgrtsides, eight-node elements are
better suited to model curved boundaries.

For this reason, it was decided to use eight-néel@ents — while this is little different
from using four four-node elements, it would redtioe number of element, nodes and
integration points required, and it would still pessible to increase the number of
eight-node elements beyond the 1:4 ratio if reguireAccordingly, PLANE183
elements were selected and used for both Hoop arad gection models.

Given a section of constant size, the number ahelds used to mesh has a great
influence on the accuracy of results generated ffttermodel. As such it is important
to be able to readily refer to the number of eletmepecified in different directions
along the model. Given the ability to explicitigtghe number of divisions along a line
when meshing an area in ANSYS, the number of dimsispecified to a line was
selected as a suitable measure of mesh fineness.

Given the three orthogonal dimensions (radial, lagred tangential), the variables
representing the number of divisions were namdisi@sl in Table 4.2:

Property Symbol APDL
Vari abl e
Number of axial elements Elax Axi_Div
Number of radial elements Elrag Rad_Div
Number of tangential element$ Elra, Tan_Div

Table 4.2: Mesh Sizing Variables
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These are illustrated in the mesh diagrams giveharfollowing two figures.

A

_._.E_._ EITar:2

Elrac =3

Figure 4.11: Hoop Section Mesh

Ele = 2

+—>
Elrac =3

Figure 4.12: Axial Section Mesh

With regards to the axial section model, elemengsiritially created as square using
the following relationship to determine axial leimdt, from radial lengthl, (rp - ra):

| =l (4.2)

z r
ElRad

45.5. Material

As this stage work was focussed upon modellinghef dutofrettage process and the
different conditions in which it could occur, henoaly a simplistic material was
required. Accordingly a bi-linear, kinematic handey material (see sub-section 3.2.2
for a description) was selected for the initialiopsation tests. This would allow for
plasticity in both the loading and unloading sewsioof the process. Table 4.3
summarises the material properties applied.
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Property Value
E 209 GPa
v 0.3
ay 1,130 MPa
H E/10° = 209 Pa

Table 4.3: Material Properties

During the Comparison tests, to better approxintaéeearly onset of yield following
plastic strain, described by the Bauschinger effaat artificial Bauschinger effect
factor () was applied to the tube material during unloadiMghile the material model
remains bi-linear, and hence only a rough approtionaof the non-linear behaviour
observed in metals, material behaviour is one clieger to that desired — a convenient
first opportunity for tailoring material propertiésiring unloading.

Alteration of the yield strength in unloading catisegreater degree of reverse yielding
to occur, allowing a more meaningful comparisonredidual stresses to be made,
especially for smaller values &. See Table 4.6 in section 4.7 for details of the
material parameters used.
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4.6. MESHSENSITIVITY AND OPTIMISATION

4.6.1. Overview of Tests

The discrete loading/unloading nature of the hylitaautofrettage models lends them
to be assessed both during peak pressure andaéteremoval of the applied pressure.
All cases were assessed using the following tests:

1. Summation of Hoop Stresses at peak pressure
Hoop stresses are summed throughout the tube aradl,compared with the

applied pressure load (demonstrated by Figure 4td¥)vestigate how well the
internal hoop force agrees with the applied load.

09

Par

09
Figure 4.13: Virtual Longitudinal Section, showingPressure-Hoop Stress Equilibrium

2. Summed residual Hoop Stresses
The magnitude of residual hoop stresses are sunorgetermine how well the
sum matches the zero pressure load applied. Thsureis effectively a mean
magnitude, which would equal zero in a perfectiguaate model.

3. Autofrettage and Residual Hoop Stresses at the Diaeneter.
In addition to the above it was required that sugft elements be used to allow a
reasonable number of results to be taken withoutegsive interpolation, for

meaningful comparison with other methods. It welsthat 100 data points would be a
suitable number for such comparisons.

4.6.2. Hoop Section Model

As both the Plane Strain and Plane Stress modets effectively the same (excluding
the through-element properties applied), they Vbetd tested in the same ways.
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Given the initial refinement of the model (reducibhdrom a 90° to 1° section), it was
already known that the number of tangential elemasetl had virtually no effect on the
through-wall results. Accordingly, the mesh sewisjt investigation focused on the
effect of the number of radial (through-wall) elertsepresent.

The number of radial elements was varied from 1®@®@0, while the number of
tangential elements was kept at 2, the smallesteurtihat would still allow results to
be taken along element edges at the midpoint oké&ation. This is potentially more
accurate, as the mid-side nodes of the PLANE18&ai¢ effectively double the
number of nodes on the results path.

Solely varying the number of radial elements wolle detrimental to element
geometry, if the angle of sectiofise; Was not adjusted. For this reason the model was
scripted to calculatésec On a case by case basis, to ensure near squanentle
geometry at the inner diameter (where maximum séesnd strains are observed
during autofrettage).

Figure 4.14 shows the mesh geometries resulting fite following values oElrag
10, 30 and 100.

Elrad= 10 Elrag= 30 Elgag= 100

Figure 4.14: Mesh Geometry of Hoop Section modekaadial elements increase

The values of)sccthat result from the selected rangeEid,q values are summarised in
Table 4.4.
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EIRgd 0520 (o)
10 17.189
20 8.594
30 5.730
40 4.297
50 3.438
60 2.865
70 2.456
80 2.149
90 1.910
100 1.719
110 1.563
120 1.432
130 1.322
140 1.228
150 1.146
160 1.074
170 1.011
180 0.955
190 0.905

200 0.859

Table 4.4: Angles of Section
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Figure 4.15:; Relative Error of Summed Hoop Stresseat Peak Pressure
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Figure 4.16: Relative Error of Hoop Stresses (at&ak Pressure) at the ID
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Figure 4.17: Summed Residual Hoop Stresses
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Figure 4.18: Relative Error of Residual Hoop Streses at the ID

4.6.2.1. Discussion

The summed hoop stresses tend to approximate thieedressure load closely;
Figure 4.15 shows the errors exhibit relatively hhigalue whenElgrag = 10
(approximately 0.020% and 0.0125% in the Planeirsteaad Plane Stress cases,
respectively), which decrease rapidly — error ighimi 0.01% forElrag = 50, and
approximately 0.001% whdalrag= 100. The slight fluctuation is likely due teetfact
the axi-symmetry is not intrinsically understoodthg model, and is hence reliant upon
the applied constraints. That the fluctuationstreeon the zero error line indicates
internal force equilibrium is accurately achieved.

Figure 4.16 shows that in both cases the relativer @f hoop stresses at the inner
diameter decreases monotonically towards zero,jsandmfortably less than 1% once
Elragequals 50 or more.

The summed residual hoop stresses (relative esonot assessed as the value
converges to zero) also decrease rapidly to wilirkPa for values dElrag = 50 or
more, as shown in Figure 4.17. This reduced tbiwil0 kPa onc&lrag equals 70 or
more.

Aside from the first point, the plot given in Figu4.18 shows a progressive decrease of

the relative error of hoop stressesEhs,q increases. Specifically, error reduces to less
than 0.1% oncé&lgragequals 50, and continues decreasing thereafter.
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Based on the above observations of errors, it wparant that a value @&lraq= 70 or
greater would give suitable accuracy. Hence, & decided to use a value Blraq =
100 for future investigations; this increased vakmuld allow 100 data points to be
comfortably taken.

4.6.3. Axial Section Model

For all four Axial Section model, it was necessapnyensure that they possessed
sufficient radial elements to allow for accuratesulés. In addition, it was also
necessary to ensure the section used for the Birass model was thin enough such
that axial stresses were small enough to be neglect

The Axial Section models were optimised using thenes procedure as the Hoop
section models, albeit by varying section lenfth(as opposed t6s..that was varied

in the Hoop section) to ensure square element gepm the Plane Stress case, the
range of Elrag values was adjusted to provide the thinner sesticequired to
approximate plane stress. Figure 4.19 containgesiaf the meshes generated for
three of theElrag values used in the optimisation.

Elrad= 10 Elrad= 30 Elrag= 100

Figure 4.19: Mesh Geometry of Axial Section models radial elements increase

The range of radial divisions used for the optirtiisaof both the general plane strain
and Plane Stress model are listed in Table 4.5.

All four models were subjected to the tests laitlinaisub-section 4.6.1, and additional
tests were carried out on the Plane Stress modehdare the plane stress state was
being effectively simulated. The results are digpt in sub-sub-sections 4.6.3.1 and
4.6.3.3, respectively. The Plane Stress speeifitstare also detailed in sub-sub-section
4.6.3.3.
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Plane Strain, Open- and

Plane Stress

Closed-Ends
EIRa_d |z/ra EIRa_d |z/ra
10 3.000*10" 200 1.500*1C¢
20 1.500*10" 400 7.500*1C
30 1.000*10" 600 5.000*1C
40 7.500*10° 800 3.750*10
50 6.000*10° 1000 3.000*10
60 5.000*10° 1200 2.500*10
70 4.286*10° 1400 2.143*10
80 3.750*10° 1600 1.875*10
90 3.333*10° 1800 1.667*10
100 3.000*10° 2000 1.500*10
110 2.727*10 2200 1.364*10
120 2.500*10° 2400 1.250*10
130 2.308*10° 2600 1.154*10
140 2.143*10 2800 1.071*10
150 2.000*10° 3000 1.000*10
160 1.875*10 3200 9.375*10"
170 1.765%10 3400 8.824*10
180 1.667*10 3600 8.333*10
190 1.579*10 3800 7.895*10
200 1.500%10 4000 7.500*10

4.6.3.1. Common Tests

The results to the tests described in sub-sectiérl 4are given below. Figure 4.20
compares the summed hoop stresses throughoutltbenail at peak pressure with the
applied pressure load. Figure 4.21 plots the ivelatrror of hoop stresses at the ID
Figure 4.28ssthe residual hoop stresses
calculated. Figure 4.23 plots the relative errbrresidual hoop stresses at the ID

between progressively finer meshes.

between progressively finer meshes.
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Figure 4.20: Summed Hoop Stresses at Peak Pressi(iRtane Stress results plotted on second x-

axis)
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Figure 4.21: Relative Error of Hoop Stresses (atéak Pressure) at the ID (Plane Stress results
plotted on the second set of axes)
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Figure 4.22: Summed Residual Hoop Stresses (PlaB&ess results plotted on the set of axes)
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Figure 4.23: Relative Error of Residual Hoop Streses at the ID (Plane Stress results plotted on the

set of axes)
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4.6.3.2. Discussion

The following Discussion makes no mention of theutes from the Plane Stress model,
as the high number of radial elements used causersdo be well within acceptable
levels; also the observed error decreases progedgsvith increasingElrag Instead,
the following observations apply solely to the gahelane strain models.

No particular trend was observed (Figure 4.20) wé@nparing summed hoop stresses
with the applied pressure; as the errors were stergly small, and given the range of
radial divisions applied, it was judged that allsines used satisfied the equilibrium
criterion. Although the errors transition from adéige to positive, given the small
errors this pattern was thought to be insignificant

This outcome was not unexpected, as the FE solutiost reach equilibrium, even
when using a coarse mesh, to attain a convergeticaul a finer mesh would instead
generate more accurate predictions ofdiséribution of stresses within the model.

The relative error of hoop stresses at the innamdier (Figure 4.21) showed a
stereotypical, non-linear decrease as the numbeadél elements was increased —
indicating that the calculated distribution of sges becomes more accurate as the
mesh is made finer. A relative error of 0.2% wasamed when 80 radial elements
were used.

Similar to the summed hoop stresses during autaffet the summed residual hoop
stresses (Figure 4.22) reveal little regardingatfiect of mesh fineness on total residual
stresses. As such, they do not provide any exfaaration for the optimisation of the
mesh.

Conversely, the residual hoop stresses at the iiaeneter (Figure 4.23) are a useful
means of optimising the mesh; the data form anotheve, showing progressive
reduction of relative error. Relative error rediite less than 1% onddraq> 30.

Taken together, the observations made on the aplote indicate that 70-80 radial
elements would be required to give the requireduay. AccordinglyElrag = 100
was selected, which would also serve to give enaegblution when taking results
along radial paths for meaningful future compargson

The Plane Stress results show much lower levetsrof, as would be expected due to
the far greater number of elements used. Forr#aison the above tests are not useful
for sizing the mesh for the Plane Stress case; esgritbed in sub-section 4.4.5,
obtaining a sufficiently thin section would detenmithe model geometry, and hence
mesh. Instead, the results serve as an indicétbow the errors vary for values of
Elragmuch greater than were used for the general @nam cases.
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4.6.3.3. Plane Stress

As the Axial Section model does not have the figctlh explicitly set the plane stress
conditions, it must approximate it using a thintset(shortl,). For this reason, it was

important to ensure that the approximation was geodthat axial stresses could be
considered to be effectively zero (these checksvireraddition to those described
above for all Axial Section models).

This was achieved in two ways:

1. Summing the magnitude of axial stresses throughtube wall, to assess the
total amount of stress present,
2. Comparison of peak axial stresses.

The requisite data were taken during the simulatissed to generate the results for the
hoop stress sensitivity checks (sub-sub-sectiorB4)5 and are plotted below (stress
values are normalised with respect to the initieldystressgyo).
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Figure 4.24: Peak Axial Stress during Autofrettageand Relative Error

80



Radial Elements

2.50E-04 1.60E-05
—o— Full —.s— Zoomed
+ 1.40E-05
§ 2.00E-04 - §
S + 1.20E-05 =
n n
< <
x -+ - x
< 1.50E-04 1.00E-05 < §
T o ho] |§
(O] (O]
2 é + 8.00E-06 2
T b S O
EW 1.00E-04 E £
S Rehal | 6.00E-06 2 §‘
© ©
£ £
g c oor.00 -+ 4.00E-06 g
7] U 7]
+ 2.00E-06
0.00E+00 : T—o—e——0—0— - ¢ ‘ ¢ 0.00E+00
0 500 1000 1500 2000 2500 3000 3500 4000
Radial Elements
Figure 4.25: Summed Axial Stresses during Autofréage
0.00E+00 1200
D 00
-1.00E-04 - I 1000
S
5
5 -2.00E-04 | - 800
? 5
o =
o P
© -3.00E-04 - L 600 2
X ©
< D
S x
@ 8
T -4.00E-04 - 400
£
o
zZ
-5.00E-04 - - 200
—=— Axial Stresses —e— Error
-6.00E-04 0
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Figure 4.27: Summed Residual Axial Stresses

4.6.3.4. Discussion

The peak axial stress, shown in Figure 4.24, rgpiicreases untiElz,g = 800 by
which point the value plateaus. Relative errodaigger than would otherwise be
expected as axial stress is converging towards (deeaeason the autofrettage pressure
was adjusted, described in sub-section 4.5.3, $arerhoop stress at the inner diameter
in the Plane Stress case did not converge to zero).

Figure 4.25 shows summed axial stresses followisgndar pattern to the peak value;
the value rapidly drops untilzag = 800, after which decrease is more gradual.

Peak residual axial stresses (Figure 4.26) exhipittern similar to that shown by the
autofrettage values, albeit with the rapid decressirring by the point wheBlgrag =
600. While the initial magnitude of the stresseslarger than in the autofrettage case
they rapidly reach that of the autofrettage stresagain onc&lg,q= 600 or more.

Figure 4.27 shows the summed residual axial ssesg@dly decreasing in the range
200 < Elrag < 400, then undergoing a period of moderate reolictuntil finally
reaching a consistently low level onEk,q= 1200.

The above observations show that axial stresse& @ed summed) generally reduce to
acceptable levels ondelr,q exceeds 600-800, or in the summed residual cag4). 1
Accordingly, 1500 was selected as a suitable vafu€lrag to use; comfortably above
the values indicated by the sensitivity analysig, fiot excessively so (keeping model
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size manageable). This value also far exceedsréuptired to output results of a
resolution suitable for comparison with other meiho
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4.7. COMPARISON ANDVALIDATION
4.7.1. Overview

Once the mesh sensitivity analysis had been coetpl¢he Axial Section model was
validated against two other existing methods (Hismngethod, and the Hencky
Programme) of simulating hydraulic autofrettage] [28Il three methods use the von
Mises criterion to establish equivalent stresseab strains, and hence predict yielding
and subsequent plasticity. At this stage it wasddel that, whilst it produced accurate
answers, the Hoop Section model was too limitegatential to be worth formal
validation.

The tests carried out were intended to determinetlvdn the physical process of
autofrettage was accurately simulated by the AN®¥#lel, hence a simple bi-linear
material representation was used. Non-linear nahteepresentation would be

implemented and validated at a later stage, inddgrgrto this analysis; development of
the customised material model commenced once theaxy of modelling autofrettage

under the range of four end conditions had beefirooed.

4.7.2. Comparisons

The FE model was tested in two sets of comparidon&)% overstrain: firstly, against
both Huang’'s model and the Hencky programme initlcempressible, True Plane
Strain condition; secondly, against the Hencky paogne in a variety of end
conditions (True Plane Strain, Plane Stress, Ot Closed-ended) for a more
standard material + = 0.3. The modelling of the four end conditiossdeescribed

earlier this chapter, in sub-sections 4.4.4 and54.4~or each, two wall ratios were
usedK = 2.0 anK = 2.5, to ensure the models were not limited specific geometry.

As stated above, the focus of this comparison vpas @eometric accuracy rather than
material fidelity — accordingly, a simplistic biakar kinematic hardening material was
used, as well as keeping the Young's and Tangerduin@onstant in loading and
unloading (i.eE; = E; = E, H; =H, =H). This allowed plasticity during both loading
and unloading to be investigated, whilst leaving pihysical constraints as the focus of
the comparison.

It was desired to apply some rudimentary alteratotine material in unloading, so that
the yield stress was defined by the Bauschingexceffi.e. equals fevg). For each

method, once peak pressure had been releasedvitreaegyield stress of the material
was altered to equ@by (peak equivalent stress is not known prior todalkeulation of

the peak pressure state). This was desirablehéotwo wall ratios used, as it allowed
and similar amounts reverse yielding to occur, tstfiicient to be properly assessed.
In addition, reverse yielding would occur to a texdmore similar to that expected if a
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realistic material model had been used. This wa®rmaplished usindemperature
profiles the means of achieving such alteration are dasdrin sub-section 4.7.3.

Accordingly, two temperature profiles are definedd for the loading process, one for
unloading); between load steps, the material ispped from the loading profile to
unloading. Additionally, an extra solution contiehs set, to cause the material to be
immediately changed, stepped rather than progmgsinterpolated between the two
profiles during the course of the second load step.

Figure 4.28 gives a graphical interpretation ofrtegerial.
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Figure 4.28: Bi-linear material model, incorporating the Bauschinger effect

The material parameters are summarised in Tabldcb®pare with Tables 4.7 and
4.8, which contain the values used in Huang’'s Métho Two values off were
specified to ensure sufficient reverse yieldingurced to allow a useful comparison of
it to be made between methods.

Property Value
E 209 GPa
v 0.3
Ivo 1,100 MPa
H E/10, 20.9 GPa
B 0.7,K=25
B 0.45,K=2.0

Table 4.6: Material Parameters for Comparison Test

4.7.3. Specification of Material Model within ANSYS

To model the Bauschinger effect, between the Igpdind unloading load steps the
tube material must be altered from the default kiagc hardening model; the
Bauschinger effect is represented by changing igld gtress of the region of the tube
which underwent plastic deformation — the primasitd/zone (o <r <ry).
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It is not possible to directly edit material projes or change material during solution
— in terms of the hydraulic autofrettage modelscdbsd here, redefining the material
properties assigned to the tube once autofrettaggsipre is released, would cause the
plastic strain history of the tube being lost. Hwer, a different temperature profile
may be selected without any such loss. This ismangon method of altering material
properties in FEA when it would not otherwise besgible, and doesn’t necessarily
involve actual temperature change. A material may be definech wmtultiple
temperature profiles, each (for example) containiages fork, v, ayo andH.

In this case the process is considered to be igotie hence no consideration of
temperature change is required. By default, AN&¥Sumes a temperature change is a
thermal process, and uses Rice’s Hardening lanwalculate stress relaxation due to
temperature change; this is deactivated.

As stated in sub-section 4.7.2, two temperaturdilpsowere used; the first matching
the initial material state, the other the deformmdterial state, calculated between
stages of the procedure. The deformed profilg&raa bi-linear kinematic hardening
material, but differs from the initial state as ihéial yield stressdyq’) is selected to
ensuresye’ = oe/2, where, from Figure 4.28& = avo (1 + ) + Hiep). Reverse
yielding then begins ats2y” below the peak value (kinematic hardening), wheigbals
oe. The peak equivalent stress experienced by teedtiits ID is used to determiag

+ H1.8p|.

To reiterate, the material properties are otherwisehanged between the two
temperature profiles — i.e. a change temperatureis not being simulated — as
mentioned above, the titular change of temperagiraerely a convenient method of
tailoring the material properties to simulate theuBchinger effect.

4.7.4. First Comparison

The following notes detail how the three models eveonfigured for use in this
comparison.

4.7.4.1. Huang's Model

As the Plane Strain, incompressible conditions @ready present, only material
properties need to be set. Material propertieslafimed through appropriate selection
of the parameters used by the model; sub-sub-se2itb2.4 describes the model, with
the material’s governing equations given in Tablg, 3vhich are described in, and
illustrated in Figure 3.10.

Calculation ofA; andAg is described in sub-section 3.6.2, &1dandB, are exponents
of plastic strain (which here equal one, denotingdr stress response to plastic strain).
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Table 4.7 summarises the values used as the nigtar@meters during the loading
phase.

K=2.0 K=25

AL 990 MPa AL 990 MPa
A, 20.9 GPa A, 20.9 GPa
B, 1 B, 1

Table 4.7: Loading Parameters, Huang's Method

Table 4.8 contains the three parameters relatirtgdainloading phase, which depend
upon the prior plasticity in the tube. Accordingtywo sets of unloading parameters
must be defined, one for each wall ratio. Thesmuaat for the fact that for a given
overstrain, the bore plastic strain, on which stteardening and the Bauschinger effect
depend, increases with wall ratio. Huang's methsdumes a uniform response to
plastic strain in the initial yield zone (as dobe tANSYS model), meaning that the
elastic range (from peak stress to reverse yield)is the same throughout the primary
yield zone.

K=2.0 K=25

As 1,623 MPa A 1,999 MPa
A, 20.9 GPa A, 20.9 GPa
B, 1 B, 1

Table 4.8: Unloading Parameters, Huang's Method

4.7.4.2. ANSYS Model

Plane Strain conditions are applied, as descrilmedub-sub-section 4.4.4.1, and a
Poisson’s ratio,y, of 0.499999 (to match the incompressible assuwmpthade by
Huang's Model) is specified when defining the etashaterial properties (using the
MPDATAommand).

Settingv = 0.5 is possible within ANSYS, but it will likelgause the solution to fail as
singularities appear when calculating the stiffnasdrix.

4.7.4.3. Hencky Programme

Plane Strain conditions are set within the HenckggRamme by specifying that all of
the concentric shells possess zero axial straidso,Ar is set to 0.5 during direct
comparison with Huang’s (incompressible) model.
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4.7.5. Second Comparison

The FE model was then tested against the Henckyr&rone, across the full range of
end conditions, using a compressible material. fi§oration of the methods was as in
the first comparison, albeit with set to 0.3, and the use of Plane Strain, Plares$§tr
Open- and Closed-Ends conditions.

4.7.6. Results

The results obtained during this validation procass plotted below. During any
analysis consisting of a number of stages (for g@lanthis analysis treats autofrettage
and subsequent unloading as separate stages)impstant to make comparison at
each stage, thus allowing causes for deviatioretmbre readily identified. However,
only one set of autofrettage stresses Kor 2.0 in the first comparison) is displayed
here, as during these analyses it was observeauitafrettage stresses were so similar
that any more would be repetitious.

Indeed residual stresses are of more interest, inothis study and whenever fatigue
life assessments are made, especially the hoop awnp at the inner diameter;
consequently, all such results are displayed beloddditionally, as the unloading
process is fundamental to the prediction of redidiiesses, it is crucial that it be
investigated.

4.7.6.1. Normalisation of Results

The radial position is normalised using the follogriexpression to relate it to the tube
wall thickness:

— r_ra

r 4.3
o (4.3)
The stresses are normalised against the yieldsstresmple tensiornsy):
oy =2 (4.4)
JYO

4.7.6.2. First Comparison: Huang-Hencky-ANSYS+= 0.5

The results from the first stage of the compariame shown below: Figure 4.29 plots
the Autofrettagestresses (radial, hoop and axial) from the ANSY&ieh against those
predicted by Huang’s method and the Hencky ProgranfonK = 2.0; Figure 4.30
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plots theresidual hoopstresses from the ANSYS model against those peztliby
Huang’s method and the Hencky Programme for Both2.0 and 2.5. In both Figures,
the results from the Hencky Programme and Huangihaod are shown as lines
(generally too close to be distinguishable), arergsults from the ANSYS model are
shown as symbols overlying the corresponding gdtots the other two methods.
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Figure 4.29: Comparison of Autofrettage Stresses,= 0.5,K =2.0,#=0.45

All three principal stresses show good agreemetit wie Hencky Programme and
Huang’s model. The plots for K = 2.5 showed simdgreement and are omitted in the
interest of brevity.
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Figure 4.30: Comparison of Residual Hoop Stresses= 0.5, forK = 2.0, = 0.45 andK = 2.5,8 =
0.7

Figure 4.30 shows a comparison of the ANSYS caledlaalues (shown by symbols)
against those from the Hencky Programme and Huangthod. A very close
agreement can be seen throughout the tube wallidimgy at the bore. This indicates
the ANSYS model can accurately reproduce resuits fluang’s model, when using a
bi-linear material.

4.7.6.3. Second Comparison: Hencky-ANSY&+ 0.3

The results from the second comparison, of the ANSNodel against the Hencky
Programme for the four specified end conditions,slrown below in Figures 10-13 for
K=2.0and 2.5.

The graphs plot the Residual hoop stresses thramighe tube walls — they show the

ANSYS results as symbols overlaid on the continuboss generated using the
Hencky Programme results.
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Figure 4.31: Residual Hoop Stresses for the Plargtrain Tube
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Figure 4.32: Residual Hoop Stresses for the Plar@tress Tube
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Figure 4.34: Residual Hoop Stresses for the Closdthded Tube

The Autofrettage pressures required to achieve @@éfstrain are listed in Tables 4.9
and 4.10.
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Pressure (MPa)
End State ANSYS Hencky
Open-Ended 877.4 879.1
Closed-Ended 913.2 914.7
Plane Strain 906.5 908.4
Plane Stress 877.3 878.8

Table 4.9: Autofrettage PressuresK = 2.0

Pressure (MPa)
End State ANSYS Hencky
Open-Ended 1220 1223
Closed-Ended 1254 1257
Plane Strain 1246 1249
Plane Stress 1224 1227

Table 4.10: Autofrettage Pressure = 2.5

4.8. DISCUSSION

The key property of all the residual hoop stresstspis the presence of secondary
yielding near the bore which ultimately restridie degree of pre-stressing possible in
tubes. The reyielding depends on the autofretfagesure (due to the compressive
effects of its removal) and the strength of theenal (altered from initial properties by
deformation during loading).

For the incompressible conditions, Figures 4.29 &80 show excellent agreement
between the ANSYS model, the Hencky programme améng's model. This
indicates that the ANSYS model can accurately ptesfresses in such a case.

The comparisons between the ANSYS model and Hepcggramme for the wider
range of end conditions and a more realistic Paiss@atio, are given in Figures 4.31 to
4.34. Again, a close match is exhibited. A sligatiation may be seen in the reyield
zones (; <r <rs) away from the bore, more clearly visible #r= 2.0 and = 0.3; the
ANSYS results show a small decrease in the magaitdidesidual hoop stresses, and a
slight, commensurate, increase of reyield radiy)s (

The autofrettage pressures in Tables 4.9 and 4d®@ svo sets of very similar values.

The pressures for the Open-Ended condition are siostar to those for the Plane

stress. This is not surprising since the formerasgnts a tube in which the axial
stresses sum to zero net force and the latterroméich all axial stresses are zero. The
autofrettage pressures for the Closed-Ended conditrte most similar to those for the
Plane Strain condition. This is likewise unsurprisisince they reduce to almost the
same problem for the case of an incompressiblerrabte
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Finally, the fact that autofrettage pressure fanpl strain/open-ends exceeds that for
plane stress reflects the observations in [22]s Tdduld also be inferred, using von
Mises criterion, from the presence of an axialsstrevhich, in the near-bore region,
generally varies between 0.3 and 0.5 times ho@sstdepending upon Poisson’s ratio.

From Tables 4.9 and 4.10 it can be seen that #sspre required for a given depth of
autofrettage is affected by the chosen end comditidhis is controlled by the von
Mises vyield criterion that considers all three pial stresses. The axial stress is the
intermediate principal stress and is influencedig/chosen end condition; it therefore
influences the degree of yielding. The variatiobwsen the various models in the near-
bore reyield zone is modest.

49. SUMMARY

4.9.1. Mesh Sensitivity Tests

The sensitivity tests, documented in section 4efpahstrate how the four models react
to variations in mesh density; the trends obsemede used to select appropriate
meshes that would deliver results of sufficientuaacy while consuming minimal time
and computational resources.

The tests conducted on the general plane strairelsiodiscussed in sub-sub-section
4.6.3.2, indicated that using 100 radial elemeBRig,§ = 100) would provide ample
accuracy (the results suggested that more than07@ede needed), while keeping
model size small enough for rapid solution. Likssyifor the Plane Stress model it was
observed that settinBlrag €qual to 600-800 (or in the summed residual ca260)
generally achieved the desired accuracy. Accohdiidgp00 was selected as the value
of Elrag to be used; sufficient to make any quantisationremegligible while keeping
the model size acceptable.

In both cases, two axial elements are used (suisaction 4.4.3.2); to maintain square
element geometry, the length of sectibf,is scaled from the wall depth, using
Equation (4.2).

4.9.2. Comparison Tests

During the comparison tests, described in sectidn good agreement was observed
between the results generated by the ANSYS FE mdtel Hencky numerical
programme and Huang’s analytical model. This destrates that given a correctly
calculated degree of plastic strain at the boreacaurate value of residual stress may
be predicted by the ANSYS model for a number of eodditions. However, the bi-
linear stress-strain profile used here is an appratton. To obtain more realistic
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values of residual stress a more accurate materaael is required that properly
follows the non-linear unloading and also encomgaghe varying degree of plastic
strain experienced by the material throughout thieetwall. These enhancements,
achieved through implementation of an EMPRAP and w ANSYS User
Programmable Features, are detailed in Chaptens b aespectively.
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5. AN INITIAL APPROACH TO MODELLING NON-
LINEAR MATERIAL BEHAVIOUR

5.1. INTRODUCTION

Hydraulic autofrettage modelling in ANSYS, descdba Chapter 4, centred on

modelling four different end conditions, and thenstaints required to achieve those
conditions. In addition, the use and modificatadrthe Bi-linear Kinematic hardening

(BKIN) material was investigated. Effectively, tiphiysical conditions of hydraulic

autofrettage had been accurately simulated, butnthgerial model used was not
representative of high-strength steels. Figure ghitws the general stress-strain
relationship of a typical gun steel, specificalig thon-linearity exhibited by such steels
during unloading, following prior plastic strainx@erienced during autofrettage); this
is not represented by the BKIN material.

o

A
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> ¢
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Figure 5.1: Generalised Stress-Strain relationshifor a typical gun steel

This was significant as the region around the irshameter is of the most interest
when investigating autofrettage, which also expegs the greatest amount of plastic
strain during hydraulic autofrettage. This regisiti hence unload with the greatest
degree of non-linearity, with a commensurate digaog from the residual stresses
predicted using a bi-linear material.

The next step towards achieving the overall godahés development of a method to
model the non-linear unloading of materials follogithe plastic strain experienced by
tubes during autofrettage, which varies with radidéhe first stage of such material
modelling is described in this chapter.
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As mentioned at the end of Chapter 4, two mearacbfeving the desired non-linear
unloading were identified: User Programmable Fest(UPFs) or an “Elastic Modulus
and Poisson’s Ratio adjustment procedure” (EMPRAR)YJPF was thought to be the
most useful in the long term, but initially an EMRIR was selected because it
permitted implementation of real (experimentallytedmined) material behaviour
within FEA, and will provide an independent validatof UPF in due course.

Accordingly, an EMPRAP was the first means of coss@d non-linear material
modelling developed, and is described in Append& ANote that the EMPRAP is
limited to modelling hydraulic autofrettage, butcburesults could still be compared
with any UPF analysis of swage autofrettage.

5.1.1. Selected Material Model

A723-1130, was selected as a suitable materiatfer throughout the course of this
research; a gun steel which displays the charatitemon-linearity when unloading
from prior plastic strain, central to these studiésset of material-fit equations (given
below) was developed for A723 by Parker et al. [3@m uni-axial tension-
compression tests, and are summarised by Figure 5.2

o 2
A 1
ovyc —

B EuL

0

> &
—fovc
3

Figure 5.2: Material Stress-Strain Model

The loading/unloading cycle can be broken up iotg parts:

0-1 — Elastic Loading
Behaviour defined by Hooke's Law using the modius

1-2 — Plastic Loading
Material stress given by

o = 0,,(L+atantcz? |+d n00Z?) (5.1)
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Slope given by

dol _
def

altBech (2P )+100m o, (5.2)

2-3 — Elastic Unloading
Behaviour defined by Hooke's Law, albeit with aredd modulugy, .

3- — Plastic Unloading
Material stress given by

o}, =01+ a- pltantly 1000z}, [+ p+d &) (53)
Slope given by
% = -a,,(1+a- 1001~ tanttpLoory 22, J + d) (5.4)
UL

For A723-1130, the values of the three constargyaen in Table 5.1. A723-1130 is
used throughout the comparisons presented inHbsg.

Parameter Value
a 0
c 0
d 0.013

Table 5.1: Material-fit Parameters
The Bauschinger Effect Factdg, is given by:

B =0.1684tan(1-100¢7 |** + 017 0<e’ < 001
B =017 £’ > 001

The unloading parameter;, is given by:

)—0.323

y =1.2858{1002;

The above material fit is assumed to be a functoty of strain, although it is
recognised that other factors such as temperasirain rate and time (for creep
analysis) would be required for a full constitutinadationship. However, it is felt that
the presented relationship is suitable for the yem®sl described in this thesis, as
deformation rates are very small and temperaturi@ti@n (resulting from stress-strain
hysteresis and, in the case of swage autofrettageon) is felt to be small enough to
be ignored.
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5.2. |IMPLEMENTATION WITHIN ANSYS

5.2.1. Overview

The meshes developed and optimised in Chapter dsa@ for the analysis presented
in this chapter, allowing the implemented matendel to be tested in the range of
end conditions described therein: general plarans{Plane Strain, Open- and Closed-
Ends) and Plane Stress. Instead of the bi-ling@mnkatic hardening material used in
the previous model, a continually altered elastiatanal was used in this model,
befitting the EMPRAP.

The EMPRAP developed by Jahed and Dubey was usgovirn the manipulation of
E andv, such that the non-linear behaviour of an elgdtastic material was emulated
by the purely elastic material employed. Their eloglas extended, in the same way as
was done in the Hencky Programme, such that boterrabnon-linearity and position
dependency were incorporated. This was necessamptlel the variable plastic strain
throughout the wall of an autofrettaged tube, d®dselected material, A723-1130 (see
sub-section 5.1.1).

While only one material (A723-1130) is used in ttwmmparisons presented in this
chapter, neither the EMPRAP nor the implementasioih within ANSYS is limited for

use with it; the methods are general, and all wwaild be required to simulate another
material would be alteration of the material-fipeassion to match the desired material.

5.2.2. Implementation of the EMPRAP

Given the nature of the EMPRAP, it is clear tha thbe material’'s elastic properties
must be altered progressively during the solutiorcess, in response to encountered
plastic strain. Moreover, as plastic strain vatiesughout the tube wall it is necessary
to alter material properties on a fine-grained $iagiis was achieved by defining a
material foreach elemento that material properties for each elementdbel altered
dependent on the simulated plastic strain expegithy the element.

The models were created as follows:

1. Linear elastic materials are defined (as the achakrial’'skE andv values) for
each element (to be created), and data arraysreated to store the iterated
solution data,

2. Geometries are created, meshed, constrained ateld@s described in Chapter
4,

3. Each element has its own material assigned tsihguthe MPCHG command).

In addition, using normal methods it is not possitd alter material properties during
ANSYS's solution process (such control becomesiptesehen using UPFs), meaning
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a model based on an EMPRAP cannot be solved ingdessolution. Instead, a series
of solutions must be run, in between which mategsralperties are altered. To allow
this, the solution state must be retained outsidth@ normal ANSYS database; this
was achieved using parameters within the ANSY Srenment.

The modelling process and the iteration solutioncedure, described above, are
summarised by the flow diagram given in Figure 5.3.

Create and
Mesh Model

Assign Materlals
to Elements

v

Solve Mode

A 4

First Ye

teration?

Yield No
detected

<
-
».
>

Adjust Material Yes
Properties

Converged

A

Figure 5.3: EMPRAP Solution Process

The fact that a material must be created and asgigmeach element, and data must be
retained and incremented for each element, strengtthe case for the optimisation
documented in Chapter 4 — all consume memory, isdritportant to minimise element
numbers. In addition, the large number of eleméatsl hence, materials) used, when
combined with the multiple iterations required totan a converged solution, made
manual manipulation of parameters impractical; éad{ the model was automated
using APDL.
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The drawback of this method is its reliance ontelamnalysis; if the applied hydraulic
pressure were released following autofrettage, tilnge would completely and
elastically unload to its original size with no icksl stresses present. Accordingly, it
is not possible to simulate the application andaesth of pressure simply by mapping
the two stages of the procedure onto their FE guale, as was done within the models
based on bi-linear materials in Chapter 4. Forstimee reason, swage autofrettage may
not be modelled using such a quasi-elastic matexglit is inherently a single
continuous process; once the load is removed the twould contract back to its
original size, with no residual stresses presdittis is reflected upon in the summary
of this chapter (section 5.6).

Instead two separate pressurisation proceduresa@aréucted, corresponding to the
loading and unloading processes; the unloadingsstee represent the changes in
component stresses between their autofrettage fpeakure) and residual states.

The unloading analysis is conducted in the same agalpading, albeit with material
properties in the initial deformed region of thdeuf, < r < r,) altered to reflect the
plastic strain experienced at that radius. Theoantihg stresses are calculated by
autofrettaging the modified tubéo the same pressuras that used for the initial
autofrettage procedure. Initially the elementsstibuting the deformed region of the
tube have their Young’'s modulus alterecEtq; the iterative solution then proceeds as
in the loading phase. If the yield stress (whielhehequalser, as explained below) is
exceededE andv are again adjusted so that the stress-strain mespmatches the
unloading section of the material-fit curve, asistrated in Figure 5.4 (compare with
Figure 5.1).

o
A Unloading Profile

OFER — OER = OMax + B.0v0
_ ¢ ’'y
oYo — L
—
B Loading Profile |
EuL

v
™

Figure 5.4: Stress-Strain relationship showing umading profile mapped onto the loading profile
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Again, material alteration is conducted on an el#nby-element basis, using the
plastic strain calculated for that element durimg lbading stage. Specifically:

1. The unloading Young's moduluky, is altered (generally reduced) — in the
case of A723-1130:

E,. = E,[1- 015tanH1.2x100e? |

2. The vyield stress is altered to equal the elastigeaer, from peak autofrettage
stress to reverse yield:

—_ P —
UER - JPeak + JYO EL =0

— p
JER - aMax + IBJYO EL >0

opeak IS the stress experienced during autofrettags;ishused as a dummy value such
that reverse yield occurs advs. While reverse yield will never occur in this ieg (1,

<r <rp) in the absence of an external pressure (mearongeverse yield stress is
strictly required) gpeakis calculated to keep the model as general ashpesallowing
more potential for future use.

Once the solution of the unloading phase is comapletsidual stress components are
calculated using super-positioning; the unloaditiggsses are subtracted from the
loading stresses, on a component-by-component .bagiquivalent stress is then

calculated from the residual components that result

In summary, avoiding the use of UPFs meant thamalierial modification had to be
scripted within ANSYS using APDL. This was achidviey conducting a series of
elastic analyses, between which the elastic priggerfYoung’s modulusg, and
Poisson’s ratioy) were altered using Jahed and Dubey’s method §t8prding to
material-fit parameters by Parker et al. [30], lbasa the results from the previous
analysis stage.

5.2.3. Solution Control

For any numerical solution, a convergence critenmarst be set; in this case asandv

are the altered properties, they are used herettrdine convergence. The innermost
element (that in contact with the bore) is usedctmvergence checking as it undergoes
the greatest plastic strain and hence change&cgnand ver, quantified by the
expressions in Equations (5.5).

(5.5)
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As Eer andvess cONverge over successive iteratioBs,andv, converge to zero from a
positive value. They are summed to givésee Equation (5.6)), which also converges
to zero with its components.

A=E, +v, (5.6)

A is used as the convergence variable; once it haygpdd below a set value (the
convergence criterion), convergence is assumed. sufiable value forA was
determined by a sensitivity analysis, documentedub-section 5.3.2, and is used
during subsequent comparisons.

As these differences are relative to the values filee previous iteration, a given value
of convergence criterion yields a more convergesivan than would be the case if
differences were relative to the initial value loé tvariables.

5.2.4. Progression of Solution

In the case of an autofrettaged tube, during tre¢ §olution a relatively small depth

around the bore will experience stress greater thanyield stress. In subsequent
solutions, as the modulus of these over-stresseitbps decreases, more of the load
must be carried by the outer regions of the tubegnessively causing a larger degree
of yielding. This continues until a converged s, gauged using Equation (5.6), is
developed.

It should be noted that the Jahed and Dubey meathbecates usingquivalentstresses
and strains; therefore aside from the loss of daeddion following load removal, there
is no reason, in principal, why it would not be kgable to swage autofrettage, in
which the tube behaves in a non-plane fashionthifhcase, the von Mises equivalent
stress and strain are calculated from the diredtsdn@ar components present (or from
principal values).

Typical autofrettage stresses can be seen in FigGrdound within the Results section
(5.4) — in this case for the Plane Strain case.
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5.3. SUMMARY OF TESTS

This section describes the tests conducted totastéhe accuracy of the implemented
EMPRAP. The model utilises the previously devetbaed optimised meshes (see
Summary of Chapter 4), which allowed material maglimmediately to become the
focus of investigation.

As before, the tests constitute both a sensitigitalysis and a comparison with an
established model (the Hencky Programme). Theitsgetys analysis focussed on

optimisation of the value of the convergence doterA; as such the tests were limited
in scope, and their findings are given later irsthection (sub-section 5.3.2). The
comparison investigated how well results, generatdten using the optimised

criterion, agreed with those from an establishethot (the Hencky Programme).

5.3.1. Common Features

Both the sensitivity tests and the comparison feata tube of Wall Ratio 2.5,
consisting of the material A723-1130, autofrettagedh thatPar = oy. The stress-
strain behaviour of A723-1130 is described fully snb-section 5.1.1, but salient
aspects are summarised below for convenience alatly tube and autofrettage
parameters.

Property Value
Wall Ratio,K 2.5
Autofrettage Pressur®qy 1130 MPa
Young's ModulusEy, 209 GPa
Poisson's Ratio; 0.3
Yield Stressgyg 1130 MPa

Table 5.2: Model Parameters

5.3.2. Preliminary Convergence Sensitivity Analysis

To investigate the effect of the convergence cdterA, its magnitude was varied
whilst keeping model and loading parameters comstdihis was conducted for the
Plane Strain model, using the following valuesrofl0?, 102, 103, 10%, 10°, 10°, 10

Table 5.3 lists the iterations required for solnfialongside the respective valueshof
The number of required iterations increases, inolydhe sharp increase betwegns
102 and 10’ cases. Solution time may be considered to betafédy proportional to
the total number of iterations, because plastiegyy rapidly propagates through the
tube. This means that during most iterations éoy value ofA), the majority of
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elements withim, <r < rp, must be operated upon. Also, as autofrettage tiset same
pressure (and hence very similar depth, or ovengfrg is effectively constant.

Iterations
A Values Loading Unloading Total

10* 5 2 7

107 6 3 9

10° 21 5 26
10* 31 6 37
10° 40 8 48
10° 51 9 60
107 60 11 71
10° 70 12 82

Table 5.3: Iterations required for Solution usingthe EMPRAP Implementation, varying the
Convergence Criterion

The relative errors for the cases enumerated alveve calculated, and are presented in
Table 5.4. The errors decrease monotonically asdmvergence criterion is reduced,
with a significant change (more than an order ofjmitade) between tha = 10% and
10° cases, reflecting the increase in iterations totism also observed.

% Relative Error

A Values Loading Unloading Residual
10! -1.8655 3.5101 5.0977
10° -1.0452 1.3668 2.1017
10° -0.0709 0.0119 0.0372
10 0.0378 0.0120 0.0041
10° -0.0014 0.0002 0.0007
10° -0.0002 0.0001 0.0001
107 -8.193*10° 3.829*10' 3.123*10°
10° n/a n/a n/a

Table 5.4: Relative Error using the EMPRAP Implematation, varying the Convergence Criterion

To make a cost-benefit analysis of the above dattotal number of iterations to

solution (Table 5.3) was multiplied by the percegetarror values for the residual hoop
stresses (Table 5.4). The residual stresses vedgetasd as the most relevant to this
study, and the total number of iterations to solutwas most representative of total
solution time.
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Figure 5.5: EMPRAP Implementation Error/Solution Time Comparison

While the product of relative error and number tdrations to solution rapidly
approach zero, the absolute size of the decreaseanrapidly decreases also. For this
reason, it was deemed that = 10* was suitable; solution is then achieved in

approximately 40 iterations, and the relative eigmwithin a few hundredths of a
percent.

5.3.3. Comparison with Hencky Programme

The ANSYS model, implementing Jahed and Dubey's RMP, was assessed via
comparison with like-for-like hydraulic autofreteagresults from the Hencky
Programme. The comparisons were conducted ovangerof end conditions (Plane
Strain, Plane Stress, Open- and Closed-Ends), méttthed material and autofrettage
parameters (see Table 5.2); results from both ndstlturing both autofrettage and
residual conditions were compared. In each capeessure equal i@y (1130 MPa)
was applied to the tubes.

A convergence criterion), equal to 18 was selected for the ANSYS model based on

the convergence study (sub-section 5.3.2); asdrctimvergence tests, the model used
the mesh developed during the earlier mesh semgiéimalysis (Chapter 4).
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5.4. RESULTS

This section presents the results generated frencéimparison between the ANSYS
model and the Hencky Programme, described in sciiieses.3.3.

For the sake of brevity, only results from the Rl&train case (both the sensitivity
analysis and the comparison) are shown here; tmaingler (for the Plane Stress,
Open- and Closed-ended cases) are presented imdéigpa4. Specifically, results

from the ANSYS implementation (EMPRAP(ANSYS)) ofethJahed and Dubey
EMPRAP are overlaid as data points upon equivatesults from the Hencky

Programme (EMPRAP(Hencky)), depicted as continliogs.

Three sets of results (Loading, Unloading and Regidtresses) are displayed, each in
component form.
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5.4.1.

Comparisons
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Figure 5.6: Autofrettage Stresses in a Plane StnaiTube
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Figure 5.7: Unloading Stresses in a Plane Strainube
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Figure 5.8: Residual Stresses in a Plane Strain e

Residual Hoop Stress at ID,
normalised w.r.t. ey

" EMPRAP EMPRAP
End Condition (Hencky) (ANSYS) % Error
Plane Strain -0.74534 -0.71719 -3.77743
Plane Stress -0.80373 -0.77179 -3.97588
Open Ends -0.74258 -0.71248 -4.05410
Closed Ends -0.74636 -0.71935 -3.61824
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5.5. DISCuUSSION

The Preliminary Convergence Sensitivity analysentdied how the required number
of iterations varied as the magnitude of the reéagrror criterion was reduced. It was
found that a convergence criterion) (of 10 typically achieved complete solution
within 40 iterations; taking approximately 31 iteoas for the loading phase and 6 for
the unloading phase. This tallies with what wdo#dexpected and is logical, given that
the EMPRAP method iterates to find the elasticipiagtress-strain state. As a greater
degree of plastic strain (both quantity and ext&htpbserved in the loading process,
compared to the unloading process, a much higherbeu of iterations would be
expected to solve for the greater plastic stracoantered.

The autofrettage stresses show excellent agreenmeltating that the material has
been modelled accurately in loading. However,uhi@ading stresses do show a small
disagreement — specifically the hoop stresses t@adesser degree, the axial stresses)
calculated by the ANSYS model are slightly lessthi@ose obtained from the Hencky
programme. This leads to the ANSYS model slighthderestimating the residual
hoop stresses by approximately 4% when comparttetblencky programme.

Given the mesh sensitivity (Chapter 4) and convergegsub-section 5.3.2) analyses
conducted, numerical error is thought to be unjik@éhstead, the different structural
representations are thought to be responsible.

The two models employ the same method of mategjalesentation, but represent the
tube structure differently; the Hencky Programmmeawdates a series of concentric
cylinders each behaving according to Lamé’s sahjtamd the ANSYS model uses an
axi-symmetric mesh. Hence the most significantiugrice of such modelling
differences would be upon the inter-relation okessr components, as is seen in the
results — radial stress distributions agree muchenatosely than the hoop (and to a
lesser degree, axial) stress distributions.

However each method is internally consistent, et thhen summed through the tube
wall, the hoop stresses equal the applied predsace(in both loading and unloading
processes). This supports the above observatgardieg the inter-relation of stress
components, as small variations would alter theipeedistribution of stresses even
though the summed stresses reached equilibriumthdttapplied pressure load. Given
the lower amount of yielding that occurs duringaading, it is likely that a small error

in the amount predicted would be more noticeabknilmading. On this basis, it is felt

the difference between the unloading results igoty due to small differences in the
detection of yield and calculation of plastic inoent within the two models.

As would be expected, given the pre-existing camnstrsets used, the results also
indicate that the four end conditions are well dated by the ANSYS model. This
suggests that the material representation and ematitons are sufficiently
independent to allow either to be changed as neddedg future analyses, while
retaining the integrity of the solution.
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No abrupt changes in gradient are observed indhiglual stress plots (Figure 5.8) at
the reyield radiusr,, compared with equivalent results from the bidin&inematic
case in Figure 4.31. This is due to the stressrstprofile associated with A723
(Figure 5.2), which also shows no sudden changheonset of reverse yield; the
opposite is true for the bi-linear kinematic modséd in Chapter 4 (Figure 3.3).

Although not compared here, the implementation withNSYS of the EMPRAP is
generic enough to be capable of simulating viryualhy material (certainly any of
interest in the context of pressure vessels). ti#dt would be required to adapt it to
another material is the replacement of the strgagasrelationships in the loading and
unloading stages, along with the required matgashmeters.
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5.6. SUMMARY

An existing mesh and constraint set, optimiseddewtloped in Chapter 4, was utilised
to provide the basis for a model in which the Jaaed Dubey EMPRAP could be

implemented. The EMPRAP was used to represenguinesteel A723-1130, which

exhibits non-linear unloading from plastic straivithin an ANSYS model; the model

was then used to simulate the hydraulic autofretiaiga series of thick-walled tubes.
With the exception of a small discrepancy in théoading stresses near the ID, the
calculated stresses matched very well against abpnt results from the Hencky

programme. This supports its use in comparisonth ititure material models

developed.

In addition, there is no reason why the model, imgiple, would not be able to
simulate the hydraulic autofrettage of tubes of enoomplex geometry, featuring
tapers or steps for example. Combined with itxilbiity in terms of material

modelling, this method potentially allows a widenga of hydraulically autofrettage
tubes to be modelled.

This method is well suited to modelling hydrauliot@frettage due to the discrete
nature of the loading and unloading allowing realdstresses to be calculated using
super-positioning; however, swage autofrettageoisso easily modelled due to the
continuous nature of the process. Effectivelythasmaterial is inherently elastic it will
always return to it original unstressed state wthenload is removed — ergo after the
passage of the mandrel such a tube would retuits ten-deformed, unstressed state.
This also would affect the peak stress state, aedigied depth of plasticity, as the
peak stress point is influenced (via shear stre¢dgethe tube both in front and behind
the mandrel, the latter would be altered by theeabs of residual stresses behind the
mandrel. This necessitated the development offereint form of material modelling,
described in Chapter 6. Additionally, although AR&Sseemed to contain no explicit
limit to the number of definable material modelsO0,000 models were defined to
investigate), its performance is reduced by exgessumbers of materials.

In summary, an FEA procedure for simulating nomdinstress-strain behaviour during
hydraulic autofrettage has been implemented anesiigated.

Whilst it is unsuitable for modelling swage autdtisge, a single continuous process
during which stresses vary axially, it has providatuable experience of implementing
real material behaviour into FEA.

In addition, it is a source of results suitable ¢omparison with special cases such as
the UPF, which was subsequently developed; thi&kwodescribed in the next chapter.

Hence modelling swage autofrettagith accurate material representatisamains the
key focus for future work. A possible method is tise of a bi- or multi-linear ANSYS
(elastic-plastic), which would retain the plasticag experienced during loading; non-
linear unloading would again be achieved througk thodification of elastic
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properties. This assumes that stresses in théimear-unloading region remain below
the reverse yield stress calculated by the ANSY &z, and that the loading profile
of the material may be satisfactorily modelled gsarbi-/multi-linear representation.
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6. DEVELOPMENT OF AN FE ROUTINE TO MODEL
REAL MATERIAL BEHAVIOUR

(Chapter 6 may be omitted on a first reading ofthesis.)

6.1. INTRODUCTION

This chapter details the adaptation of an ANSYs2r Programmable Featur@JPF)

to create an accurate model of a real world matesiad its subsequent use in a
simulation of hydraulic autofrettage. This is nesagy in order to provide an accurate
material model for use in simulation of swage awtithge; as documented in Chapter
5, the EMPRAP material is not suitable for suclewmstances.

The accuracy of the customised material behaveuerified through:

1. Comparison of uni-axial stress-strain results vd#ta taken directly from the
material-fit equations,

2. Comparison in Hydraulic autofrettage with the Hendkrogramme and the
ANSYS EMPRAP model (developed in Chapter 5), batipleying the same
material-fit.

Given that the ANSYS EMPRAP model could satisfabtdre used in the simulation
of hydraulic autofrettage, the main purpose fordleping the UPF-based material
model is for its later use simulating swage auttde.
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6.2. USERPROGRAMMABLE FEATURES(UPFS)

ANSYS provides a set of customisable routines mhay be employed to achieve non-
standard behaviours; collectively they are refeteedsUser Programmable Features
(UPFs).

UPFs are supplied as individual source code (FoAf) files, which generally recreate
a standard feature in ANSYS. These files may theraltered to achieve the desired
behaviour, after which they are compiled and sidifidinked with the main ANSYS
object file, creating a second customised versioANSYS containing the UPF. With
the necessary compiler installed, the custom eabtaitfile is easily created — the
“Relink” option is selected from the ANSYS Adminility. This runs a batch file
which runs through the required procedures, regultn a custom executable file.
Static linking, as opposed to dynamic linking, tesaa single executable file
containing all compiled and linked code, rathemtladggnamically linking the external
code at run time.

A wide variety of UPFs exist, but those of interagt those that alter the stress-strain
behaviour of a material in a mechanical analy$X.these, the USERMAT routine is
of particular interest as it allows the stressistrstate in both elastic and plastic
regimes to be controlled. It is important to béeab control the elastic behaviour, as
some metals (A723, for example) exhibit a sligharae in their Young’s Modulus
during unloading subsequent to plastic loading.

6.2.1. ANSYS Solution Procedure

Before explaining the function of USERMAT, it is@ppriate to describe the ANSYS
solution procedure and where material sub-routisesh as USERMAT, are used
within it.

ANSYS divides its solution hierarchy into three day. load steps, sub-steps and
equilibrium iterations. Load steps are user defjinend separate the solution into
successive stages which reflect the details ofafidied loading on the system being
modelled; in the hydraulic autofrettage model usethis study, load steps are used
separately to model the loading and unloading Ehoies.

Sub-steps divide load steps into shorter periodsyden which the applied loads are
(by default) altered to achieve gradual progressienveen the initial and final values
defined for the load step. Minimum, maximum andgasted numbers of sub-steps
may be defined by the user; sufficient must be eygd to capture the details of loads,
especially when transient (such as the sliding amintpresent during swage
autofrettage), while keeping the simulation compaielly tractable.
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During each sub-step, ANSYS employs a series oifliequm iterations to gauge a
suitable increment of the input (during mechanemalyses, strain increments are the
input), by assessing the output from the seleatddrsutine (in this case, USERMAT)
for the analysis.

6.2.2. USERMAT and its Sub-Routines

In a nutshell, USERMAT accepts increments of tetedin as inputs, and outputs both
the stress and plastic strain state. In addiitooytputs a stress-strain Jacobian matrix
(the best linear approximation to a differentiahlaction near a given point; in this
case, the multi-axial stiffness) which is used éfprestimate the next set of total strain
increments. Like a standard material USERMAT itedafor at each integration point,
during each equilibrium iteration.

USERMAT consists of a number of components — trst etermines the complexity
of the load case, and then calls the suitable comptospecific to the load case. The
degree of complexity is primarily determined by thember of strain components,
which in turn depends on the element selected. rdihge of load cases is listed in
Table 6.1, along with the related sub-routine. dldhe number of shear strain
components equals the difference between the numbestrain and direct strain

components.
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Load Case Strain Direct Strain Sub-Routine
Components Components Called
One Dimensional 1 1 usermatld
Three Dimensional Beam 3 1 usermatbm
Plane Stress 3 2 usermatps
Plane Strain or Axi-Symmetric 4 3 usermat3d
Three Dimensional 6 3 usermat3d

Table 6.1: Summary of USERMAT Sub-Routines

Of the listed sub-routinagsermat3dwvas adapted and used due to its utility in the axi
symmetric case, in addition to the three dimengdicaae (which was used to create
uni-axial specimens, described in sub-section .48 addition,usermatldvas used
as an intermediary during the customisationusérmat3¢ allowing development to
progress without dealing with multi-component sregain.

6.2.3. Using the USERMAT Routine

The custom executable, once compiled and relinkea; either be selected from the
ANSYS Profile Manager, or may be invoked (in theee@f ANSYS 11.0) using the
following command:

ansys110 -custom <filename>

The USERMAT UPF is activated in much the same wa anormal material mode.
First, thestate variableenvironment is initialised, in this case with threomponents.
The TB,STATE command specifiesStatev , which in turn sizestatev , the array that
contains the state variables between Newton-Rapts@ions:

TB,STATE,1,,3,
TBDATA,1,C1,C2,C3,

The state variable retains equivalent plastic straomponent plastic strains and
current yield stress; thus for the bi-linear isptotomodel supplied, its size must equal
the number of strain components (from Table 6.Uy gwo. Effectively, it maintains
the state of the solution for each integration p@is the procedure iterates through
them, throughout the sequence of sub-steps thatitde the solution. In addition,
the state variable may be dimensioned to retairaeddta to suit the requirements of
the customised USERMAT (as was done in this case).

Then the material properties are assigned to therrah

TB,USER,1,1,4
TBTEMP,1.0
TBDATA,1,E1,nut,YS1,UniAxPIMod

117



The above example would be used to initialise glsitemperature profile for the
unmodified, bi-linear isotropic hardening matergaipplied with ANSYS. The four
properties listed are: Young's Modulus, PoissordsidR Yield Stress and Uni-Axial
Plastic Modulus.

The user material may then be used with a numbelenfients: LINK180, SHELL181,
PLANE182, PLANE183, SOLID185, SOLID186, SOLID187EBRM188, BEAM189,

SOLSH190, SHELL208 and SHELL209. For the purposéghis work 8-node
PLANE183 elements will be used in two-dimensionalgses.

Prior to the quoted code, a number of "housekeépiagks are carried out — the
subroutine igpasseda number of variables, most notably the totalistrecrements and
the contents of the state variable; the subrostifeeal variables are then declared.
After each invocation of the sub-routine, it pasdata back to the main programme
and stores it for use in subsequent iterations.

The initial preparation code is followed by the fttional" code, given below in
section 6.2.4; the code is that supplied with ANSX@ due to difficulties encountered
(described in section 8.1) adapting the code foBAXR 11.0.

6.2.4. Documentation of Supplied USERMAT Code

The code shown here in boxes, labelled as “CodekBipis in the Fortran language,
and is distinct from the APDL (ANSYS Parametric [@@sLanguage) scripts that are
used to automate the execution of the ANSYS programLine length is limited to 72
characters, and may be continued using the “&” atiar.

The first section creates the local variables basethe information passed to the sub-
routine by the main ANSYS executable, and calcsl#tite equivalent plastic modulus
(dsigdep ) from the uni-axial value, and shear modulus the.2® Lamé Constani).
Finally, the elastic stiffness (stress-strain) mafdsdeEl ) is calculated. In this one-
dimensional case the matrix has only one compoienitin the axi-symmetric case it
has 4x4 components, and 6x6 in the full three-dsrmeral case.
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keycut =0
dsigdep = ZERO
pleg_t = statev(1)
pleq =pleq_t
¢ *** get Young's modulus and Poisson's ratio, init ial yield stress
c and others
young = prop(1)
posn = prop(2)
sigy0 = prop(3)
¢ *** calculate plastic slope
dsigdep = young*prop(4)/(young-prop(4))
twoG =young/ (ONE+posn)
¢ *** define tsstif(1) since it is used for calcula tion of
hourglass stiffness
tsstif(1) = HALF * twoG
¢ *** calculate elastic stiffness matrix
c
dsdeEIl(1,1)= young

Code Block 6.1

The second section uses the elastic stiffness xmnasrian initial value for the plastic
stiffness matrix,dsdePl , which is then used as the Jacobian matrix (ifstpia
deformation occursisdePl is modified — see Code Block 6.6). The stregglp ) is
then incremented elastically usiagdeEl , and the strain increment vectdstrain

In the one-dimensional case presented here, batificesaand the vector have only one
component, but higher-order cases utilise appragyi@imensioned tensors.

The second half of the code block determines ttpe anhd von Mises equivalent of the
incremented stressjgnTens assumes the value of 1 or -1 (respectively, tensil
compressive), angel equals the von Mises equivalent stress. Thelé#osmpressive
check is not made in the higher-dimensional modslthe state is not readily apparent.
In this case however, it is a useful example ofkimel of checks than can be made to
establish the load status of the material.

Finally, the current yield stressigy , is calculated based on the initial yield stress
(sigy0 ), the plastic slopad§igdep ) and current equivalent plastic strapreq ).

¢ *** calculate the trial stress and
¢ copy elastic moduli dsdeEl to material Jacobi an matrix
SigEIp(1) = stress(1)
dsdePI(1,1) = dsdeEl(1,1)
sigElp(1) = sigElp(1) + dsdeEl(1,1) * dStra in(1)
¢ *** sign of predicted stress
signTens = sign (ONE, sigElp(1))
€ *** compute von-mises equivalent stress
gEl = abs(sigElp(1))
¢ *** compute current yield stress
sigy = sigy0 + dsigdep * pleq

Code Block 6.2

Code Block 6.3 checks for yielding — if the equeral stressgel is less than the
current yield stressigy , fratio  takes a value below zero. Thre statement is then
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satisfied, and theo Tocommand instructs the execution point to jump dhskipping
the plasticity-handling code. IfEl exceedssigy the reverse happens, and the
plasticity code is executed.

fratio = gEI / sigy - ONE
¢ *** check for yielding
IF (sigy .LE. ZERO.or.fratio .LE. -SMALL) GO TO 500

Code Block 6.3

If the yield stress has been exceeded, and plystias been detected, Code Block 6.4
is executed. The vyield stress from the start efithration is recorded agy t , and
the plastic strain incremendpleq ) is found by dividing the difference in the curren
equivalent and yield stresses by Young's Modulus.

The equivalent plastic straimpldq ) is then incremented, and a new yield stress is
calculated by adding the product of the plastipsl@sigdep ) and increment plastic
strain to the initial yield stress.

sigy t =sigy
¢ *** jnitial guess of incremental equivalent plast ic strain
dpleq =(qEl - sigy) / young
pleq =pleq_t+ dpleq
sigy = sigy0 + dsigdep * pleq

Code Block 6.4

gEl

sigy _t

v

dpleq

Figure 6.1: Estimation of Plastic Strain Increment dpleq

Code Block 6.5 increments the sole plastic strammonent €psPI(1) ) with dpleq

(sign is determined byignTens ) and sets the value of stress. As this is a one-
dimensional example the stresses and strains preaea only one component, which
each equal the equivalent value. This is not sae higher-dimensional cases, in
which the components are calculated individuallyThe sole stress component
(stress(1) ) is then assigned the value of the final yielegésdr§igy ) — this value is
multiplied bysignTens as the yield stress is a scalar property.
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¢ *** update plastic strains, stresses
epsPI(1) = epsPI(1) + dpleq * signTens
stress(1) = signTens * sigy

Code Block 6.5

Code Block 6.6 usgseq (an internal variable) twice to define values &rbturned to
the main ANSYS programme - once to set the valugav(l) (which is used to
definepleg_t in the following iteration) and secondly to set thalue ofepseq (which
the main ANSYS programme uses).

It then estimates the plastic work incremeantipl , using the trapezium rule (this gives
an exact value for the linear plasticity model udmdthe supplied material), as

demonstrated in Figure 6.2.

o Area =0.5*(sigy_t + sigy) * dpleq

PNt

sigy

sigy_t

v

dpleq

Figure 6.2: Estimation of Plastic Work Increment

Finally the Jacobian matrix (thedePl matrix) is calculated, for the plastic case.

¢ *** update plastic strains
epseq = pleq
¢ *** Update state variables
statev(1) = pleq
statev(2) = epsPI(1)
¢ *** Update plastic work
sedPl = sedPI + HALF * (sigy_t + sigy) * dple q
c
¢ *** Material Jcobian matrix
c

dsdePI(1,1) = dsdeEl(1,1) * dsigdep /(dsdeEIl( 1,1) + dsigdep)
¢ *** Allow a small number for Jcobian matrix if it is an ideal
c plasticity

if(dsdePI(1,1).LE.ZERO) dsdePI(1,1) = SMALL*d sdeEl(1,1)
c

goto 600

Code Block 6.6
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Code Block 6.7 starts with a continue statementchvinesumes the execution path
following the goto statement in Code Block 6.3. eTingle line of code given below
copies the stresses determined by elastic analyilg®p ) into thestress vector,
which is output to the main programme. (In the-dmeensional case shown only one
stress component is present.)

500 continue

¢ *** Update stress in case of elastic/unloading
stress(1) = sigElp(1)

Code Block 6.7

Code Block 6.8 is executed during both elastic plastic behaviour (the continue
statement resumes the plasticity code path, fofigwine goto statement in Code Block
6.6). The elastic worksédel ) is calculated based on the area of a triangle
(representing the area under the elastic loadimgp)ausing the stress and elastic strain
present. Finally, the last entry of the statealas,statev(nStatev) , IS updated with
the current value of the yield stress and the switifre ends.

600 continue
¢ *** glastic strain energy
sedEl = HALF * stress(1) * (Strain(1)+dStrain (1)-epsPI(1))
¢ *** ypdate state variables
statev(nStatev) = sigy
c
return
end

Code Block 6.8

6.2.5. Modifications to Model A723

The description of the modifications made to theEBSIAT routine will be made in
two sections; firstly, how the desired stress-stia¢haviour was applied to the one-
dimensional variant of the materialsermatldand secondly, how these modifications
were applied and adapted usermat3¢d material variant used for axi-symmetric and
three-dimensional analyses. This reflects the reatof the development work
conducted on the material routine, and splits thecdption logically so that material
representation issues and load cycle positionrasgeld separately.

The main difference between the supplied BISO natand the behaviour of A723 is
the response to plastic strain; the BISO modelnstthe peak equivalent stress as the
future yield strength, whereas A723 displays theidghinger effect and significant
non-linearity in unloading dependant on the degfgaastic strain in loading.

Indeed the isotropic property of the BISO matema¢ans that regardless of the
configuration of the applied stress componentsriheerial retains equal yield strength,
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whilst the Bauschinger effect means that A723 ledm yield at lower stress in
compression following tensile plastic strain.

The above makes it clear that to successfully siteuh723, the material model must
be altered to record the peak plastic loading rstexiperienced. Without this the
characteristic plastic strain-dependent unloadingfile, crucial for an accurate
assessment of residual stresses, would not bevachie
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6.3. ONE-DIMENSIONAL MODEL

As mentioned in sub-section 6.2.5, the one-dimeradimodelusermatldwas the first
to be modified, to allow the material representatio be perfected without the
complexities of multi-component stress-strain.

Specifically, it is trivial to determine whetherading or unloading is occurring as
strain increments are either positive (loadinghegative (unloading). In addition to
this, no equivalent values (stress or strain) reedalculated.

The modifications tausermatldwere designed to allow it to be tested in simiglist
tension-compression model, made up of a single digknent. Thus the load cycle
would be kept simple allowing the position withinet cycle to be determined via
rudimentary checks.

6.3.1. Overview of Modifications

To adapt the supplied sub-routine to allow it todelothe desired non-linear stress-
strain profile (given in Figure 5.2), a number tiEetions were required. Thaison
d’étre for the alterations are detailed below.

Specification of Material Constants

Material-fit equations generally require additiopa@rameters to be assigned for their
proper evaluation. These must either be supphedugh the material definition, or
“hard coded” into the sub-routine. It was decidedard code (specify values within
the Fortran source code) any required parametearsn gpace limitations within the
TBDATAvariable and infrequent changes of material-fits.

Initial Elasticity and Yield left unchanged
No material models of relevance (especially not 723 model used here) include
anything other than linear elastic behaviour fonsdeformed material, of constant
Young's Modulus and initial yield stress.

Stresses during Initial Plasticity altered

While the material models of interest generallyspribe a linear response to initial
plasticity, the slopes are often case specific gindn by a fit equation. As such the
sub-routine was altered to use such equationsi@nde their derivatives as the uni-
axial plastic gradient (used to calculas#dep ).

Values Retained at Peak Stress

In order to track unloading of properties (streed atrain) from peak values, it was
necessary to retain these peak values within ete gariable. In the one-dimensional
case (sermatldl only the peak plastic strain needed to be rethifinence the state
variable is enlarged from three to four entriesithvother values calculated from it.
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The extra values requiring retention for the thdewensional caseu§ermat3yl are
detailed in section 6.4.2.

Detection of Unloading from Prior Plastic Strain

Given the change in properties (Young’'s Modulus sserse yield stress) that occur
following prior plastic strain, it is essential thanloading be detected and its presence
declared to the relevant portions of code. Thisingply done for the one-dimensional
case, and is done informally where needed. Theetdimensional case required more
formal treatment, including an unloading flag, t@i@ excess repetition.

Reverse Plasticity and Yield Stress altered
When unloading is detected, both Young’'s Modulud Hre reverse yield stress are
calculated, dependent on prior plastic strain.

Non-Linearity during reverse Yielding
Once the material is detected to have exceedeeese yield stress calculated at that
point, non-linear unloading commences in accordavittethe material-fit equations.

6.3.2. Narration of Modifications

The modifications made to the one-dimensional aasermatldthe reasons for which
are given in sub-section 6.3.1, are presented bigldlae order they appear in the code.

The first additional task that must be conductedeisding the value of maximum
tensile plastic strain in from the state variabldis is achieved by the contents of Code
Block 6.9, which is placed after the line assignangalue topleq in Code Block 6.1,
which reads the value into the local variatdesepeq . The value is returned to the
state variable by Code Block 6.15 (the descriptayrwhich explains the assignment of
values to the different entries within the statealae).

Tensepeq = statev(3)

Code Block 6.9

An additional array,MatParms, is added to the list of those defined during the
initialisation portion of the sub-routine. Its foentries are used to contain the material-
fit constants 4, ¢ andd), andy once unloading commences. Code Block 6.10 assigns
the values o, ¢ andd.

MatParms(1) = 0.d0
MatParms(2) = 0.d0
MatParms(3) = 0.013d0

Code Block 6.10
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It is then necessary to determine whether the mahtés unloading, and if so
conditionally set or modify values. This is easighieved in the one-dimensional
tension-compression case investigated here — givien plastic strain, the sign of the
strain incrementdStrain ) defines whether loading or unloading is occurrirfg was
recognised that this is not a rigorous check, lag satisfactory for the limited scope in
which theusermatldsub-routine was used.)

Code Block 6.11 checks for unloading; if detecteel televant variables, listed below,
are altered appropriately, dependant on the degjresmsile plastic strain experienced.

* Young's Modulus young ),

* Bauschinger effect FactoBgF),

* y(MatParms(4) ),

* Maximum Equivalent StressvéxEqSig) — used for calculating the amount of
elastic unloading strain,

* Reverse Elastic Straimr¢vEIStrn ), used to determine reverse plastic strain,

* Initial Reverse Equivalent Plastic StraRe{pleg_t ).

Figure 6.3 helps explain these terms.

o
A
MaxEqSig
sigy0 | '
Z — ¢
—BEF* sigy0 : '
«— |
Revpleq i I
RevEIStrn

Figure 6.3: Strains in Unloading

As well as the calculations made, the final lin¢hwm the IF structure checks to ensure
Revpleg_t does not assume a negative value, which wouldobsemsical in terms of
the material representation.
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IF (dStrain(1) .LT. ZERO .and. Tensepeq .GT. ZERO) THEN
young = prop(1) * (ONE - 0.15d0*DTANH(1.2d0 *Tensepeq*1.d2))
IF (Tensepeq .GE. 0.01d0) BEF = 0.17d0
IF (Tensepeq .LT. 0.01d0) BEF = 0.1684d0 *

& (DTAN(ONE - Tensepeq*1.d2))**3.6d0 + 0.17 do
MatParms(4) = 1.2858d0 * (Tensepeq*1.d2) ** -0.323d0
MaxEqSig = sigy0 * (ONE + MatParms(1) * DTA NH

& (MatParms(2) * Tensepeq) + MatParms(3) * Tensepeq * 1.d2)
RevEIStrn = (MaxEqSig + BEF*sigy0)/young
Revpleg_t = (Tensepeq+sigy0/prop(1) - RevEl Strn) - Strain(1)
IF (Revpleg_t .LT. ZERO) Revpleq_t = ZERO

END IF

Code Block 6.11

Code Block 6.12 checks for loading/unloading bypexgting both the total strain
increment and tension-compression status; this sézet the tensile yield stress is
retained while unloading down the line 2-3 unti ttress becomes compressive. In
addition, initial and final yield stressesigy t andsigy , respectively) are calculated
directly using the material-fit equations and militand final plastic strains, not the
plastic slopegdsigdep . This means thatsigdep (now calculated in Code Block 6.14)
is only required when calculating the Jacobian ixatr

IF (dStrain(1) .GT. ZERO .and. signTens .GT. ZERO) THEN
sigy_t = sigy0 * (ONE + MatParms(1) * DTANH (MatParms(2) *

& pleq_t) + MatParms(3) * pleq_t * 1.d2)

ELSE IF (dStrain(1) .LT. ZERO .and. signTens .LT. ZERO) THEN
sigy_t = sigy0 * ((ONE+MatParms(1)-BEF) * D TANH

& (MatParms(4)*Revpleq_t*1.d2) + BEF + MatPar ms(3)*Revpleq_t)

END IF

Code Block 6.12

Code Block 6.13 then calculates the incrementedrsevequivalent plastic strain, and
ensures it is positive, in the same way the inu&#le was obtained.

IF (dStrain(1) .LT. ZERO) Revpleq = Revpleq_t -dStrain(1)
IF (Revpleq .LT.ZERO) Revpleq =ZERO

Code Block 6.13

Code Block 6.14 again checks for loading/unloadamg calculates the incremented
yield stress, in the same way that the initial djistress is calculated in Code Block
6.12. Thestress array, due to be passed back to the main ANSY §ranome at the
end of the current pass through the material subr®, is then updated. Finally the
plastic modulusdsigdep , is calculated as the gradient between the indral final
yield stresses.

During reverse yielding, this will slightly overtgsate the actual gradient that will be
encountered during the following iteration as thmadgent of A723 reduces as reverse
plastic strain increases. However, given the piesd displacement that will be
applied to the one-dimensional test model (whiclamsethe strain incremeniStrain
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is calculated directly from the applied displacethetine precise value of the slope is
not important. Howeverusermat3dwill need to include an accurate means of
predicting the required slope for the next itenatias the applied loads are not
displacement based.

IF (dStrain(1) .GT. ZERO .and. signTens .GT. ZERO) THEN

sigy = sigy0 * (ONE + MatParms(1) * DTANH(M atParms(2) *
pleq)

& + MatParms(3) * pleq * 1.d2)

ELSE IF (dStrain(1) .LT. ZERO .and. signTens .LT. ZERO) THEN
sigy = sigy0 * ((ONE+MatParms(1)-BEF) * DTA NH

& (MatParms(4)*Revpleq*l.d2) + BEF + MatParms (3)*Revpleq)

END IF

Code Block 6.14

The final alteration, as shown in Code Block 6.ddates the maximum tensile plastic
strain for the integration point if the current walexceeds that stored in the state
variable. The state variable is enlarged by théARode that assigns the custom
material to the ANSYS model — the original sizetloé state variable for the one-

dimensional version of the USERMAT sub-routine lsee entries, and this was

increased to four to store the maximum tensiletjglasrain.

For this and higher dimensional variants of the-satiine, it was decided not to store
the maximum tensile plastic strain as the finalieah the array, as the modified yield
stress igy ) is always stored as such, and accessed ssiteg(nStatev) . Instead,

it was stored between the plastic strain vectorthadjield stress value.

IF (pleq .GT. statev(3)) statev(3) = pleq

Code Block 6.15

Following the modifications detailed above, userdddtwas compiled and linked with
ANSYS, which was then ready to be used in thenestel.

The changes described above were made incrementalillow different portions to
be developed separately and errors to be identfigdkly — the stages are given
below:

1. The supplied bi-linear material was altered andasponses to them observed,

2. The initial tensile behaviour was programmed to etdlkat of A723 in loading,

3. The initial tensile behaviour was programmed to etothat of A723 in
unloading from initial tensile plastic strain,

4. Loading and unloading behaviours were combinedticrg the code described
above.
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6.3.3. ANSYS Test Model

As described at the beginning of section 6.3, ks tension-compression model was
required to test the customisesermatldsub-routine. To do so, a model consisting of
a single LINK180 element was created, one end o€hvivas fully constrained while
the other was displaced along the axis of the ademeéhis is shown in Figure 6.4.

LINK180 Elemen

a) i

First Keypoint Second Keypoint
constrained in botp moved in x direction
x and y directions y to strain element

X

Figure 6.4: Uni-Axial Test Model

The above model was first progressively loaded ension to a maximum value
(sufficient to cause plastic deformation), and tlpeagressively unloaded from this
maximum value. At each increment the stress-ssite in the element was recorded
into a table, from which the results could easgydompared and plotted against those
calculated from the material-fit equations.

These procedures were scripted and automated A$iDd. to reduce the time taken
for requisite stages to be completed; this allowethnge of maximum strains and
material parameters to be tested, to further vénéymodel.

6.3.4. Results

Figure 6.5 plots the results obtained from the rhatktailed in sub-section 6.3.3, using
the custom material. The link element was extersladh that the total strain equalled
several multiples (1.5, 2, 2.5 and 3) of the y&l@in,cy, and material parameters were
as specified.

The results from ANSYS are plotted against thogainbd directly from the material-
fit equations, for the same conditions.
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Figure 6.5: Tensile-Compressive Profilegysermatld

6.3.5. Summary of One-Dimensional Material

The results from the ANSYS custom material, presegim Figure 6.5, show excellent

agreement when compared against those from theialdieequations, across a range

of maximum initial strains. In additional, resulteere compared across a range of
variations of material parametees ¢ andd), which all showed equally close matching
(results are omitted for brevity).
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6.4. THREEDIMENSIONAL MODEL FORAUTOFRETTAGE
SIMULATION

Once the one-dimensional model had been adapteseaiigkd, the three-dimensional
model became the focus for development. This @echirst describes the extra
complexity required to model multi-component streain, and then the additional
modifications made to the source code to achieselésired material behaviour.

6.4.1. Differences between the one- and three-dimensional
models

To calculate initial elastic stresses, the subineuuses the stiffness matrik, to
calculate the stress increments from the strairements. This is from Hooke’s Law,
and is given by Equation (6.1):

{o} =[K[e} 6.1)

Fully expanded to the six component (three dibcee shear) case, the above becomes
that given in Equation (6.2) — the form used byrieerial sub-routine:

o) [A+2u 2 A 0 0 0 &
g, A A+2u A 0 0 0 &,
Ts | _ A A A+2u 0 0 0 &, 6.2)
o, 0 0 0 Y7 0 0 £
Oy 0 0 0 0 Y7 0 Esg
oyl | O 0 0 0 0 U || &y

Standard elastic relationships, given in Equati@:3) and (6.4), are used to determine
the two Lamé constants:

_ EBE _
M= Jiey)~© (6-4)

The following, in Code Block 6.16, is used to paial the elastic stiffness matrix,
dsdeEl . Gis a small mask vecton@t shear modulus), the first three valueglf to

G(3) ) equalling one, the last three equalling zero.e Dbloops at the end exploit the
diagonal symmetry of the matrix to save calculatiore by mirroring 16 of the values
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over into the opposite corner. The mask vectased solely to allow the calculations
to be encoded more succinctly.

When used in Plane Strain and Axi-Symmetric casys four strain components exist
(three direct, one shear); accordingly the uppedbed block of matrix values are used.
In the full three-dimensional case, the entire @w@trix is used as six strain
components are present (three direct, three shear).

dsdeEl(1,1)=(elast1+TWO*elast2)*G(1)*G(1)
dsdeEl(1,2)=elast1*G(1)*G(2)+elast2*TWO*G(4)* G(4)
dsdeEl(1,3)=elast1*G(1)*G(3)+elast2*TWO*G(5)* G(5)
dsdeEl(1,4)=elast1*G(1)*G(4)+elast2*TWO*G(1)* G(4)
dsdeEl(1,5)=elast1*G(1)*G(5)+elast2*TWO*G(1)* G(5)
dsdeEl(1,6)=elast1*G(1)*G(6)+elast2*TWO*G(4)* G(5)
dsdeEl(2,2)=(elast1+TWO*elast2)*G(2)*G(2)
dsdeEl(2,3)=elast1*G(2)*G(3)+elast2*TWO*G(6)* G(6)
dsdeEl(2,4)=elast1*G(2)*G(4)+elast2*TWO*G(1)* G(4)
dsdeEl(2,5)=elast1*G(2)*G(5)+elast2*TWO*G(1)* G(5)
dsdeEl(2,6)=elast1*G(2)*G(6)+elast2*TWO*G(2)* G(6)
dsdeEl(3,3)=(elast1+TWO*elast2)*G(3)*G(3)
dsdeEl(3,4)=elast1*G(3)*G(4)+elast2*TWO*G(5)* G(6)
dsdeEl(3,5)=elast1*G(3)*G(5)+elast2*TWO*G(5)* G(3)
dsdeEl(3,6)=elast1*G(3)*G(6)+elast2*TWO*G(6)* G(3)
dsdeEl(4,4)=elast1*G(4)*G(4)+elast2*(G(1)*G(2 )+G(4)*G(4))
dsdeEl(4,5)=elast1*G(4)*G(5)+elast2*(G(1)*G(6 )+G(5)*G(4))
dsdeEl(4,6)=elast1*G(4)*G(6)+elast2*(G(4)*G(6 )+G(5)*G(2))
dsdeEl(5,5)=elast1*G(5)*G(5)+elast2*(G(1)*G(3 )+G(5)*G(5))
dsdeEl(5,6)=elast1*G(5)*G(6)+elast2*(G(4)*G(3 )+G(5)*G(6))
dsdeEl(6,6)=elast1*G(6)*G(6)+elast2*(G(2)*G(3 )+G(6)*G(6))
do i=1,ncomp-1

do j=i+1,ncomp

dsdeEl(j,i)=dsdeEl(i,j)

end do

end do

Code Block 6.16

Next, the plastic stiffness matrix is created udimg values from the elastic stiffness
matrix as the first value; as in the one-dimendi@aae,dsdePl is output to the main
programme as the Jacobian matrix, so unless ptgsticcurs this equal&. At the
same time, the elastic component trial stressgsl{ ) are incremented, in accordance
with the standard method of evaluating matrices.

do i=1,ncomp
sigElp(i) = stress(i)
do j=1,ncomp
dsdePI(j,i) = dsdeEl(j,i)
sigElp(i) = sigElp(i)+dsdekEl(j,i)*dStra in(j)
end do
end do

Code Block 6.17

Code Block 6.18 calculates the hydrostatic strassl hence obtains the deviatoric
stressessigDev , from which the equivalent stregg| , is determined.
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¢ *** hydrostatic pressure stress

pEl = -THIRD * (sigElp(1) + sigElp(2) + sigEl p(3))
¢ *** compute the deviatoric stress tensor

sigDev(1) = sigElp(1) + pEl

sigDev(2) = sigElp(2) + pEl

sigDev(3) = sigElp(3) + pEl

sigDev(4) = sigElp(4)

sigDev(5) = sigElp(5)

sigDev(6) = sigElp(6)
C *** compute von-mises stress

gEl =

& sigDev(1) * sigDev(1)+sigDev(2) * sigDev(2) +

& sigDev(3) * sigDev(3)+

& TWO*(sigDev(4) * sigDev(4)+ sigDev(5) * sig Dev(5)+

& sigDev(6) * sigDev(6))
gEl = sqrt( ONEHALF * gEI)

Code Block 6.18

None of the above procedures was altered — aiorib-dimensional case, the altered
elastic stiffness following plasticity is achieveg modifying Young's Modulus (and
any other elastic values derived from it) beformfentered into the procedures. Thus

suitable stress increments may be calculated.

In overview, Code Block 6.19 calculates the incretria plastic straindpleq ), then
the incremented plastic straisieq , and resultant equivalent stress magnitude (based
on linear hardeningkigy . It then updates the vectors of stress componsirdss |,

and plastic strain componenépsPl , which are output to ANSYS.

¢ *** compute derivative of the yield function
DO i=1, ncomp
dfds(i) = threeOv2qEl * sigDev(i)
END DO
oneOv3G = ONE / threeG
gEIOV3G = qEl * oneOv3G
¢ *** jnitial guess of incremental equivalent plast ic strain
dpleq =(gEIOV3G - sigy * oneOv3G
pleq =pleq_t+ dpleq
sigy = sigy0 + dsigdep * pleq
c
¢ *** update stresses
DOi=1, ncomp
stress(i) = sigElp(i) - TWOTHIRD * (gEl-s igy) * dfds(i)
END DO

c
¢ *** update plastic strains
DOi=1, nDirect
epsPI(i) = epsPI(i) + dfds(i) * dpleq
ND DO

DO i = nDirect + 1, ncomp
epsPI(i) = epsPI(i) + TWO * dfds(i) * dple q
ND DO

Code Block 6.19

The flow rule is used to calculate the stress amainsincrements — as the stress
function used is also the vyield function, this tHescomes the associative flow rule
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(meaning plastic strains occur in the directiorthe normal to the yield surface [31).
The different components of the partial derivative stored within thefds vector.

Equation (6.5) shows the general form of the assiwel flow rule [32]:
&P = A(ij (6.5)

ANSYS employs the discrete form, such that smatrements of plastic strain are
used, rather than derivatives, as shown in Equ#6d):

of
Ae? =Ael| — 6.6
i eq(aa_i j ( )
dfds corresponds with the partial derivativefpothe plasticity criterion function (which
defines the yield surfacé= 0), anddpleq to Ac.’, the multiplier of time-independent

eq
plasticity.

Code Block 6.20 then stores the equivaleidg() and componentepsPI(i) ) plastic
strain values in the state variable, and incremgr@plastic worksedpPI .

¢ *** Update state variables
statev(1) = pleq
do i=1,ncomp
statev(i+1) = epsPI(i)
end do
¢ *** Update plastic work
sedPI = sedPI + HALF * (sigy_t+sigy)*dpleq

Code Block 6.20

Code Block 6.21 calculates the current plastic Baromatrix,dsdeP! .
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¢ *** Material Jcobian matrix
c

IF (QEI.LT.sqTiny) THEN

conl =ZERO
ELSE

conl = threeG * dpleq / gEl
END IF
con2 = threeG/(threeG+dsigdep) - conl
con2 = TWOTHIRD * con2
DO i=1,ncomp

DO j=1,ncomp

JIM(j,i) = ZERO

END DO
END DO
DO i=1,nDirect

DO j=1,nDirect

JIM(i,j) = -THIRD

END DO

JIM(i,i) = IM(i,i) + ONE
END DO

DO i=nDirect + 1,ncomp
JIM(i,i) = HALF
END DO
DO i=1,ncomp
DO j=1,ncomp
dsdePI(i,j) = dsdeEl(i,j) - twoG
* ( con2 * dfds(i) * dfds(j) + co nl* JIM(i,j))
END DO
END DO
c
goto 600

Code Block 6.21

Code Block 6.22 copies the elastic trial streseehe output stress vector if no plastic
deformation occurred during the current iteration.

500 continue

¢ *** Update stress in case of elastic/unloading
do i=1,ncomp
stress(i) = sigElp(i)
end do

Code Block 6.22

Code Block 6.23 iterates through each componergepteto calculate the current
elastic worksedEl , stores the current yield stresigy , in the state variable, then exits
the sub-routine.
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600 continue
sedEl = ZERO
DO i =1, ncomp
sedEl = sedEl + stress(i)*(Strain(i)+dStrai n(i)-epsPI(i))
END DO
sedEl = sedEl * HALF
statev(nStatev) = sigy

return
end

Code Block 6.23

6.4.2. Modifications made to the three-dimensional model

Having successfully created a one-dimensional nahterodel of the gun steel A723,
the main tasks necessary to formulate a three-difoeal version were:

1. Develop more robust loading/unloading detection

2. Introduce the use of equivalent stresses and strain

3. Add in automatic selection of behaviour when emetbyn plane strain/axi-
symmetric and three-dimensional cases.

The most important of the above tasks is detectibnloading/unloading. To
accomplish this reliably and succinctly, once udiog for a given integration point is
detected, the decision (see Code Block 6.26) redtas a flag within the state variable.
Within the sub-routine, the value was assignechireeunidrlag (unloading flag).

To properly determine the current stress-straitestéhen multiple components are
present, equivalent values must be used. In aaditi this, a separate set of unloading
variables must be maintained, just as the revelastip strain Revpleq ) was in
usermatld The retained values were:

1. Peak (total) component strains,

2. Peak component stresses,

3. Reverse component stresses,

4. Reverse (plastic) component strains.

A summary of the calculation process used is givelow, which is followed by a
more detailed explanation interspersed with thesoaode that achieves the described
features.

The peak stresses and strains were stored to edhmvse values to be calculated as the
material contracts. Specifically, the currentdtpteverse strains are calculated; from
these reverse strain increments, reverse elagtlcstresses are incremented (as in the
“forwards” case).

These reverse elastic trial stresses are thensassagainst the reverse yield stresgx
+ f*ove, as in the forwards case, an extra stage of pigstialculations are conducted
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if the reverse yield stress is exceeded, otherthiseslastic stress components are taken
as the final reverse stress components for thaatibe. The final reverse stress
components are then subtracted from the peak coempasiresses to determine the
final values of the “forward” stress componentstfat iteration.

Code Block 6.24 handles reading in the values & bensepeq andunidFlag from
the state variable at the start of each pass thrthwg sub-routine. In addition, several
other values are read in from the state variabticaircalculated from other parameters:
peak total strain is read inteakStrn , peak stress is read inf@akStress , reverse
stresses are read inRevStress , reverse strains and strain increments are cagclla
and stored irRevStrain  anddRevStrain , respectively.

The initial reverse yield stresRevsigy t , IS also read in from the state variable, the
value of which is also used as the incrementedrsewdeld stresRevsigy .

As different numbers of components are presenthén three-dimensional and axi-
symmetric/plane strain casesytev  varied in size to accommodate this. Thus, it was
important to ensure referencesstatev reflected its variable size, and hence were
relative and/or procedural; for examplegldFlag and Tensepeq are respectively
third and second from last, and are referencedivel#o the last entry. Finally, the
initial reverse plastic straimevpleqg_t , is calculated.

pleg_t = statev(1)

pleq =pleq_t

DO i =1, ncomp
PeakStrn(i) = statev(i + (ncomp+1))
PeakStress(i) = statev(i + (2*ncomp+1))
RevStress(i) = statev(i + (3*ncomp+1))
RevStrain(i) = Strain(i) - PeakStrn(i)
dRevStrain(i) = -dStrain(i)

END DO

Revsigy_t = statev(nstatev-3)

Revsigy = Revsigy t

UnldFlag = statev(nstatev-2)

Tensepeq = statev(nstatev-1)

Revpleg_t = Tensepeq - pleqg_t

Code Block 6.24

Following the extra code used to read in values fitlst addition, given in Code Block
6.25, tousermat3dwas the calculation of a set of equivalent totedis values. The
peak value NlaxTotStrn ), the initial value ¢Strn_t ) and incremented valugStrn )

for the current iteration (based on #rein array and the element-by-element sum of
thestrain anddstrain  arrays, respectively). The calculations are cotetlin three
stages to allow for the variable number of sheanmanents that may be present.

Finally, the maximum stress at the integration pekperienced in loadingéxEqSig )

is calculated, by substituting the value of maximulastic strain in loadingrénsepeq )
into the material-fit equation (see sub-section1j.1 This peak stress value is used
when calculating the reverse yield stress.
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MaxTotStrn = (PeakStrn(1)-PeakStrn(2))**2

&+ (PeakStrn(2)-PeakStrn(3))**2 + (PeakStrn(3) -PeakStrn(1))**2
gStrn_t = (Strain(1)-Strain(2))**2 + (Strain( 2)-Strain(3))**2
& + (Strain(3)-Strain(1))**2
gStrn = ((Strain(1)+dStrain(1))-(Strain(2)+dS train(2)))**2
& +  ((Strain(2)+dStrain(2))-(Strain(3)+ dStrain(3)))**2
& +  ((Strain(3)+dStrain(3))-(Strain(1)+ dStrain(1)))**2
DO i =4, ncomp

MaxTotStrn = MaxTotStrn + 1.5d0*PeakStrn(i) **2

gStrn_t = gStrn_t + 1.5d0*Strain(i)**2

gStrn = qStrn + 1.5d0*(Strain(i)+dStrain(i) )**2
END DO
MaxTotStrn = DSQRT(MaxTotStrn) / (DSQRT(TWO)* (ONE+posn_eff))
gStrn_t = DSQRT(qStrn_t) / (DSQRT(TWO)*(ONE+p osn_eff))
gStrn = DSQRT(qStrn) / (DSQRT(TWO)*(ONE+posn_ eff))
MaxEqSig = sigy0 * (ONE + MatParms(1) * DTAN H
&(MatParms(2) * Tensepeq) + MatParms(3) * Tens epeq * 1.d2)

Code Block 6.25

Code Block 6.26 conditionally sets the unloadinggflunidFlag , to indicate to
following code that the material is unloadifrgm prior plastic strain(determined by
the outeriF statement), using the tolerance valuedract to help prevent false
positives of unloading detection.

Given the potential for a more complex load cytlevas important that the code be
able to cope with small drops in equivalent stia@fore peak strain is reached, and
small increases in strain during unloading fromkp&aain. Ther statements in Code
Block 6.26 ensure that once equivalent strain dimew the peak value encountered,
and only resumes loading (by settingdFlag to zero) if strain exceeds the previous
maximum.

Using a numerical value for the unloading flag aldfor convenient future expansion,
through the addition of extra material states. sThould be material dependent, but
could allow ratchetting or re-autofrettage to beestigated.

IF (Tensepeq .GT. ZERO) THEN

IF (gStrn .LT. gqStrn_t) UnldFlag = ONE

IF (qStrn .GT. MaxTotStrn) UnldFlag = ZERO
END IF

Code Block 6.26

If unloading is detected, Code Block 6.27 calciddbe requisite values for subsequent
unloading stress calculations: Young's Modulysufg ), multiples of the shear
modulus (oG andthreeG ), the Bauschinger Effect Fact@gF) and gamma (stored in
MatParms(4) ). In addition to these, the initial value of rese yield stress
(Revsigy_t ) is calculated if the current iteration is thesfim which unloading follows
loading (this means that if unloading is brieflyetded during loadingRevsigy t  will

138



be correctly recalculated when unloading restareflecting the true peak stress during
loading). For any case other than initial unlogg/evsigy t is read in from the state
variable by Code Block 6.24.

IF (UnldFlag .EQ. ONE) THEN
young = prop(1) * (ONE - 0.15d0*DTANH(1.2d0 *Tensepeq*1.d2))
twoG =young/ (ONE+posn)
threeG = ONEHALF * twoG
IF (Tensepeq .LT. 1.d-2) BEF = 0.1684d0 *

& (DTAN(ONE - Tensepeq*1.d2))**3.6d0 + 0.17d 0

IF (Tensepeq .GE. 1.d-2) BEF = 0.17d0

IF (statev(nstatev-2) .EQ. ZERO .and. UnldF lag .EQ. ONE)
& THEN

Revsigy_t = MaxEqSig + BEF*sigy0
Revsigy = Revsigy_t
END IF
MatParms(4) = 1.2858d0 * (Tensepeq*1.d2) ** -0.323d0
END IF

Code Block 6.27

The elastic stiffness matrixisdeEl , is then calculated (as described in Code Block
6.16) which means that it reflects the value of etestic constants whether in loading
or unloading. The value of the elastic stressamants is then calculated, as given in
Code Block 6.17, which is followed by a conditior@Tocommand (Code Block
6.28) that jumps to the elastic unloading segmanéexecution point 400) ifinldFlag
equals one.

IF (UnldFlag .EQ. ONE) GOTO 400

Code Block 6.28

If unloading is not present, and the abeaerds not followed, the elastic loading path
is followed. This is unchanged, apart from writithge elastic stresses to thieess
vector (which is later written to the state varegblvhen behaviour remains elastic (it
was previous done at execution point 500).

If unloading is detected, an equivalent set of Wakons is made for a set of dummy

“reverse” variables, as would be made for the “famiV variables. This is
accomplished by Code Block 6.29.
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DO i=1,ncomp
RevsigElp(i) = RevStress(i)
DO j=1,ncomp
dsdePI(j,i) = dsdeEl(j,i)
RevsigElp(i) = RevsigElp(i) + dsdeEl(j,i) *dRevStrain(j)
END DO
END DO
¢ *** Reverse hydrostatic pressure stress
RevpEl = -THIRD * (RevsigElp(1) + RevsigElp(2 )+
& RevsigEIp(3))
¢ *** compute the reverse deviatoric stress tensor
DO i=1,nDirect
RevsigDev(i) = RevsigElp(i) + RevpEl
END DO
DO i=nDirect+1,ncomp
RevsigDev(i) = RevsigElp(i)
END DO

RevqEl = ((RevsigEIp(1)-RevsigElp(2))**2 +

& (RevsigElp(2)-RevsigEIp(3))**2 +

& (RevsigElp(3)-RevsigElp(1))**2)/TWO +

& 3*(RevsigElp(4)**2 + RevsigEIp(5)**2 + Revsi gElp(6)**2)
RevqEl = DSQRT(RevqEl)

Revfratio = RevgEl/Revsigy_t - ONE
IF (RevqEl .EQ. ZERO) Revfratio = ZERO

Code Block 6.29

As in the “forward” case, yielding is determined thy ratio of the equivalent stress to
the current yield stress. In this “reverse” cassfratio  is the name assigned to the
variable. If no reverse yielding is detect&®\fratio is zero or less), Code Block
6.30 assigns the elastic reverse stress compoagiie final reverse stress components
for the iteration, subtracts these values frompghak component stresses to find the
current “forward” values, and stores the reversesses in the state variable. Finally it
jumps to execution point 600. If yield is detegtedecution jumps to the reverse
plasticity section (440).

IF (Revsigy_t .LE. ZERO .or. Revfratio .LE. - SMALL) THEN
DO i=1, ncomp
RevStress(i) = RevsigEIlp(i)
stress(i) = PeakStress(i) - RevStress(i)
statev(i + (3*ncomp+1)) = RevStress(i)
END DO
GOTO 600
END IF

GOTO 440

Code Block 6.30

As in the elastic case described above, the pigstiode comprises two paths: loading
and unloading. A plasticity path is followed ifsitrespective elastic precursor
calculated a trial stress that exceeded the cuyrelat stress.
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The plastic case in loading was altered little frémat supplied with the bi-linear
isotropic material. Specifically, the incrementgéld stress qigy ) calculation was
changed to match that given by the material-fi #re uni-axial plastic modulus (here
namedTM_UniAx) is calculated as the derivative of the mateitabduation. These are
summarised by Code Block 6.31.

sigy = sigy0 * (ONE + MatParms(1)*DTANH(MatPa rms(2)*pleq)
& + MatParms(3) * pleq * 1.d2)

TM_UniAx = sigy0*MatParms(3)*100.d0

Code Block 6.31

The plastic case in unloading was, like the elasige in unloading, a new addition that
was based on the structure supplied with the ipatrcase. Code Block 6.32 lists the
code which computes the values for the dummy “rea/evariables — from calculation
of reverse plastic strain incremedRévpleq ) and new reverse yield stressy(sigy ),

to updating the reverse stresRe\Stress(i)y ) and plastic strain RevepsPI(i) )
components.

threeOv2RevgEl = ONEHALF / RevgEl

¢ *** compute derivative of the reverse yield funct ion
DO i=1, ncomp
Revdfds(i) = threeOv2RevqgEl * RevsigDev(i)
END DO
oneOv3G = ONE /threeG

¢ *** jnitial guess of incremental equivalent plast ic strain
dRevpleq = (RevqEl - Revsigy t) * oneOv3G
Revpleq = Revpleq_t + dRevpleq
Revsigy = MaxEqSig + sigy0 * ((ONE+MatParms(1 )-BEF) * DTANH
& (MatParms(4)*Revpleq*1.d2) + BEF + MatParms( 3)*Revpleq*1.d2)

¢ *** update reverse stresses
DO i=1, ncomp
RevStress(i) = RevsigElp(i) -
& TWOTHIRD * (RevgEl-Revsigy) * Revdfds(i)
END DO

¢ *** update reverse plastic strains
DO i =1, nDirect

RevepsPI(i) = RevepsPI(i) + Revdfds(i) * dR evpleq
END DO
DO i = nDirect+1, ncomp

RevepsPI(i) = RevepsPI(i) + TWO * Revdfds(i ) * dRevpleq
END DO

Code Block 6.32

Once the “reverse” variables are calculated, tlwewérd” variables are determined
using them, as shown in Code Block 6.33. The b&fused are the same as those in
the supplied material, with the exception of thediadnal values (reverse stress
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components,Revstress(i) , and reverse plastic strain componerisyepsPI(i) )
written to the state variable array by the finalloop.

¢ *** update equivalent plastic strain
dpleg =-dRevpleq
pleq = Tensepeq - Revpleq
¢ *** compute derivative of the yield function
DO i =1, ncomp
dfds(i) = -Revdfds(i)
END DO
¢ *** update actual stresses
DO i=1, ncomp
stress(i) = PeakStress(i) - RevStress(i)
END DO
¢ *** update actual plastic strains
DOi=1, nDirect
epsPI(i) = epsPI(i) + dfds(i) * dpleq
END DO
DO i = nDirect + 1, ncomp
¢ *** BEGIN MODIFICATION 009.08
epsPI(i) = epsPI(i) + TWO * dfds(i) * dpleq
END DO

epseq = pleq
¢ *** Update state variables

statev(1) = pleq

DO i=1, ncomp
statev(i+1) = epsPI(i)
statev(i + (3*ncomp+1)) = RevStress(i)
statev(i + (4*ncomp+1)) = RevepsPI(i)

END DO

Code Block 6.33

Once the “forward” values are determined, the masbrk and Jacobian matrix are
calculated — the latter to give ANSYS a hint foremht formulates the conditions for
the next iteration.

Given the non-linear behaviour that is simulatednioading, formulating the “hint” is
not straight forwards without knowing the straicrement for the following iteration.
As the strain increment is determined in some Ipathe Jacobian matrix output by the
material routine, and not knowing the precise methyp which ANSYS formulates the
strain increment, it is impossible to explicith@alate an exact Jacobian matrix.
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¢ *** Update plastic work

sedP| = sedPI + HALF * (Revsigy_t+Revsigy)*dR evpleq
¢ *** Estimate plastic slope for next iteration
dsigdep = (Revsigy - Revsigy_t)*0.75d0/dRevpl eq

¢ *** Material Jacobian matrix
IF (RevqEl.LT.sqTiny) THEN
conl = ZERO
ELSE
conl = threeG * dRevpleq / RevgEl
END IF
con2 = TWOTHIRD * (threeG/(threeG+dsigdep) - conl)
DO i=1,ncomp
DO j=1,ncomp
JM(j,i) = ZERO
END DO
END DO
DO i =1, nDirect
DO j =1, nDirect
JM(i,j) = -THIRD
END DO
JIM(i,i) = IM(i,i) + ONE
ND DO
DO i = nDirect + 1, ncomp
JIM(i,i) = HALF
END DO
DO i =1, ncomp
DO j=1, ncomp
dsdePI(i,j) = dsdeEl(i,j) - twoG
& * (con2*Revdfds(i)*Revdfds(j) + con1*IM( i)
END DO
END DO

Code Block 6.34

Once the stress calculations have been made (péntheading or unloading, elastic or
plastic), the final section of the sub-routine usi.r This is mostly unaltered from the
supplied code, aside from the extra values thataitten to the state variable array;
Code Block 6.35 details how this is accomplishedhe values are: peak total
component strain (if the incremented equivalentistrexceeded the previous
maximum), reverse Yyield stress, unloading flag jp@ak tensile plastic strain.

IF (qStrn .GT. MaxTotStrn) THEN

DO i=1, ncomp

statev(i + (ncomp+1)) = Strain(i)+dStrain 0]

END DO
END IF
statev(nstatev-3) = Revsigy
statev(nstatev-2) = UnldFlag
IF (pleq .GT. statev(nstatev-1)) statev(nstat ev-1) = pleq

Code Block 6.35
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6.4.3. Uni-Axial Testing

As an initial checkusermat3dwvas used in the simulation of a uni-axial sampléis
used a three dimensional model of high aspect,radominimise through-section
stresses, to allow stress from a tension-compnessjiole to be compared with those
from the material-fit equations. This follows th@me methodology as the comparison
of the results fromusermatldwith spreadsheet data, allowing the accuracy ef th
material-fit to be easily assessed in simple stresslitions (no shear stresses present).

The model consisted of a tall cuboid (see Figué 6.its “height” (in the z-axis) was
100 times its depth and width (in the x- and y-3xds$s base area was constrained to
zero z-displacement, and two lines around the base constrained — one to zero x-
displacement and one to zero y-displacement (ttes llying along the y- and x-axes,
respectively). The upper surface was then disgdlat¢he z-axis to achieve the tensile-
compressive load cycle.

The model was meshed using 100 SOLID185 elemeaunth, that each element is cube-
shaped in its undeformed state. SOLID185 elemam$8-noded (one at each corner)
elements, which makes them well suited to this stigation (the stress distribution is
uniform, so there is no need of higher-order eleéméa improve the resolution of

results).

ELEMENTS AN
JUL 17 2007
12:21:21
PLOT NO. 1

UPF — 3D Uni-Axial Sample, Batch

Figure 6.6: Uni-Axial Sample Mesh
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The results are given in Figure 6.7. Agreemergeserally very good, aside from a
slight underestimation of the stress made by thA FESults in the moderate reverse
plastic strain region. Inspection of the otheestrcomponents reveals that they are of
the order of 10 kPa in this same region (they anemtower elsewhere), indicating the
equivalent stress is accurate. While undesirathlis, is understandable given the
following:

1. The stress components are entirely dependent omd¢hements of component
strain that are input to the sub-routine.

2. In turn, component strain increments are determingghrt by the stress-strain
Jacobian matrix output by the sub-routine in thevmus iteration.

3. Given the unknown strain increment for the curigaration, it is impossible to
calculate an effective gradient for the non-lingaess-strain relationship during
the previous iteration. The Jacobian matrix cantien be accurately
calculated.

1500

1000 -

500 A

—— Spreadsheet Plots
o FE Data

Stress (MPa)

-1500

Normalised Strain, &/ey

Figure 6.7: Tensile-Compressive Profilegjsermat3d
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6.5. COMPARISON ANDVALIDATION

Following the verification of both the one- and ab+dimensional models in their
ability to simulate uni-axial conditionsisermat3dwas tested in a series of hydraulic
autofrettage simulations. Results from the matenadel, used within ANSYS, were

used in a set of comparisons with two other modeisyiously reported by Gibson et
al. [33].

6.5.1. Details of Comparisons

The custom materialjsermat3¢dwas compared with two other methods: the Hencky
Programme and the ANSYS implementation of the EMPRd@escribed in Chapter 5).
Respectively, the methods are referred to as ANSYS), EMPRAP (Hencky) and
EMPRAP (FEA) in subsequent tables and figures. hBaethod was programmed to
model A723-1130, the behaviour of which is definmedub-section 5.1.1.

As was the case in Chapter 5, the three methods emnpared in four different end
conditions (Plane Strain and Plane Stress, Ope-Cdosed-Ends), for two different
Wall Ratios (2.0 and 2.5).

The meshes developed in Chapter 4 (and also us&dhapter 5) were retained and
again used here for both the ANSYS (UPF) and EMPRIAFA) models. This meant
that any variation between the two sets of resutisld be directly attributable to the
different material representations.

6.5.2. Results

Autofrettage pressures for each of the configunstiare presented in Table 6.2. Table
6.3 and Table 6.4 respectively show the peak aftafye plastic equivalent strains at
the ID at peak pressure fir= 2 andK = 2.5 respectively.

Pressure (MPa)

End Condition K=2.0 K=25

Plane Strain 873.9 1092.9
Plane Stress 849.1 1067.4
Open-Ends 853.2 1081.7
Closed-Ends 877.3 1095.G

Table 6.2: Autofrettage Pressures
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Strain (% % Error
End Condition| ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) (Hencky) | Hencky
Plane Strain 1.21 1.20 1.22 -0.81
Plane Stress 1.28 1.34 1.35 -5.18
Open-Ends 1.08 1.08 1.09 -0.93
Closed-Ends 1.26 1.26 1.27 -0.68

Table 6.3: Peak Plastic Equivalent Strains at ID dring AF, K =2.0

Strain (% % Error
End Condition | ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) | (Hencky) | Hencky
Plane Strain 1.51 1.51 1.53 -1.08
Plane Stress 2.17 2.44 2.45 -11.27
Open-Ends 1.43 1.44 1.45 -1.11
Closed-Ends 1.55 1.55 1.57 -0.98

Table 6.4: Peak Plastic Equivalent Strains at ID dring AF, K=2.5

Figure 6.8 shows equivalent plastic strains throughhe tube at peak pressure under
Plane Strain. Figure 6.9 shows the same resutteinear-bore region. Tables 6.5 and
6.6 show residual hoop stresses at the bore foRkard K = 2.5, respectively.
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Figure 6.8: Equivalent Plastic Strains at Peak Presure in Plane Strain
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Plastic Equivalent Strain, AF

——EMPRAP (Hencky) K=2.5
——EMPRAP (FEA) K=2.5
——ANSYS (UPF) K=2.5
——EMPRAP (Hencky) K=2.0
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Figure 6.9: Equivalent Plastic Strains at Peak Presure in Plane Strain, Expanded

Stress (MPa) % Error
End Condition ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) | (Hencky) | Hencky
Plane Strain -651.3 -667.4 -676.0 -3.64
Plane Stress -629.4 -635.1 -644.] -2.25
Open-Ends -622.1 -638.0 -647.2) -3.88
Closed-Ends -657.3 -674.6 -682.1 -3.63

Table 6.5: Residual Hoop Stresses at Bor,= 2.0

Stress (MPa) % Error
End Condition | ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) (Hencky) | Hencky
Plane Strain -781.3 -787.3 -808.4 -3.35
Plane Stress -828.0 -814.4 -834.4 -0.77
Open-Ends -768.0 -773.4 -795.1 -3.41
Closed-Ends -784.5 -791.2 -811.4 -3.35

Table 6.6: Residual Hoop Stresses at Bork,= 2.5

Figures 6.10 — 6.13 show full residual hoop stnesdiles for Plane Strain, Plane
Stress, Open Ends and Closed Ends respectivelypleg§®.7 and 6.8 show residual
plastic equivalent strains at ID, f&r= 2.0 andK = 2.5 respectively. Figures 6.14 and

6.15 show variation through the wall under plamaist
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Figure 6.10: Residual Hoop Stresses in Plane Strai
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Figure 6.11: Residual Hoop Stresses in Plane Stees
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Figure 6.12: Residual Hoop Stresses, Open Ends
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Figure 6.13: Residual Hoop Stresses, Closed Ends
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Strain (% % Error
End Condition| ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) (Hencky) | Hencky
Plane Strain 0.87 0.86 0.85 1.74
Plane Stress 0.97 1.02 1.01 -4.25
Open-Ends 0.77 0.76 0.75 1.82
Closed-Ends 0.91 0.89 0.89 1.73

Table 6.7: Residual Plastic Equivalent Strains atD, K = 2.0

Strain (% % Error
End Condition| ANSYS| EMPRAP | EMPRAP | UPF, w.r.t.
(UPF) (FEA) (Hencky) | Hencky
Plane Strain 1.02 1.01 1.00 1.89
Plane Stress 1.71 1.94 1.93 -11.24
Open-Ends 0.96 0.95 0.94 1.93
Closed-Ends 1.05 1.04 1.03 1.88

Table 6.8: Residual Plastic Equivalent Strains atD, K = 2.5

Plastic Equivalent Strain, Residue
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Figure 6.14: Residual Equivalent Plastic Strainsn Plane Strain
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Figure 6.15: Residual Equivalent Plastic Strainsn Plane Strain, Expanded

These results are assessed in section 6.6.
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6.6. DISCUSSION

The initial set of results (sub-section 6.3.4) dastmtes the high accuracy with which
the one-dimensional implementation of the mateniatiel usermatlylis able to match
spreadsheet-derived data, within the iterativetswluyprocedure used by ANSYS. The
uni-dimensional stress-strain model makes it thit@ determine when unloading
begins, based on the sign of the strain incremelmt. addition it means that no
ambiguity exists when calculating the Jacobian maitvhich is used by ANSYS when
it determines the strain increment for the nexttien.

The second comparison (results given in sub-seét:3, Figure 6.7) investigates how
well the three-dimensional material modeils¢rmat3yl is able to match the same
spreadsheet-derived data when used in a uni-axadem Not only did this test how

well the material model was able to detect theilsgidnloading state, but also how the
sub-routine interacted with ANSYS to recreate thme-axial stress that should be
present. The two issues are not exclusive, asfthexis stress components contribute
to the equivalent value, on which yielding is detered. Hence, although the stress-
strain data from ANSYS generally matched those fitben spreadsheet closely, the
region in which agreement is less close (for miagemvalues of reverse plastic strain)
is also the region in which off-axis stresses atéer maximum.

Stress increments are determined by the straienments, which are supplied as inputs
to the sub-routine by ANSYS. In turn, ANSYS ushe tlacobian matrix which is
returned to it by the sub-routine, to determine #tin increments for the next
iteration. Taking this and the results of thetfirssestigation together, indicates that
the material stress calculations are accurategvihd value of the Jacobian matrix does
not equal that which would be expected by ANSYS.

The third comparison (section 6.5) utilises thee¢hdimensional material model to
simulate the stress-strain state within a seriesubbfrettaged tubes. Consequently it
experiences three direct stress components (no streases are present), which makes
the comparison a good test of how accurately thieemaé calculates these components,
as well as detecting unloading. As the custom n@dtevas developed for use in
autofrettage simulation (while being as generagp@ssible), this comparison warrants
more comprehensive treatment, given below.

The two EMPRAP models both implement a non-lineatamal in the same way but
differ structurally — the EMPRAP (FEA) model uses EE mesh while the EMPRAP
(Hencky) model considers the thick-walled vesseb&a series of concentric thin
cylinders behaving according to Lamé’s equatiote EMPRAP (FEA) model and the
ANSYS (UPF) model are identical structurally (these the same mesh geometry), but
implement material behaviour differently.

Note that subtle differences between the threetaohsxial strain cases relate to the

interplay between axial stress distribution, dortedaby end-load, and the other
principal stresses. In the case of an incomprkssilaterial, the plane strain state is
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similar to the closed-ended case. Throughout thefrettage cycle, at each radial
location, the axial stress is the mean of the haog radial stress. In more general
cases, axial stress continues to be the interngegiahcipal stress and to make a
contribution to the residual stress outcomes. &given overstrain this contribution
differs with end conditions, producing some sméfiedences in hoop stress.

During the loading phase, for each configuratiaripfettage pressures to achieve 70%
and 55% overstrairK(= 2.0 and 2.5, respectively) were within 0.1% asrthe three
models. Peak hoop stresses were also well withiith@agreement. Given the diversity
of the models, this is a strong validation of thedastic-plastic response to autofrettage
pressure loading.

Equivalent plastic strains and associated hoosstse at peak autofrettage pressure
were compared. The Plane Strain, Open- and CIased-conditions all show good
agreement between the three methods. In the PlaessSondition plastic strains are
much larger than in the other three conditions, #uede is a larger disparity between
the ANSYS (UPF) results and those from the two EMPRmethods. Pressures,
stresses and strains for plane strain and opencenditions were compared with
available data and discussed in detail in [22]. EMPRAP (Hencky) results presented
herein use the same numerical model as in [22]. &dgreement between EMPRAP
(Hencky), EMPRAP (FEA) and ANSYS (UPF) is therefoeassuring.

Although the hoop stress values at the ID at pea#sgure differ between
configurations, it can be confirmed that the hotspsses sum throughout the tube wall
to equilibrate the autofrettage pressure. Theifyef the plastic strain response of the
three models was confirmed by overlaying stressrstiata from the ANSYS (UPF)
model on a plot generated from the material-fit atguns, showing very close
agreement.

Unloading, and residual values show fairly acceptadgreement across the three
models; typically, ANSYS (UPF) predicted slightlgss compressive residual bore
hoop stress than EMPRAP (FEA) (2.5% difference) &MPRAP (Hencky) (4%
difference).

There is a subtle but significant issue here. R@mheconfiguration, the stress fields at
peak pressure were in very close agreement. Difée® therefore arose principally
during the depressurization process, during whith Bauschinger effect occurs.
Considering the cadé = 2, Open-Ends, the range of hoop stress durihgadmg is
circa. 920 MPa. Using this value to estimate ddfees during the unloading phase the
4% and 2.7% values referred to above reduce to Aié61.7%. These values are
typical for a non-linear numerical solution.

In addition to the results presented here, theoonised USERMAT was used in
comparison [24] with hydraulic autofrettage resuitsm the SEMAT method of
material representation, and subsequently usedmidement the SEMAT within
ANSYS. Close agreement is generally observed legtvilee various implementations
(using the Hencky Programme, Huang’'s method andARS&YS model presented
here) of cases including full unloading profilesldhe SEMAT approach.
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6.7. SUMMARY

The first, one-dimensional material model was @eéai gain familiarity with the
ANSYS solution procedure, and determine how to mogne the desired material
within it. The close match between the resultsegated using it, with data from the
material-fit equations confirm that the sub-routitedculates stress states accurately,
and in a manner that allows ANSYS to reach solutiormally.

The three-dimensional material modeisérmat3y)l was created to be used in all
autofrettage simulations (hydraulic and swage)cheaonfirmation of its accuracy was
vital. The uni-axial tests (sub-section 6.4.3) desirate a generally close match
between results from the material model and theen@éfit equations. Agreement is
less complete where off-axis (direct) stressesemme in magnitude, altering the
relationship between equivalent and axial strédsese off-axis stresses arise from the
circular relationship between the Jacobian mattkpot to ANSYS from the sub-
routine, and the resultant strain increments tidSXS supplies in return.

The three-dimensional material model was then useda series of hydraulic
autofrettage simulations, under a range of end itond. The results showed good
agreement; disparities are in line with the vamiagi expected from the different
numerical methods. Apart from the plastic straiakkulated for the Plane Stress case,
all residual stress and strain values showed Meseagreement. Differences between
constant-strain end condition cases may be exmldnyevariations in the axial stress
which is the intermediate principal stress.

It is inferred that variations of stresses andtmagrains between models is most likely
due to subtle differences in the way each modelutates component stress.

Overall, with some reservations regarding the Pl3tress case, the ANSYS (UPF)
model accurately calculates the stress-strain staseilting from the hydraulic
autofrettage in a single procedure.

In summary, a custom material model of a real wgtd steel (A723-1130) has been
programmed utilising the USERMAT feature within ANS. USERMAT behaves as
a standard material and, crucially, retains plastrains; this makes the customised
material suitable for use in more general load £dkan allowed by the EMPRAP
method — in particular, simulating swage autofggdtaf a pressure vessel.

Hence this custom FE material model may now be ustdreasonable confidence to

simulate the swage autofrettage process. This werklescribed in Chapter 8,

following an investigation of the influence of flien on the swaging process, using a
moving band of pressure, in Chapter 7.

Such analyses will be conducted in an axi-symmetaclel, but should the need for a
full three-dimensional model arise the custom nialtevill be suitable for such use
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(subject to a small amount of additional verifioati over that done in sub-section
6.4.3).
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/. BAND OF PRESSUREMODEL

7.1. INTRODUCTION

To help demonstrate the differences between Hyrrauid Swage autofrettage, the
Band of Pressure models were created. This waepdrate the influences of shear
stresses and axial forces, thought to be the mé#arehtiators between hydraulic and
swage autofrettage, allowing the influence of eawh residual stresses to be
investigated.

The models allow a band of pressure to be apptigtid bore of the modelled tube in
two ways: as a static band which expands longiallin(starting from the centreline
and working towards the ends) and as a moving barfithe models are fully
parameterised to allow tube geometry, tube matera conditions, applied pressure,
and band properties to be altered easily.

The models utilise the inbuilt ANSYS BKIN materiaithough it does not simulate
non-linear material unloading (after prior plastistrain), accurate material
representation was not required as the loading amesi is the focus of this portion of
the investigation.

7.2. CONCEPTUALNOTES

Given the ability to investigate autofrettage i fhresence of shear stresses, without
the frictional and axial stresses that arise dusmwaging, several issues needed to be
investigated to help understand the reasons fordifferent residual stress fields
created by hydraulic and swage autofrettage (therdhces between which are
explored in sub-section 7.2.2). The main issuestitled were:

Increase in pressure as band width decreasesoffistant autofrettage depth),
The relationship between shear stresses, band adtipressure,

Whether there is an optimum pressure band width,

When residual stress patterns transition from Hylitdao Swage,

Similarity between the end effects in Band of Puess&ind Swage cases.

agrwnE

7.2.1. Plan of Work

It was decided to first investigate the relatiopshetween the width of the band of
pressure and autofrettage depth — the band ofyreessould initially act on the entire
length of tube (i.e. hydraulic autofrettage), amdlig subsequent simulations the band
width would be systematically shortened while kegressure constant.
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Pressure for each case would then be adjusted heevac the initial depth of
autofrettage for each value of band width (the lteswould be used to inform the
choice of pressure in the moving band case). Ssteasses would be recorded and
investigated at the same time. Once the respoagegdioading was identified, the
effects of band of pressure loading on residuaksts would be investigated.

The second stage of the investigation would theestgate how shear stresses near a
moving band of pressure varied over the lengtthefttibe section, which would help
to reveal the exact causes of asymmetry near beednds. Additionally, and crucially,
residual stresses would be compared with those abjidr autofrettage results
developed in earlier chapters.

These results would then be available for comparigath results from swage
autofrettage (presented in Chapter 8). For thesadion of a long tube (along which
a constant contact pressure would be expected)n#ie difference between the band
of pressure and swage loading mechanisms wouldhéealisence of friction, and the
resultant axial and shear stresses.

It was realised that the application of a band ahhpressure (rather than a
displacement-based load, similar to that experignmea tube during swaging) could
cause large deformation of the tube, especiallythm presence of a small plastic
modulus, as the applied pressure remains constaite e tube expands. However,
this would likely only occur near the ends of adulwhich are generally discarded
following autofrettage, so this was felt to be dacendary importance (although
potentially worthy of future work).

159



7.2.2. Comparison of Autofrettage Methods

Swage and hydraulic autofrettage differ mostly ttue

1. Hydraulic autofrettage is applied equally to theolehlength of the tube, while
swage autofrettage applies localised loading leadon non-uniform deflection
along the length which results in through-wall shetaesses, as shown in Figure
7.1,

“Trz “Trz T,
Trz rz

Figure 7.1: Shear Stresses in Swage Deflected Reyi

2. Hydraulic autofrettage generates axial stressesclwhre independent of axial
position), which may result in a net axial loadfdeeding on the end conditions).
Conversely, swage autofrettage definitely generaresaxial load, equal to the
swage driving force, which varies with axial pasiti The axial load results from
both friction between the mandrel and tube, andeatgr mean pressure on the
forward face Px) of the mandrel than on the rear faé®)( due to stress-strain
hysteresis reducing the tube stiffness on unloadamgl plastic deformation. In
Figure 7.2, this translates inRg being larger thai.

Tube

Frictional
Force

Figure 7.2: Swage Contact Forces
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7.2.3. Modified Element Diagram

Graphically assessing the stresses acting upofeareet within a tube, lying on threz
plane, gives the diagram shown in Figure 7.3. Thifers from diagram shown in
Chapter 2 in that shear stresses are present arfddtthat stresses may vary with axial
position, allowing the effects of a localised loatuich as a band of pressure, to be
investigated. The tube is still considered to Xiesgmmetric, precluding any variation
of any property with9, and requiring thaty = 75, = 0, and Iinitially plane sections are
assumed to remain plane.

o, + arf o
A
or
r,+ 3 2o
or r
‘} A — az-Zr &
zr az
0o
O,+—2 0 « > 0,
0z
ra
v Ta ‘}
z-I’Z‘
< > 0z z
v
o

Figure 7.3: Shear Stresses acting on an elementthe r-z plane

7.2.4. Equilibrium Equations

Applying the equilibrium criterion to the elementosvn in Figure 7.3 yields the
following expressions.
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Rotational

Summing the moments about the centre of the elepields the following:

zr

{r +(rzr —%D&Hm l]ld@@z/z{rrz +(rrz +%B§HE5@E§ZE§/2=O
Z r

Cancelling byrérofoz/2, and rearranging gives:

rzr(Z—% Bizj = rrz(2+%@?j
0z or

Takingor andoz as tending towards zero, the following simplifioatcan be made:

Tzr = Trz (71)
Z-AXis
a0 or, _
o,+—*tz|-o,|dddd-||1,+—20Lx |-1, [rO0d&z=0
0z or
602 o Loz :%m Dz
0z or
09, .9, (7.2)
0z or
r-Axis
Kar + aaor—r B’ij(r +&)-o, m}aemz—zag o szBin[%j
e
z
aaar (r + & ¥ 06 + (o, —o—@)a'rdedz—%zrarazw:o
r z
Cancelling byroré6oz, and takingir - 0:
aUr + (Ur _05) - Zarzr (73)

or r 0z
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7.3. MODELLING NOTES

7.3.1. Overview

The Band of Pressure model was based on previalratiic autofrettage models, with
the main difference being axial length).( The previous models were loaded by a
uniform pressure acting along the whole of the leddength with only mid-section
properties assessed, but in this case localisedinigawas achieved through the
application of a band of pressure — resulting gmigicant axial variation in stresses.

For this reason, the modelled section was long @mda capture variation resulting
from the end effects. The end effects arise frbm dxial stresses caused by model
constraints (not present in a tube uniformly loadkuhg it length), which in turn alter
the proportions of the stress components when lediicg equivalent stresses.

It is generally good practice when modelling to lekpwhatever symmetry there is
present to reduce the size of the modelled regsantfat for a given number of
elements, resolution is increased). Unlike the ndytic Autofrettage models

(developed in Chapter 4), no axial symmetry existethe Band of Pressure model,
due to the axial variation inherent that resulterfrthe localised loading used. This
precluded extensive use of such methods to acl#yge reductions in the length of
tube modelled.

The in-built bi-linear kinematic hardening materrabdel (BKIN) was used for this

investigation; while it was felt that using A723 wad yield interesting results, the lack
of empirical results for comparison would rendeznthof little use. Instead, a simple
material behaviour was selected, to allow easyrobsien of the effects of this unusual
loading scenario. Young's Modulus, Poisson’s ragield stress and plastic modulus
were selected to match that of A723 1130 duringainioading (the values are also
used by the BKIN model during unloading and subsatyielding).

To control the application of pressure, it was aggpto elements along the ID rather
than to entire line (as was done in the hydrauliofaettage models).

7.3.2. Model Geometry

The model used to simulate hydraulic autofrettaigatgred in Chapters 4-6) was
largely suitable for use in the Band of Pressureehowith exception of the length of
tube represented. To produce results that werepamhble to those from swaging
along the full length of a tube, the Band of Pressuodel would need to represent a
section of similar length; accordingly a sectiongth of ten times the wall depth was
selected I = 1d,). Thus, the mid-length position was five timee thall depth from
the applied constraints and hence the axial s@essgulting from such could be
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considered uniform (using St. Venant's principlegualling zero given the zero net
axial force from the end constraint.

The wall ratio K) was also selected to allow broad comparabilithwivage, in that it
would need to be large enough to induce reversking (a crucial aspect when
considering the residual stresses developed). cheewe this,K = 2.5 was selected;
therefore normalised wall depth,/r,, equalled 1.5. Figure 7.4 depicts these
dimensions.

Property Value
Wall Ratio,K 2.5
Section Lengthl, 10,
Young's ModulusE 209 GPa
Poisson’s Ratioy 0.3
Yield Stressgyg 1130 MPa
Plastic ModulusH 1469 MPa

Table 7.1: Summary of Input Parameters

7.3.3. Model Constraint

Choice of constraint was determined by two factors:

1. Retaining similarity with previous hydraulic autefrage models to allow
comparison,

2. Ensuring results taken from the Band of Pressurdeinwould be suitable for
comparison with those to be generated by the Sweugke|.

The first criterion essentially required the coastt set to generate end conditions
matching one or more of those used by the hydrandidels used in Chapters 4-6. The
second criterion required that the constraints uialsle for application to long, but

finite length, tube sections, and should matchdbeditions created by the retention
mechanisms used during swaging (described in stiBre?.3.2).

Of the four end conditions used in the hydrauliadels, Plane Stress was immediately
rejected as it applies only to thin sheets (i.ey\&hort sections). However, general
plane strain conditions (Plane Strain, Open- ama$&l-Ends) may be applied to a long
section.

Given the three general plane strain conditiongrpnds best matches the constraint
of a tube being swaged as it doesn’'t apply an dridl (as does Closed-Ends) or
prescribe a length (as does Plane Strain).

As a long section is being used, it would initiatgem logical to leave the ends of the
tube free. However, to fulfil the first criteriothe end nodes of the tube must again be
coupled such that when the pressure band is api¢ide whole tube, the modelled
state is equivalent to that used in the hydrauliofaettage models (see Figure 4.8). In
addition were a real-life tube hydraulically autitfaged under Open-End conditions,
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pressure would not be applied to the whole lendtithe tube — the floating bungs

would be inset (as shown in Figure 2.1). Otherywgth a constant pressure applied to
the whole length, the unconstrained ends of thee twould undergo significant

yielding. Accordingly, the model was constrainedsinown in Figure 7.4, with the

axial displacements of the nodes along the tubefe@dwere coupled, such that the
initially plane end remains so (and perpendicutathe axis), and end B-D constrained
to zero axial deflection.

This results in zero axial load, both during anibfeing the application of pressure.

Sliding Constraint

i B W D i B D
i ﬂk | A
! |
! la !
I !
| |
| |
: |z : ElA)(
i i
! !
! !
! !
| |
[ [
i Y I 4
i ATt C [ A C
: Coupled : < >
i ) Nodes R i Elrac
! | !
! L, !
Tube b Tube
AXis Constraint Diagram AXis Mesh Diagram
Figure 7.4. Model Geometry and Mesh
7.3.4. Meshing

The geometry of the model used here differs sigaifily from that of the model used
during the hydraulic autofrettage investigatiore\pously the intention was to shorten
the tube length as much as possible, while the sifpoes true in the model described
here. Additionally, while important (as in any @stigation), absolute accuracy of the
generated results is not the primary objectivestdad, the focus was upon the trends
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observed while the band of pressure is alteretieeiin length or position. Lastly,
retaining such small element size over the lenfthetube could lead to an intractable
model, in terms of both memory requirements andtgwi time.

Consequently, principally using Figure 4.21, theneknt size was increased such that
the number of radial divisionglraqg of the mesh was 20; the number of axial elements,
Elax, Was scaled from this using the ratio of lendihto wall depth 1, —r,) to give
Elax = 100 for the static band aidh, = 200 for the moving band.

7.3.5. Loading

Both static and moving band models achieved theatkpressure load to the desired
section of tube by determining the appropriate eleis along the ID of the tube and
applying pressure to their exposed face (previondets had applied pressure to the
entire line representing the ID). In the statisegathe length over which the band of
pressure was applied is termeg.

For the static case a uniform pressi®es was applied to all elements; however, to
better reflect the tapered profile of a mandregradient was applied to the pressure
band in the moving case. As well as making thaltegrom the moving band model
more comparable to those from swaging, the presgrtadient made the individual
stages of the solution easier to solve (and henoee mapid) as excessive element
distortion was avoided. This was important asrttoel required many such stages.
The gradient was achieved by applying the specpiredsurePyg, to a single element,
and applying progressively smaller pressures td esst of neighbouring elements
towards the edge of the fringe. The differencéhim pressures applied to successive
elements was termedP, itself a multiple ofPys. The loading mechanisms for both
models are given in Figure 7.5.
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Figure 7.5: Mesh Loading Diagram

7.3.6. Recorded Results

In addition to the results taken along a singlaalapath in the hydraulic autofrettage

models, it was important that extra results wemmed to allow axial variation and

shear stresses to be investigated. Specificalylts were also taken along a radial
path aligned with the edge of the pressure barglshawn in Figure 7.6, results were
taken from the forward edge of the Expanding Bamd] both forward and rear edges
of the Moving Band.

|
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i
[

Movement o - Data
|
Expansion| | rp-e= . Data i
of Band || IF % Paths !
| |
| !
! !
| |
! !
|
| Static, Expanding Moving Band
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Figure 7.6: Data Path Diagram
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7.4. STATIC, EXPANDING BAND

The Static band model was the first investigatex,ekplore the nature of the
relationship between width of band and autofrettaiggth; this would then be
compared with data from the swage case to helprdete the effects of friction and
the slopes on the front and rear faces of the nehndr

The first of results was gained by applying a canspressureRsg to a progressively
larger portion of the ID, until hydraulic autofregle was achieved when the portion
equalled the full lengtH;. The pressure applied (1050 MPa) was that whia feund
to cause 55% overstrain when used in hydraulic feaitage for the Open-Ends
condition, with the material parameters given irbl€a7.1. The second results were
obtained by increasinBsg in the cases from the first set where depth tbfeettage
had dropped below 55%, until overstrain again dgd&5%.

Figure 7.5 illustrates how the tube is progresygil@hded, during the first three tests of

the series, from its mid-point to its ends, untfdraulic autofrettage conditions are
achieved.

7.4.1. Results

Figure 7.7 plots the overstrain (depth of autofigdd, plus equivalent and hoop plastic
strains, against the width of the applied presbarel.

Figure 7.8 plots the mid-length residual hoop stfesind at the ID, against the width
of the applied pressure band.

Figure 7.9 plots the pressure required to achiegensistent overstrain (55%) against

the width of the applied pressure band. Also ideltli is a fit line based on a
rudimentary assessment of the stress state whibitube, describe in sub-section 7.4.2.
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Figure 7.9: Autofrettage Pressure required for costant Overstrain as band width varies

7.4.2. Discussion of Results

It was noted (see Figure 7.7) that equivalent mlastains at the ID drop slightly from
their peak at band width of 50%; this results frdecreased equivalent stress, which in
turn results from the decreasing contribution & @y — 0, term, ass, becomes less
negative (as the full section length is exposeth&applied pressure). The& ¢ o)
and ¢; —oy) terms peak at 100% band width, but their ratenofease is less than the
rate of decrease of— o) in the 50-100% band width range.

This pattern is also observed for the plastic hgtpins during autofrettage (also
Figure 7.7), which is then reflected by residuabastresses at the ID (Figure 7.8)
which peak at a band width of 50%.

The second set of results (Figure 7.9) revealtti@tequired pressure increases rapidly
as the band width decreases, in a form similantonaerse proportionality. Indeed, it
may be imagined that when the majority of the tisbenpressurised, the restraining
force it applies is constant, which must be overedwy the pressure, as well as the
strength of the loaded section (constant per enigth). This assessment is formalised
by (7.4).

, |

Psg=m W+ P, (7.4)

BW
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The constant valueRar, is the pressure required for 55% overstrain wtien full
length of the tube is loaded (i.e. hydraulic awdtiige), henc@ar = 1,050 MPa. The
multiplicative constantm, represents the restraining force of the unpressdissection.

A value for m was obtained by making it the subject of the abegeation, and
entering the recorded data into the resulting esgpom. The mean value of 54.43 MPa
was obtained from the data points fgy values of 1 to 10% df, inclusive.

While this over-simplifies the details of the sgesate in the tube, particularly in the

yielding region, the concept appears to be welpsued by the agreement between the
FEA data and proposed relationship.
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7.5. MOVING BAND

The second series of tests assessed the differezmiding from autofrettaging with a

moving band of pressure, rather than an applicatfqressure to the whole tube length
simultaneously. The influence of the width of pe® band and pressure gradient
were investigated, which are analogous to mandrgjth and taper angle, respectively.

Initially, the fringe width was varied, while maaibing an overstrain of 55% by
altering the applied pressum@yg (that at the centre of the band); see Figure ar.&f
diagram of fringe width. As 200 elements were ugethesh the tube along its length,
each element represents 0.5% of the tube lendtlk.fdllowing values were used:

Fringe Width

(elements) % Tube Length Pressure,Pys (MPa)
2 1.0 3,170
3 1.5 2,750
4 2.0 2,500
5 2.5 2,300

Table 7.2: Moving Pressure Band, Fringe Width Invetigation Inputs

The results from the investigation of the effedtérimge width are given in sub-section
7.5.1.

Once the effects of fringe width had been investidathe influence of the pressure
gradient was assessed by varying it while keepimgé width constant at 4. Between
each successive element away from the central aadpplied pressure decreased by
AP, whereAP is given by the gradienGp, multiplied by the central pressuryg.
The following values 06Gp were used:

Gp AP (MPa) Pressure,Pys (MPa)
0% 0.0 2,200
5% 117.5 2,500
10% 275.0 2,750

Table 7.3: Moving Pressure Band, Pressure Gradienhvestigation Inputs

The results from the investigation of the effedipessure gradient are given in sub-
section 7.5.2.

7.5.1. Fringe Width Investigation Results

Figure 7.10 and Figure 7.11 plot the hoop and asti@sses, respectively, through the
tube wall at mid-length, when the pressure baradsis at the mid-length position of the
tube. For comparison, Figure 7.10 also plots teakppressure hoop stresses for a
hydraulically autofrettaged (i.e. uniform pressateng its whole length) open-ended
tube of wall ratio 2.5 (as would be obtained frdra thodel used in Chapter 4, with an
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autofrettage pressure of 1082 MPa). Figure 7.1RFagure 7.13 plot the residual (i.e.
once the pressure band has finished acting on ube) thoop and axial stresses,
respectively, at the mid-length position.

Figure 7.14 plots the residual plastic axial ssdimough the tube wall at mid-length.
Figure 7.15, Figure 7.16 and Figure 7.17 each stm@nshear stressf) through the
tube wall at mid-length, respectively at the fordv@dge, middle and rear edge of the
pressure band.

All radial positionsr, are normalised w.r.t. the wall thickness (givimyy and stresses
are normalised w.r.t. the initial yield stregg;.
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-2.00
Normalised Radial Position, (r -ra)/(rp - ra)

Figure 7.10: Hoop Stresses during Autofrettage atlid-Length
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Normalised Axial Stress, o,/0y,

Normalised Hoop Stress, og/0y,
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Normalised Radial Position, (r -r,)/(rp -ra)

Figure 7.11: Axial Stresses during Autofrettage amMid-Length

Normalised Radial Position, (r -r,)/(rp -ra)

Figure 7.12: Residual Hoop Stresses at Mid-Length
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Figure 7.13: Residual Axial Stresses at Mid-Length
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Figure 7.14: Residual Plastic Axial Strains at MidLength
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Figure 7.15: Shear Stresses at Forward Edge of Frsure Band, at Tube Mid-Section
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Figure 7.16: Shear Stresses at middle of PressuBand, at Tube Mid-Section
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0.6

Normalised Shear Stress, o,,/0y,

-0.1
Normalised Radial Position, (r -r,)/(rp -ra)

Figure 7.17: Shear Stresses at Rear Edge of PressiBand, at Tube Mid-Section

7.5.2. Pressure Gradient Investigation Results

Figure 7.18 and Figure 7.19 plot the residual @rece the pressure band has finished
acting on the tube) hoop and axial stresses, régphg at the mid-length position of
the tube. These compare with Figure 7.12 and Eigut3 from the Fringe Width
investigation.

All radial positionsr, are normalised w.r.t. the wall thickness (givimyy and stresses
are normalised w.r.t. the initial yield stregg;.
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Figure 7.18: Residual Hoop Stresses at Mid-Length
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Figure 7.19: Residual Axial Stresses at Mid-Length
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7.5.3. Discussion of Results

The following points of discussion refer to theighte fringe width results, unless they
specifically reference the variable pressure gradiesults.

As expected, it was found (Table 7.2) that the ovaer the pressure band, the higher
the pressure required to achieve a given deptlvedfstrain. This is logical, given the
local nature of loading; as discussed in for thati§t Expanding band case (section
7.4.2), the pressure band not only has to overctimestrength of the material
surrounding the band, it also has to overcome uppartive force of the tube — in front
of, and behind the band. For a given band pressisréhe width of band decreases
these supportive forces become a larger relativieg@pplied load.

The intensity of shear stresses was also seerctease (Figure 7.15 to Figure 7.17),

which is a natural consequence of the support $odiecussed above; such forces are
exerted on the pressurised section primarily thinosfgear stress, and partially through

axial stresses, given the outwards deflection efpitessurised section of tube.

From Figure 7.10 it is apparent that the through-tvaop stresses at the centre of the
pressure band do not equal the applied load (ifdheé on a single element is compared
to the through-wall hoop stresses of a tube secimelement long). This is another
symptom of the pressurised section being suppeitedhear stresses, by neighbouring
non-loaded sections.

The negative hoop stresses seen around the IDgdpeak pressure represents an
outwards force by that section of the tube; thiyy e@em counter-intuitive, given the

net inwards force produced by the tube as a whélewever, this reflects the shear
stresses present in the region surrounding thet llbeaforward and rear edges of the
pressure band (shown in Figure 7.15 and Figure),AdlYich apply a net inwards force

to the loaded section. This fact tallies with #i®ve observation that summed hoop
stresses in the loaded region do not equal théeapfbad; indeed the inwards force

resulting from the shear stresses is sufficient ahaet outwards force is required from
the hoop stresses to maintain force equilibriunhe Tadial location of the region of

compressive hoop stresses is determined by th&bdisbn shear stresses, which are in
turn determined by the relative radial deflectionfs the loaded and surrounding

sections.

The magnitude of residual hoop stresses (Figur2) 7dund at the ID increases as the
pressure band width decreases. A similar pattasiabserved in the variable pressure
gradient case; Figure 7.18 shows residual hoopssstreagnitude increasing with
pressure gradient (and mid-band pressure). Thidtsefrom the less positive values of
residual axial stress found at the ID as band wildttreases (Figure 7.13), or pressure
gradient increases (Figure 7.19); the decreaséereiice between hoop and axial, and
radial and axial stress components allows for aennegative residual hoop stress for a
given equivalent stress. The process by which lesgative axial stresses are
developed is explained in the following paragraphs.
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The nature of radial load transferral via sheaesstes is described by Figure 7.3.
Considering a pressure band progressing alongeaiituthe direction o (coincident
with the tube axis) increasing, such that the fedvedge of the band first encounters
the right hand side of the considered elementnamaids force applied to the surface
via 7, would have a negative sign — this is observediguré 7.15. The converse
occurs at the left hand side of the element; atipesi,, would be expected, and is
indeed observed in Figure 7.17.

The shear stresses at the forward and rear edgbs pfessure band (Figure 7.15 and
Figure 7.17) show a large degree of similarity ndeer ID, but the plots begin to
diverge once 0.25 &y with the narrower pressure bands showing greateuats of
divergence. Once beyorg ~ 0.25, the magnitude of the shear stresses desrease
(relative to those at the forward edge of the pnesdand), and plots from fringe
widths of 2 and 3 even cross the axis. This magxpained by the deformation and
expansion of the section of tube behind the presband; the loaded section is less
dissimilar in radius to the non-loaded but previputeformed section, so that shear
strains are smaller and hence so are shear stre$éesshear stresses remain similar
(albeit of opposite sign) near the ID due to thesel proximity of the pressure load
discontinuity.

The large compressive residual axial stresses widen Figure 7.13 at and around the
ID (resulting from the tensile plastic strains fduhere, as seen in Figure 7.14), for the
case fringe width equals two, are explained by tame tensile deformation
experienced by the region near the ID, shortlyrafie centre of the band of pressure
passes. This is shown by Figure 7.20.

Tube
Wall

" Pressure
Banc

Tensile axial
deformatiol

Figure 7.20: Tensile Axial deformation at rear edg of pressure band

The high pressure found at the band edge in thie dédferentiates it from the wider
pressure band cases. This rapid change of aremisseéxperienced as the pressure band
passes (compare with the highly compressive akieéses experienced by the tube ID
at the centre of the pressure band, in Figure &ddyests, via Equation (7.2), a higher
rate of change aof, w.r.t.r (and hence,, from Equation (7.1)). This would agree with
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the more intense shear stress observed for thewarpressure band cases; the greater
the magnitude and the shorter the length over wihizdries, the greater the value of its
derivative.

The same pattern is observed, without developingilee residual axial stresses at the
ID, in the variable pressure gradient case (Figul®), resulting from the increased
shear stresses at the edge of the pressure banitingedrom decreased pressure
gradient.

Note: whilst the shear stress inclusive equilibriequations, developed above, assume
that initially plane sections of tube remain so-pteme behaviour is observed. It is felt
however, the principles remain true and hence theatoons remain useful for
gualitative description of the stress field near éipplied pressure band.
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7.6. SUMMARY

The results from the static band model supported dbservation that the required
pressure for a constant depth of autofrettage ase® as the width of the pressure band
decreases.

The relationship between band width and pressure abserved to follow a pattern

similar to an offset inverse ratio; based on thisgpresentative relationship (7.4) was
created, the results from which (Figure 7.9) showeasonable agreement with the
data.

The results from the moving band model showed #raestrend; the narrower the
fringe width, the greater was the pressure needettain a given depth of overstrain.
As would also be expected, shear stress magnitedethe band was seen to increase
as fringe width decreased due to the greater &tepbstween the applied pressure and
zero pressure in the non-loaded section.

Shear stresses switched sign appropriately, gikkenetement diagram in Figure 7.3,
between the front (Figure 7.15) and rear (Figui&)’edges of the pressure band.

Through wall hoop stresses at peak pressure (Figa® were found to be markedly
different from those observed at peak pressurendurydraulic autofrettage; indeed, at
and around the ID, they were seen to be stronghatinee (compressive) — creating a
net outwards force for that section. This is duéhe propagation, via shear stresses, of
the applied load to more than just the directlydkxdsection.

Residual hoop stresses at the ID were seen toasen® magnitude as the pressure at
the band edge increased (found with lower fringdtg and pressure gradients); the
increasing curvature resulting from the more suddbange in pressure causes
decreasingly tensile residual axial stresses atliheallowing more compressive
residual hoop stresses to be developed.

While compressive axial stresses are found at@hat lthe centre of the pressure band
(Figure 7.13), towards the edges of the band stsesecome increasingly tensile. If
the band is narrow enough, this can cause suffitesile axial plastic strains to result
in significant compressive residual axial stressgehe ID, as was the case when fringe
width equalled 2.

The deflections resulting from the pressure-basadihg used in this investigation are
not identical to those resulting from the esselytidisplacement-based loading that
occurs during swage autofrettage (for example |Ehef the tube cannot be deflected
beyond the size of the mandrel). In addition,gbkected pressure profile was intended
to be representative of that found over the marsd®lirface but not particularly
accurate (for example, it is symmetrical). Howevke investigation was nonetheless
useful, allowing the above assessments to be nauk,the influence of localised
loading and shear stresses to be understood andhéoted.
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8. DEVELOPMENT OF AMETHOD OF MODELLING
SWAGE AUTOFRETTAGE

8.1. INTRODUCTION

Once the material model had been completed, andriexige of simulating long tube
sections had been gained, it was then appropratirinulate a model of swage
autofrettage. Given the paucity of open literatarestigations of the swaging of long
tube sections, it was important to follow this mutaind then conduct additional
sensitivity analyses to investigate both mesh fssrand contact parameters.

While it is recognised that mandrels are used &spress structures in other contexts,
such as holes within panels of aerospace vehide8%], they have not been assessed
in this thesis. This is based on the differenbas arise between such panels and long
tubes, due to the dissimilar length/radius ratibthe pre-stressed hole, as well as the
prevalence of aluminium alloys in the differentsdas of components. The principles
of the model developed in this chapter could bevaait to such applications.

Once the initial swage model had been formulatad,the means of adding a contact
to the ANSYS model investigated, it was used toegate results for comparison with
those from an earlier model developed by O’Hara §8jng the ABAQUS FEA
package. It featured a relatively short sectiomgil, reasonably sparse mesh, and a bi-
linear kinematic hardening material, making it idé& a first check of the model
described here. Additionally, the comparison wasu@able test bed to confirm the
mandrel-tube contact had been specified correctly.

All results given in this chapter use the ANSYSibear kinematic (BKIN) material.
Between the customisation of the USERMAT sub-rautmd the development of the
swage model presented here, a change of ANSYSowe(sP.0 to v11.0 SP1) was
required for licensing reasons, introducing someanges to the format of the
USERMAT sub-routine. This also required a chandgeFortran compiler (from
Compag Visual Fortran 6.6A to Intel Visual Fortr&il). Unfortunately, some
combination of the change in ANSYS version and i@orcompiler caused the material
model developed in Chapter 6 to cease working snded; solution failed upon
unloading from prior plastic strain. After somenkathe material was altered such that
the solution would fail when unloading, but theess-strain profile was erroneous
when unloading into reverse plasticity. Insuffrdi¢ime was available to correct this
behaviour, so the decision was made to conductett@®lyses using an inbuilt
material. While the exact value of the resultsgl@ted may not be fully reflective of
experimental values, it is nonetheless felt that titends observed and conclusions
drawn remain true.
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8.2. MODEL DEVELOPMENT

8.2.1. Overview

The geometry and material used for the tube wetiallg based on that created for the
moving Band of Pressure model (the tube was la®ned following a sensitivity
analysis), with loading applied via contact withadditional body (the mandrel) which
passes along the ID of the tube. To enable tlessss resulting from the tube-mandrel
interference to be assessedpatact pairwas created from the ID of the tube and outer
surface of the mandrel. When the two surfacesrsaté the contact pair applies
compatibility, linking the deflections of both sades, from which strain and thence
stresses are calculated (in the manner describ€tapter 6).

The model is considered isothermal (temperatun@isonsidered and is assumed to be
constant and uniform), despite the fact that, iditewh to material hysteresis, heating

would result from friction at the sliding contacettveen mandrel and tube. This is

largely due to absence of information on the temoee dependent properties of the
model, namely:

1. Softening of material due to temperature, altergwgrse yielding,
2. Nature of friction relationship.

In essence this is equivalent to assuming the psoce carried out very slowly.

Although it cannot be verified, it was felt that t@@al softening would have a

relatively small effect on reverse yielding as temperature increase would likely be
modest. In addition, it was possible that the terafure increase might mitigate the
Bauschinger effect, counter-acting the conventisoétening.

The friction relationship is a closed-loop probless, without knowing its temperature
dependency it is impossible to calculate the inemaal frictional heating, so the
iterated friction properties cannot be calculatecusately, etc.

In summary, it was felt that ignoring temperatuifects was a sensible compromise for
this model; they could then be investigated infeitstudies.

8.2.2. Geometry

The tube was dimensioned largely as that in theimgoBand of Pressure model, in
Chapter 7; namely, long enough to capture the fsgmit axial variation implicit
between those regions near and far from the tubls.ems in the Band of Pressure
model, representative dimensions of Wall Raipof 2.5 and a provisional length,

of 10, were selected.
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As described in Chapter 2, the mandrel consisthreie main sections — the forward
slope, parallel section and rear slope; this isvshim Figure 8.1, along with the critical
dimensions.

Figure 8.1: Mandrel Geometry

8.2.3. Contact Analysis

It was at this time that contact between two bodias introduced. In all of the

investigations documented earlier in this thesigding had been achieved entirely
through the application of pressure. Accordingigntact analysis and its use within
ANSYS to simulate swage autofrettage, is describede; the ANSYS Contact

Technology Guide [36] and a textbook by Madenci &wen [37] were referred to

during the implementation of the contact analysis.

In general, the initial considerations that mustnede of contacting bodies is where
and when they will contact, and the nature of ibictbetween the two bodies (as
mentioned in sub-section 8.2.1). The time andtlonaof contact between the tube and
mandrel are easily identified, eliminating the ftfirsf these concerns. However
information is sparse regarding the nature of ibictbetween the bodies, which
depends on, among other properties, surface fimghtacting materials, lubrication,
pressure and temperature.

For this reason it was decided to make the fricfimmce proportional to the contact
pressure (the Coulomb friction model), via a ca##nt, x, of constant value; this is
defined by Equation (8.1).

0,, = uo,| _ +Cohesion (8.1)

This type of friction was defined within ANSYS, eeting the isotropic variant.
O’Hara [9] used a value far of 0.015, but Bihamta, Movahhedy and Mashreghj [38
suggest a higher value, 0.85 < 0.18. However, to allow comparison with O’Hara’s
results, an initial value qgif = 0.015 was chosen. O’Hara does not specify aevédr
cohesion, so it was set as zero. For comparisothd case of a lubricated sliding
contact between two surfaces of hardened giee().05-0.15 [39].
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It was then necessary to determine the type ofaobnbased on the relative rigidities of
the contacting bodies (both material and geometsetd). The options are either
Rigid-Flexible (R-F), where the rigid body is noatdrmable, or Flexible-Flexible (F-
F). The use of an R-F contact is not realistia#tpugh the mandrel is stiffer (both its
material and geometrically), it still deforms doethe contact pressure. Accordingly F-
F contact was selected, in which special elemenetsadded to the contacting surfaces
to detect the contact and enforce compatibilityMeein the boundaries.

ANSYS contains three contact models: node-nodeg+sodface and surface-surface.
Of these, only the surface-surface contact typsuitable as the mandrel and tube
surfaces will undergo a large amount of slidingimlyicontact. Node-node contacts are
not suitable when a large amount of sliding wilceg and the geometry of the two
bodies is not suitable for a node-surface contact.

F-F analyses may be of two forms: asymmetric amehsgtric. In the asymmetric case
“target” elements are applied to one boundary, ‘@mhtact” elements to the other.
The choice is not always obvious (section 3.5 & ANSYS Contact Technology
Guide gives several criteria to inform the deci}idout generally the stiffer boundary
would be defined as the target surface. IndeednifR-F contact, the rigid boundary
would be the target surface. Symmetric analysipiires that both boundaries are
designated both target and contact, which is requiir the choice of target/contact is
not clear, and/or excessive penetration occufseatdntact surface.

While it was recognised that the mandrel is stitfean the tube (in terms of both

geometry and material), it was not apparent whetherdifference was enough to

justify an asymmetric contact, and would need tads¢ed. Two cases were run using
the initial values (for the contact pair, model aggbmetry) described in section 8.3;
the first used asymmetric contact (with the mandesignated the target, the tube the
contact), the second used symmetric contact. TARBOEand CONTAL172 elements

were used to mesh the target and contact surfeesgsectively, using the same number
of divisions applied to the tube ID and mandrelfatgs. They are each 3-node line
elements, and are the optimum elements with whacimésh the boundaries of the 8-
node PLANE183 elements used within the tube anddnehn

The test showed that contact pressure and equivplestic strain were slightly
(approximately 0.75%) higher in the symmetric cthss in the asymmetric case. This
was due to the zero penetration condition appleethé tube by its designation as a
target. Residual hoop stresses were also greatenagnitude at the ID in the
symmetric case, reflecting the slightly larger iaditplastic strains. Processor time
increased to 1,348 s for the symmetric case, comdptr 1,275 s for the asymmetric
case; this is a 5.8% increase, although the tte taken would lengthen by a ratio of
effectively half this value, as the ANSYS solutstage was observed to be disc-bound
for approximately 50% of the time.

Given the importance of accurate calculation adfiahdeformation to this study, it was

felt that it warranted the small increase in soltitime required for the use of
symmetric contacts.

187



The remainder of the settings for the contact aaarspecified through two methods:

1. Defining a set of “real” constants, and associatimg contact/target elements
with them,
2. Applying KEYOPTSs to the contact elements.

The properties specified via KEYOPTs are summariselable 8.1, with those values
changed from the default are shown in bold texctisn 3.8.2, of the ANSYS Contact
Technology Guide [36], details the full range obperties that may be specified via
KEYOPTSs, for all contact algorithms.

KEYOPT | Description Setting

1 Selects DOF 0 — UX and UY.

2 Contact algorithm 0 — Augmented Lagrangian.

3 Stress state when super-element is | 0 — no super-elements present.
present

4 Location of contact detection point 0 — Gaussgiaimts.

5 CNOF/ICONT adjustment — initial | 3 — Either closes the initial gap or reduces
gap or penetration reduction. penetration, to enhance conditioning.

5 CNOF/ICONT adjustment — initial 0 — bodies are well constrained so do not
gap or penetration reduction. require restraint from the contact, and

contact is made/broken smoothly.
6 Contact stiffness variation 1 — Make a nominal rénement to the

allowable stiffness range, to allow
stiffness variation from KEYOPT(10)
more latitude.

7 Element level time increment contro 0 — automttne stepping is activated, and
contact status is steady.

8 Asymmetric contact selection 0 — no automatiect@n.

9 Effect of initial penetration or gap 0 — Inclubleth initial geometrical
penetration or gap and offset.

10 Contact stiffness update 2 — update stiffnessey equilibrium

iteration (entire movement is modelled by
one load step).

11 Beam/shell thickness effect 0 — No such elememsent.
12 Behaviour of contact surface 0 — Standard (o, non-bonded, may
separate).

Table 8.1: Contact Parameters specified via KEYOPF

The most important setting made via the KEYOPTsths selection of contact
algorithm (that used to evaluate compatibility betw the contacting boundaries); the
default Augmented Lagrangian algorithm was selectétie Augmented Lagrangian
algorithm iterates using the “penalty method”, amggments contact pressure and
frictional stress during equilibrium iterations,tiinhe calculated penetration is within
the specified tolerance. The penalty method usesiig” stiffnesses between the
contacting boundaries to calculate contact progertiln comparison the Augmented
Lagrangian method generally leads to better camdiig of the contact, and is less
sensitive to the magnitude of the contact stiffneSaction 3.8.3 of the ANSYS Contact
Technology Guide [36] explains the choice of congdgorithms.
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Additional parameters were then specified by defina set of real constants for the
pair. The Augmented Lagrangian algorithm (andgéealty method) requires normal
and tangential contact stiffnesses, FKN and FKpeesvely. The normal stiffness
influences the amount of penetration between cordad target surfaces, and the
tangential stiffness influences the amount of shpsticking contact. Allowable
penetration and slip tolerances, FTOLN and SLT®@, ased to ensure the contact
simulation remains within desired behaviour; theuga must be within the tolerances
for the equilibrium iteration to be deemed to hawaverged.

ANSYS provides default values of 1.0 for both FKNdaFKT, which the manual
describes as appropriate for most cases. The mesammmends FKN = 1.0 for bulk
deformation problems, and FKN = 0.1 for those vbiémding deformation; as swaging
deforms slightly more than 50% of the tube sectam,ntermediate value of FKN =
0.5 was felt appropriate. In addition, setting KBRT(10) = 2 allows the programme
to update the value each equilibrium iteration, aetting KEYOPT(6) = 1 gives it
slightly more range when doing so, so it was felissble to use the default values
unless they proved problematic. The same apptieBTIOLN and SLTO; FTOLN
defaults to 0.1 (i.e. allowable penetration is 16%4he thickness of the underlying
element), and SLTO defaults to 1% of the mean cbmémgth within the pair. These
defaults were retained for the initial analysis.

The Newton-Raphson (controlled using the NROPT canuth solver was left with its
default setting of “Auto”, which allows ANSYS to @emine the influence of frictional
stresses on the overall displacement field andcselbich algorithm to use. If the
influence is small, ANSYS uses a symmetrical sqliérit is large it uses an
unsymmetrical solver. The former is less compatetily demanding but can require
many iterations to solve, whereas the latter isemoomputationally intensive but
allows for a more timely convergence when largetishal stresses are present. The
output of the initial analysis would be checkedl&termine which algorithm was used;
if the unsymmetrical was widely used, it would begaged by default for future
analyses.

8.2.4. Meshing

The ANSYS Contact Technology Guide suggests theotisemilar sized elements for
each contacting body. This was borne out by intgats; not only does this tend to
yield more consistent stresses along the contattlbo allows a converged solution to
be reached more rapidly. With this is mind, it viaportant to identify the smallest
length scale (which must be meshed by an integetbeu of elements) within the
contacting region, and scale the mesh from thise 3mallest feature was the parallel
section of the mandrel.
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8.3. INITIAL COMPARISON WITHO’HARA

8.3.1. Introduction

O’Hara [9] developed a model of swage autofrettége primary aim of which was the
calculation of the resultant residual stress fieldmuch like the aim of this
investigation. His analysis was conducted usingA@BIS, an FEA package capable
of modelling the required contacts between bodres raon-linear material behaviour.
Additionally, the solution was made computationdéigsible using axial symmetry to
reduce a three-dimensional geometry to two dimerssiand solved on a Convex C-
220. The computational abilities of the C-220 éaceeded those of standard PCs at
the time of publication — for a machine in 1991, 8 processors, 256 megabytes of
RAM and 16 gigabytes of hard disc space was astognd

The key assumptions incorporated into O’Hara’s rhoabze:

1. Axi-symmetry of the geometry,
2. Bi-linear behaviour of the material, obeying kingim&ardening.

An equivalent model was constructed in ANSYS, udimg dimensions and material

properties given below (sub-section 8.3.2) alonthwhe contact parameters described
in sub-section 8.2.3. The comparison of the twal@macted as an initial check of the
contact model, and then as a first stage of op#tos; the mesh fineness was

progressively increased, and successive sets oltgesere assessed relative to each
other.

8.3.2. O’'Hara’'s Model

O’Hara [9] modelled the swage autofrettage of atnetly short length of steel tublg,
=0.405 mf, = (0.105/2) m, hendgr, = 7.714, of moderate wall ratig,= 2.257. The
mandrel was considered to consist of tungsten @esbof 2.5% interference (with
respect to the tube ID) along a parallel sectior0.8063 m (0.12). The forward
slope,fvr, equalled 1.5°, and the rear slofigr, equalled 3.0°. Axi-symmetry of the
section was created by using CAX8 (8-node, rectangxi-symmetric) elements, and
axial restraint was achieved by constraining theosé node from the entrance end, at
the OD, to radial displacement only. This représéhe practice of clamping a real-
world tube around a groove cut near the entrande &amd hence develops a net axial
force within the tube. 64 elements are used atbedD of the tube, which morphs to
32 along the OD, and 6 through the tube wall (3@6ents, after modification of mesh
at the constraint point, rather than 384 had thee theen meshed with rectangular
elements); Figure 8.2 illustrates the mesh uselis form of mesh topology allows
more effective investigation of the stress fieldam¢éhe ID, for a given amount of
computer memory, than would a mesh of uniform regiiéar elements.
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The interface between the swage and tube was neddadi a “softened contact”; this
treats the interface pressure as an exponentiatifumof separation, using a starting
value of 17.2 MPa at a separation of grii. The contact surfaces were modelled as
“slide lines” — one covering all 64 elements of tli2 of the tube, the other the
contacting surface of the mandrel.

The contact was modelled with a coefficient of tfan equal to 0.015, simulating a
stearate-based high pressure lubricant held atahict surface in a porous phosphate
coating. The contact length on the mandrel is &laments, with the parallel section
made up of one element.

5

Figure 8.2: Mesh Diagram of O'Hara's Model

The mandrel is pushed by a solid block, represgrdairshort length (length is half its
diameter, which in turn is assumed, from Figurae ]9, to be slightly less than the ID

of the tube) of solid steel ram, to the rear swfa¢ which is applied a moving

constraint. A coefficient of friction of 0.05 (Istates the exact value isn’t particularly
important as little sliding occurs, and this authgrees with him) is applied between
the ram and mandrel. Residual stress data is fa&ena radial path at the mid-length
position of the tube. Figure 8.3 illustrates thpsmerties.

Results
% Patt
/4

Figure 8.3: Diagram of O'Hara's Model
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O’Hara’s model also included tapers at both theyeahd exit ends of the tube (see
Figure 8.4); this reflects the actual geometriesdus the workshop during swaging
operations to make the process more readily achieyvagrimarily by easing the
alignment of the mandrel with the tube. The slopesuld somewhat alter the
simulated driving force, and would potentially madaution of the contact pair more
easily achieved, but would have little or no effentthe residual stresses developed at
the mid-length position. For this reason, thesghsltapers were omitted from the
ANSYS model, but it was recognised they may haveféetct if driving force were to
be studied. Also, solution of the contact pair &elkieved without difficulty.

One last point is that O’'Hara does not specifylémgth of the short taper at the entry
end of the tube, making a precise like for like pamson impossible. Normalisation
of the final radius at the exXitexi, €nd w.r.t.ry yieldsrexidra = 1.0126, and the 13 mm
length of its taper is approximately 1782f the section length or two elements in the
O’Hara model.

Entry End Exit End

1.5° :\/ —% 0.66 mm

Short - g
Taper 13 mm

Figure 8.4: Taper Details

As stated, O’'Hara used a bi-linear kinematic hartgmaterial of yield stressyo,
equalling 1,195 MPa, which hardened to 1,332 MPa glastic strain of 0.0368.
Young’s Modulus and Poisson’s ratio are not giymrt,are assumed to be 209 GPa and
0.3, respectively. The stress values equate tdastipo modulus,H, of (1,332 -
1,195)*10/0.0368 = 3.723 GPa, &H = 56.14.

The mandrel material is stated only as being Twm&arbide, and no mention is made
of yielding (which would not be expected for a ra@le mandrel), so it is assumed the
mandrel behaves elastically. The following proigstt Young's Moduluskr, = 500
GPa, Poisson’s ratio;, = 0.24. Different sources state a range of vafeesthe
Young’'s Modulus of Tungsten Carbide (450-650 GPa& &68.35-713.82 GPa), so an
intermediate value of 500 GPa was used.

The motion of the mandrel is achieved by applyimp@ving constraint to the rear of
the ram, which in turn moves the swage. O’Harasaaid extra constraint to prevent
free body motion of the swage as it exits the tube.

560 time increments were used to simulate the pesgon of the mandrel through the
tube — as with the ANSYS analyses described eafliétara states that this definition
of time is merely to control the solution processt to dictate rate effects, and as such
the solution is termed quasi-static.
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8.3.3. ANSYS Model
8.3.3.1. Geometry

To ensure a meaningful comparison, the ANSYS mu@e dimensioned to the same
ratios as that used by O’Hara; specifically, thisamt that the values of wall ratil,
length ratio,l/r,, length of parallel section of mandré&l, and the mandrel’'s forward
and rear slope#yr andfyr, were matched. Figure 8.5 shows the mandrel diioes
used; as the lengths of the sloped sections arstatetd by O’Hara, they are terminated
when the radius reducesrtp

1.025,

I S

Figure 8.5: Mandrel Dimensions

The tapers featured in O’Hara’s model, at the titteance and exit were omitted; they
are used primarily to align the mandrel with thbegwhen it is swaged, which is not

strictly needed in an FE model due to the alignnaek constraints present. The tapers
would have a secondary effect on mandrel drivingdand residual stresses within the
tube, but they are thought to be of very small nitage.

It was also felt that the inclusion of a short gettof ram, to apply the axial force to
the mandrel, would have little or no effect. Givbe stiffness of the mandrel, it was
thought that applying a uniform displacement disetd its rear surface (such that it
moves and remains plane) would be indistinguishfrbha applying it via the ram.

To determine the influence of the ram, the analyserse run twice; once with ram
section, once without (residual hoop stresses footh cases are compared in Figure
8.13). Whilst the presence of the ram is of litlensequence when replicating the
mesh used by O’Hara on a modern computer, computdtiload increases with
increased mesh fineness. Any computer model @rgoomise between precision and
speed of solution, and any modification that redumamplexity, and helps improve the
compromise, must be sought.

The ram-mandrel contact was specified as asymmaesicboth surfaces are flat

(minimising penetration) and the mandrel is notidgastiffer than the ram. In
addition, as yielding was unexpected at the interf@nd none was observed, and the
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stresses were well below the yield stress), theas wot the same requirement to
minimise penetration as there was at the tube-nehnidterface. The Augmented
Langrangian algorithm was again used, configurectathe tube-mandrel interface
apart from setting FKN to 0.1 as no yielding wapexted.

8.3.3.2. Mesh

The tube, mandrel and ram were meshed with PLANE&Bnents. A mapped
meshed was applied to the mandrel, allowing contisthorizontal and vertical lines of
elements that followed the form of the mandrel.

To correctly model the “corners” of the mandrelvéis necessary to ensure that a node
was present at each. These could not be mid-sidesn(before deformation, elements
are quadrilateral), meaning the parallel sectiothefmandrel would have to be meshed
with an integer number of elements. This elemaa, :iormalised with respect itg is
given by the (normalised) length of the parallait®a divided the number of elements
along it:

— I||
lg "B, (8.2)

lg is then used to scale the elements within the oeghe mandrel, ram and tub, as
similarly sized elements are one of the key requémts for an accurate contact
analysis. The number of radial and axial eleméntke tube is hence determined by
the results of the following, rounded to the neairggger:

r,—r

El,, =t 2 EIAX=II—Z (8.3)
El

lg

Due to “top-down” approach used to create the matielas decided to mesh the tube
with rectangular elements; the uniformity lent litserell to scaling the mesh via
scripting using APDL, allowing the sensitivity apsik to be automated. While not as
efficient as the mesh used by O’Hara (requiring édiher than 306 elements), the
mesh would be no less accurate. The ram was adsbed with rectangular elements.
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Element sizelg =1,/2,
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rest of the mandrel.
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Figure 8.6: Mesh Sizing Diagram

8.3.3.3. Constraint

The tube was constrained axially in a similar martogD’Hara’s model, via a node on
the OD 1/3% of |, from the entry end. However it was found that wiieer meshes
were used, large deformation of the tube resultedral the constrained node. To
avoid this, the nodes along 1/82f the OD were constrained — a length equal to the
edge of an element at the OD of O’Hara’s model.is firevented large deformation
while still localising the constraint force to angiar area.

8.3.3.4. Material

The tube material was specified to match that bge@’Hara as closely as possible (as
stated in sub-section 8.3.2, he does not speaifelfistic properties of the material), as
was that of the mandrel. The ram material wasiBpda@as steel (agairk, = 209 GPa,

v = 0.3) with a yield stress of 600 MPa and a ptastobdulus equal to 5% of it is
Young’'s Modulus i, = 10.45 GPa). These values are summarised ire Bapl

The analysis was specified as a single load stekebrdown into a number of “sub-
steps”, which are synonymous with the time stepscrlged in O’Hara’s report.
Dynamic effects are not implied, and such stepselmeserve to ensure that the
progression of the mandrel through the ID of théetus analysed sufficiently
frequently enough to capture the plastic resporigbeotube accurately. To achieve
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this, the analysis is initially set to use 5,00(-steps; automatic time-stepping is
employed to dynamically vary this throughout théuson between 1,000 and 10,000
according to the state of the model at a given timt@e solution. The number of sub-

steps effectively sets bounds on the size of the ihcrements applied; in this case the
size is bounded between 1/1,850&nd 1/10,000 of the applied time span. ANSYS

also employs equilibrium iterations between thesle-steps to achieve a converged
solution, but sub-steps are the primary mechanisensuring the solution is analysed

at an appropriate granularity.

The analysis of mesh fineness sensitivity was coteduiby varying the number of

elements along the parallel section of the manfdogh one to seven, and scaling the
meshes for each component using the resultant atezdge length.

8.3.3.5. Summary

The following tables summarise the various propsrtised in O’Hara’s analysis:

1. Table 8.2 contains the tube, mandrel and ram nahignoperties,
2. Table 8.3 contains the geometrical properties,
3 Table 8.4 contains the contact parameters.

Property Value Property Value Property Value
E 209 GPa Enm 500 GPa E 209 GPa
W 0.3 Vin 0.24 Ve 0.3
JYot 1195 MPa JYOm n/a OYOor 600 MPa
H, 3.723 GPa Hm n/a H; 10.45 GPa

Table 8.2: O'Hara Comparison Material Properties

Property Value
K 2.257
l, 7.714,
Interference 2.5%
Ovre 1.5°
Ovr 3.0°
Iy 0.12,

Table 8.3: O'Hara Comparison Geometric Properties

Property Value Property Value
Friction 0.015 Friction 0.05
Normal Contact 05 Normal Contact 01
Stiffness, FKN ) Stiffness, FKN )
Normal Penetration 0.1 Normal Penetration 01
Tolerance, FTOLN ) Tolerance, FTOLN )
Tube-Mandrel Contact Ram-Mandrel Contact

Table 8.4: O'Hara Comparison Contact Properties
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8.3.4. Results

Below are plotted the residual radial (Figure 8iop (Figure 8.8), axial (Figure 8.9)
and equivalent (Figure 8.10) stresses; seven $etswlts (from meshes of increasing
fineness) are plotted against those calculated’bia@.

O’Hara’s results are reproduced from Figure 2 & paper. While this was done as
accurately as possible, it is a source of poteetiar. In addition, it appears that the
original graph was slightly mis-plotted as the ehdliositions of some near-OD results
seem too small. This is most noticeable in théafadress case (Figure 8.7).
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-0.15 N e
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Normalised Radial Stress, o,/oy,
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-0.30
Normalised Radial Position, (r -r )/(rp, -ra)

----- O'Hara ———Rad_Div=10,El l=1 —- —-Rad_Div =21, El_lI=2 Rad_Div=31,El_ll=3
—+—Rad_Div = 42, EI_ll = 4 —%—Rad_Div = 52, E|_ll = 5 —e— Rad_Div = 63, El_Il =6 ——Rad_Div=73,E/_ll=7

Figure 8.7: Residual Radial Stresses at mid-lengtiesulting from Swage Autofrettage, as mesh
fineness varies, compared with O’Hara’s results
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Figure 8.8: Residual Hoop Stresses at mid-lengtlesulting from Swage Autofrettage, as mesh
fineness varies, compared with O’Hara’s results
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Figure 8.9: Residual Axial Stresses at mid-lengttesulting from Swage Autofrettage, as mesh
fineness varies, compared with O’Hara’s results
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Figure 8.10: Residual Equivalent Stresses at miahgth resulting from Swage Autofrettage, as
mesh fineness varies, compared with O’'Hara’s resust

8.3.5. Discussion

Inspection of the solution monitoring output froMNBYS revealed that the progression
was consistent and achieved within an acceptahiebeu (typically between one and
three forElax = 1, rising to between seven and nine By, = 7) of equilibrium
iterations per sub-step. This indicates that tloelehis generally specified well, in
particular the contact parameters and number ofsteyis specified. As would seem
logical, the number of equilibrium iterations is $ome degree proportional to the
number of axial elements in the tubElaf); the motion of the mandrel must be
simulated at enough locations to allow each elemenaccurately experience the
applied deflection. The exact number of equilibriiterations will depend on the
number of sub-steps specified.

Additionally, the fact that the number of equiliom iterations is fairly consistent
suggests that the solution proceeds smoothly withmarmittent difficulties, such as
excessive penetration.

During processing, ANSYS set the Newton-Raphsdirdl” (which uses a symmetric
matrix) at solution time, indicating frictional eftts did not alter the displacement field
sufficiently to require an unsymmetrical matrix.s ghe coefficient of friction for the
tube-mandrel contact was low (0.015), the NewtopiRan options were left as
“Auto”; future cases may involve higher coefficierdlues, which may then affect the
displacement field sufficiently to make an unsynmmgat matrix necessary.
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In terms of mesh sensitivity, the lowest mesh fasmnElax = 1) set of results appear
quite similar to those calculated by O’Hara; as thenber of elements along the
parallel section of the mandrel was increased, fthe sets of residual stress data
converge relatively quickly. The relative errorresidual hoop stress at mid-length on
the ID, a key indicator of the degree of pre-siresapplied, is plotted in Figure 8.11.

Relative Error (%)

0 T T T T T
1 2 3 5 [
-1

Elements along Mandrel Parallel Section

Figure 8.11: Relative Error of Residual Hoop Streses at mid-length on the ID

Although relative error does not appear to decreayenptotically to zero, when the
residual hoop stresses for value€ti., > 4 are replotted (Figure 8.12) for clarity, the
sets show very close agreement.
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‘ ----- O'Hara —>—Rad_Div =42, El_ll =4 ——Rad_Div =52, El_Il=5 —®—Rad_Div =63, El_Il=6 ——Rad_Div=73,El_lI=7 ‘

Figure 8.12: Residual Hoop Stresses at mid-lengtiesulting from Swage Autofrettage, as mesh
fineness varies, compared with O’Hara'’s resultsila,. > 4

On this basisElax.1 = 4 was selected as a suitable initial value ®fas the sensitivity
analyses that would follow. This would be subjectre-evaluation if element sizing
did subsequently appear to be non-optimal.

Using Elax = 4, residual hoop stresses were compared focdbkes with and without

the driving ram. As may be seen from Figure 8tth8,results are almost identical, but
the solution time increased by approximately 10%envkthe ram was present (11.75
hours to 13 hours). For this reason, the ram waited from future models. While

the ram could potentially be added in a less coatmrtally demanding manner, it was
felt that the possible extra precision would be mmagless without full knowledge of

the exact mandrel dimensions. For example, nowkmp the precise lengths of the
mandrel for which the slopes decrease in radiusvbe) would have a potentially

greater effect on mandrel deformation given theatgme stiffness of the mandrel
material.

If the ANSYS swage model were used to investigateah world example where all
geometrical details were known, it would then bprapriate to model the ram and all
such features.
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Figure 8.13: Residual Hoop Stresses at mid-lengtlesulting from Swage Autofrettage, with and
without ram, from ANSYS model with Ela, = 4

As with any numerical analysis, it is always dddslieato increase the number of sub-
divisions employed; however, due to the large nungdbements required to mesh the
long length of tube, the progressive solution aadta&ct analysis, swage autofrettage
takes considerably longer to solve than hydrauliofaettage.
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8.4. SENSITIVITY ANALYSIS
8.4.1. Introduction

After completing the initial comparison with O’H&aesults, and the behaviour of the
model had been demonstrated to be representatisevaje autofrettage, it was then
necessary to ensure that results obtained durikg phrametric analysis were

representative of those expected to be found mahswaged tube. Specifically, this

meant checking that the section length was sufftcie allow consistent results to be

gathered in the mid-section zone, and that enoubfsteps were being used to prevent
axial irregularity of the calculated properties.

Two sets of sensitivity analyses were conducteithtvestigate these issues, each of
which are described below.

8.4.2. Model Parameters

The dimensions were largely as used in the congrakgth O’'Hara’s results, with the
exception of wall ratio and tube length. To be enoonsistent with previous results,
wall ratio, K, of 2.5 was selected, and the length of the tulhs mormalised with
respect to its inner radiug,. Both the sensitivity analyses described belaised a
swage geometry identical to that used in the O’Haraparison.

Whilst it was expected all stress and strain coreptswould show axial variation, it
was felt that axial components would show the mvastation. This would be caused
mainly by two factors:

1. Axial stresses must become zero at the tube eads force acts upon them,
2. Hoop and radial properties are strongly linked, desnonstrated for plane
sections by the equilibrium equations (2.1) an@)(7.

For this reason, as well as assessing the regudopérties at mid-length, axial stresses
were recorded along four axial paths to allow tleedral variation to be investigated.
The locations of the axial paths are shown in Faglifi4.

rN:0.5 -- o ero3
rv=0.1 I’NZO“V

Tube Axis

Figure 8.14: Axial Data Path locations within tube
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8.4.3. Stage 1 — Tube Length Analysis

To determine what length of tube was required toegate suitable mid-length values

of residual stress, required during a parametrialyars of the swage autofrettage

process, the tube section length was systematieittyed and residual stresses were
compared. This way, the results of a parametratyars could be confidently deemed

free of “end effects” that are observed at and tlearends of a swage autofrettaged
tube.

Tube lengthsl,, of 5ry, 10r,, 15, 20y, 25, and 30, were used.

8.4.4. Results 1 — Tube Length Analysis

Residual hoop and axial stresses from the tubetHeagalysis are plotted below in
Figure 8.15 and Figure 8.16, respectively.

Residual axial stresses, in the regiogd D< |, for the tube length analysis are shown
below for thery = 0 path (Figure 8.17),x = 0.1 path (Figure 8.18)y = 0.3 path
(Figure 8.19) andy = 0.5 path (Figure 8.20),

0.75

Normalised Hoop Stress, gy/0y,

Normalised Radial Position, (r -r )/(ry, -ra)

loffa: [=——5 —-—-10 ——15 —=—20 —*—25 —=—30|

Figure 8.15: Residual Hoop Stresses at mid-lengtlesulting from Swage Autofrettage, as tube
section length varies

204



0.30

0.20 1

0.10 1

0.00

-0.10 1

-0.20 1

-0.30 1

Normalised Axial Stress, o, /0y,

-0.40 1

-0.60

-0.70

Normalised Radial Position, (r -r )/(r, -ra)

laffai[=——5 —-— 10 ——15 —&—20 —%—25 —=—30 |

Figure 8.16: Residual Axial Stresses at mid-lengttesulting from Swage Autofrettage, as tube

section length varies
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Figure 8.17: Residual Axial Stresses along axiabgh at ry = 0, resulting from Swage Autofrettage,

as tube section length varies
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Figure 8.18: Residual Axial Stresses along axiabgh at ry = 0.1, resulting from Swage
Autofrettage, as tube section length varies
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Figure 8.19: Residual Axial Stresses along axiabgh at ry = 0.3, resulting from Swage
Autofrettage, as tube section length varies
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Figure 8.20: Residual Axial Stresses along axiabgh at ry = 0.5, resulting from Swage
Autofrettage, as tube section length varies

8.4.5. Discussion 1 — Tube Length Analysis

Inspection of the mid-length residual stressesuife@d.15 and Figure 8.16) reveals a
visible difference between results from tube lesgthh 5, and 10, and only very
slight differences between those from tube lengfir, and 15..

The residual axial stresses (Figure 8.17 to Figu2e), taken along axial paths, show a
similar pattern; a tube length of 5shows no stable central region where consistent
values prevalil for a certain length. Results fratube length of 1Q also do not show

a consistent central band, but the rates of chahgeial stress are decreased. Results
from a tube length of 15 do show a consistent central band.

For this reason, a tube length ofr1%as selected as suitable for generation of results
that may confidently be assumed to be represestativmid-length properties. This
value was used for all subsequent analyses, ingjuitie sub-step optimisation that is
presented below.

In all cases (Figure 8.17 to Figure 8.20) residuadl stresses are observed to become
zero at the free ends; a useful check that theieapmonstraints behaved as was
intended. Figure 8.17 shows negative (compresseslual axial stresses over much
of the length of the ID (for all tube lengths), small regions around the end show
positive (tensile) stresses. This may be explaimgdrigure 7.20; as the ends of the
tube are not constrained in the same way the migthe section is, tensile axial
deformation of the near ID region does not occuhattube ends.
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8.4.6. Stage 2 — Sub-Step Analysis

The influence of the number of sub-steps specifi@d investigated by varying the
minimum, maximum and initial number of sub-stefiffie number of sub-steps the load
step is divided into, which is potentially of impance in a progressive analysis such as
in this swage model. The number of sub-steps Bpdds based on the number of
element lengths moved by the mandrel as it passesgh the tube undergoing swage
autofrettage (a distance &of + |;). This number is then scaled using a parameter
(termedPSbelow), which was iterated through the values.2f 0.4, 2 and 4.

The number of element lengths moved by the marslgVen by the following:

El, [, +]
NEI—Ax Ax I(z m)

z

The number of sub-steps specified is then givethbyollowing:
Minimum sub-steps Ely.ax* PS

Maximum sub-steps Ely.ax* 10 * PS

Initial sub-steps Ely.ax* 5 * PS

These numbers of sub-steps were applied to theesauatpfrettage of a tube of section
length equal to 1r5.

8.4.7. Results 2 — Sub-Step Analysis

Residual hoop (Figure 8.21), axial (Figure 8.22) aquivalent (Figure 8.23) stresses
are plotted below for the values &fS specified. Residual radial stresses were
considered similar enough not to warrant plotting.
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Figure 8.21: Residual Hoop Stresses at mid-lengtesulting from Swage Autofrettage, as time

steps vary
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Figure 8.22: Residual Axial Stresses at mid-lengtfesulting from Swage Autofrettage, as time

steps vary
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Figure 8.23: Residual Equivalent Stresses at migkdhgth resulting from Swage Autofrettage, as
time steps vary

8.4.8. Discussion 2 — Sub-Step Analysis

Both residual hoop and equivalent stresses at tbdength position (Figure 8.21 and
Figure 8.23) show almost no variation with the nembf sub-steps used, and hence
are not a useful measure of their effect.

Residual axial stresses at the mid-length posfftagure 8.22) do show some variation
at the ID betweer®S = 4 and the other values; it is logical that défeces are most
apparent at the ID as this region is adjacentéddbalised loading from the mandrel.

It was observed that the number of sub-steps ugeANSYS during the solution
procedure was constant at approximately 445 forP8e= 0.2 and 0.4 cases, which
explains the similarity between the two sets ofitss However, for th®S= 2 and 4
cases the number of sub-steps was only slightlizdrighan the specified minimum;
this explains why the solution time for tR&= 4 case was approximately twice that for
thePS= 2 case.

Ideally, PS= 4 would be used in future solutions, meaning ithaemental movements
of the mandrel would be 0.25 element length$, (hence its parallel section would take
Elax * 4, or 16 sub-steps to pass. However, the coaempused to solve the cases
presented in this chapter was a shared resourcehifreason, it was necessary to
selectPS= 2 to ensure the required results could be obthwithin the time available.
It is felt that the resultant loss of accuracy maseptable, as variation was effectively
only present in the residual axial stresses caledla
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Based on these findings, it was decided to spetiiyly.ax Sub-steps initially, with
2EIn-ax SUb-steps as the minimum allowable an&lIgQx as the maximum allowable.
While this would alter the exact values of resultsyas felt that the change would be
small enough such that trends could be meaningfidéntified during parametric

analyses.
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8.5. PARAMETRIC STUDY 1—PARALLEL SECTION
LENGTHINVESTIGATION

8.5.1. Overview

The first parameter to be investigated was thetlemg the parallel section of the
mandrel, I;; intuitively a longer section would increase thepth of deformation
resulting from the swaging operation, but it was dear what other effects would
manifest.

To achieve this, a series of swaging simulationseewen between which was varied
whilst all other parameters remained static andletermined by section 8.4. The
following values ofl;, were used: 0.2k, 0.9, 0.79)..0, U0, 1.9y0, 310 and 4.5,
wherel o is the value ofy used previously, equal to 0132

8.5.2. Results

Figure 8.24 plots the depth of overstrain (plast&formation) achieved against the
parallel section lengthy, of the mandrel used.

Autofrettage (i.e. values taken from the mid-lengibsition of the tube, when the
centre of the parallel surface of the mandrel im@dent) values are shown in Figure
8.25, Figure 8.26, Figure 8.27 and Figure 8.28 ctwhiespectively show radial, hoop
and axial stresses and plastic hoop strains thrthegtube wall.

Residual values are shown in Figure 8.30, Figui®l 8&nd Figure 8.32, which

respectively show hoop and axial stresses andiplasbp strains through the tube
wall.
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Figure 8.24: Overstrain Depth, at mid-length, as Brallel Section Length,|,, varies
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Figure 8.25: Autofrettage Radial Stresses, at mitkngth, as Parallel Section Lengthl,, varies
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Figure 8.26: Autofrettage Hoop Stresses, at mid+gth, as Parallel Section Lengthl,, varies
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Figure 8.27: Autofrettage Axial Stresses, at midength, as Parallel Section Length,;, varies
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Figure 8.28: Autofrettage Plastic Hoop Strains, amid-length, as Parallel Section Lengthl, varies
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Figure 8.29: Autofrettage Plastic Axial Strains, &mid-length, as Parallel Section Lengthl,, varies
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Figure 8.30: Residual Hoop Stresses, at mid-lengths Parallel Section Lengthl;, varies
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Figure 8.31: Residual Axial Stresses, at mid-lenigt as Parallel Section Lengthl,, varies
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Figure 8.32: Residual Plastic Hoop Strains, at midength, as Parallel Section Lengthl,,, varies

7.00E-03

4.00E-03

3.00E-03

2.00E-03

1.00E-03 4

Plastic Axial Strain, &,

-2.00E-03

-3.00E-03

—0.25
—=—0.50
——0.75
——1.00
——1.50
——3.00

——4.50

0.8

0.9

-4.00E-03

Normalised Radial Position, (r

-ra)lry

“Ta)

Figure 8.33: Residual Plastic Axial Strains, at nd-length, as Parallel Section Lengthl,;, varies
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8.5.3. Discussion

As was expected, the longer the parallel sectiowtle the greater the depth of
overstrain (Figure 8.24).

Contact pressure (equal t@)-was observed to decrease (Figure 8.23) axcreased,
due to the resultant widening of the yielded baftlis decreases the relative stiffness
of the portions of tube that immediately border ¢ketion of tube over the centre of the
parallel section, reducing the radial support tiemed by shear stress from these
neighbouring portions.

Autofrettage hoop stresses (Figure 8.26) nearBhimdicate greater shear loading for
shorter valued; as the region generates a greater net outwards.fofhis may be
compared with the observations made when the medsmnd width was varied (sub-
section 7.5.3). As observed for the contact pressuhe reduced relative stiffness of
the neighbouring portions of the tube for longeluea ofl; reduce the transferral of
radial force through shear stresses.

Autofrettage axial stresses (Figure 8.27) nearlthéecome more negative for short
values ofl;. This occurs because smaller radii of curvatuigegdue to the outward
deflection of the tube around the mandrel) for &drdyi causing greater compressive
axial stresses at the ID.

Very similar residual hoop stresses are observéueaD, apart from the shorter values
of Iy — indeed, the value df, seems optimum (that used in [9]). This appearseto
due to the values of residual axial stresg &t the ID; from the von Mises yield
criterion, the maximum residual hoop stress foriverg residual equivalent stress is
achieved wheim;, is the mean of;, andsy. Table 8.5 compares the measured values of
o, With the mean of; andoy; the closest match is observed wheh.o = 1.

IW/llo | Residual Axial | Mean Residual Radial and | % Difference, w.r.t. (o,
Stress, o, Hoop Stress, §; + 6,)/2 + 6,)/2
0.25 -0.8823 -0.5303 -66.38
0.50 -0.7826 -0.5542 -41.21
0.75 -0.6426 -0.5671 -13.32
1.00 -0.5028 -0.5649 10.99
1.50 -0.3781 -0.5485 31.06
3.00 -0.3464 -0.5413 36.00
450 -0.4193 -0.5524 24.09

Table 8.5: Residual Axial Stress Comparisons (stss values are normalised w.r.tovo)

The optimum value ofj; is likely to depend on several factors such ag wwhll ratio
(K), mandrel slopes, mandrel-tube interference anénmaaused.

The magnitude of residual hoop stresses (Figur@) 8(@r the casel = 3.0 and 4.5,
0, in the region & ry < 0.3 drop due to an increasingly positive peakesidual axial
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stresses (Figure 8.31), resulting from compresgiastic axial strain. The plastic axial
deformation occurs, for these cases, on the rediacsuof the mandrel, due to the
greater shear stresses that exist there for la@ees ofl;. The changes in residual
hoop stresses decrease the summed residual comerés®p force, lessening the
efficacy of autofrettage.
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8.6. PARAMETRIC STUDY 2 — FRICTION COEFFICIENT
INVESTIGATION

8.6.1. Overview

The second parameter to be investigated was tHféooewet of friction, u, between the
mandrel and the tube, for which a value of 0.018 baen used until this stage.
According to the Coulomb model of friction usede tbhear stress;{) at the surface
when sliding occurs is given by Equation (8.1).isTtonstitutes a boundary value for
the shear stress field within the tube during thegng procedure, hence the shear
stress field will vary as friction coefficient ih@nged, in turn influencing the other
stress components.

To achieve this, a series of swaging simulationseewen between which was varied

whilst all other parameters remained static andletermined by section 8.4. The
following values ofu were used: 0, 0.015, 0.03, 0.045, 0.06, 0.12, &tiB0.24.

8.6.2. Results

Autofrettage stresses are shown in Figure 8.34yr€i@.35 and Figure 8.36, which
respectively plot radial, axial and shear composiémough the tube wall.

Residual hoop and axial stress components areeglottFigure 8.37 and Figure 8.38,
respectively.
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Figure 8.34: Autofrettage Radial Stresses, at mitength, as Coefficient of Friction varies
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Figure 8.35: Autofrettage Axial Stresses, at midelngth, as Coefficient of Friction varies
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Figure 8.36: Autofrettage Shear Stresses, at mighgth, as Coefficient of Friction varies
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Figure 8.37: Residual Hoop Stresses, at mid-lengths Coefficient of Friction varies
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Figure 8.38: Residual Axial Stresses, at mid-lenigt as Coefficient of Friction varies

8.6.3. Discussion

The depth of overstrain increases slightly wheatiyn coefficient is increased, most
clearly seen as the radial position of the onseboktant axial stress in Figure 8.38, in
the region 0.&< ry < 0.7. This occurs because shear stresses do nectlylicause
outward deflection of the tube (the strongest ierffice on the depth of autofrettage),
and only significantly vary near the ID; Figure @.8hows such variation effectively
limited to 0<ry<0.2.

Radial (Figure 8.34) and axial (Figure 8.35) stessduring autofrettage show only
small variation with change in the friction coeiiot. Particularly, contact pressuee (
atr,) remains relatively stable while friction coefait varies. Axial stresses generally
become more positive/less negative as friction fameht increases, but follow a
similar trend. This reflects the increased tenai&l load resulting from a greater
frictional force.

The shear component of stress during autofretthgevs the greatest variation with

change in friction coefficient. The magnitudessbear stresses at the ID conform to
the frictional stress between the mandrel and tuibéch applies a boundary condition

of uo.

For the caseg = 0.12, 0.18 and 0.24, a drop in magnitude ofdwesi hoop stress is
observed for 0.02 «y < 0.17. This is caused by a similar pattern oles®rnn the

residual axial stress distribution in the same aegio maintain a similar equivalent
stress, the differences between stress componersisatso remain similar. Hence, for
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a largely static radial stress, when axial stresseases, so must hoop stress. The
fluctuation in axial stress in the tube is likelyedto the step change in contact friction
that occurs when the mandrel breaks contact wifiven point on the tube.
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8.7. PARAMETRIC STUDY 3—MANDREL SLOPE
INVESTIGATION

8.7.1. Overview

The third set of parameters to be investigated tvasforward and rear slopes of the
mandrel, for which initial values of 1.5° and 3.@8spectively, had been used until this
stage. The slopes of the mandrel determine tleeafathange of deflection w.r.t. axial
position which directly affects shear stressediendeflected region. Shear stresses in
turn influence the other stress components.

To achieve this, a series of swaging simulationsewen between which a scaling
parameterPFR was varied whilst all other parameters remaineaticstand as
determined by section 8.4. The original slope &slof 1.5° and 3.0° (forward and
rear) were multiplied by?FR for which the following values were used: 1/33,2L.0,
1.5, 2.0 and 2.5.

PFR ';?é\g:r(g) Rear Slope (°)
1/3 0.5 1.0
2/3 1.0 2.0
1.0 15 3.0
1.5 2.25 4.5
2.0 3.0 6.0
25 3.75 7.5

Table 8.6: Mandrel Slopes for the range of Scalinfactors PFR) used

8.7.2. Results

Autofrettage stresses are shown in Figure 8.3rei@.40, Figure 8.41 and Figure
8.42, which respectively plot radial, hoop, axiatishear components through the tube
wall.

Residual hoop and axial stress components aree@lottFigure 8.45 and Figure 8.46,
respectively.
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Figure 8.39: Autofrettage Radial Stresses, at mitength, as Slope Scaling Factor varies
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Figure 8.40: Autofrettage Hoop Stresses, at midtgth, as Slope Scaling Factor varies
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Figure 8.41: Autofrettage Axial Stresses, at midelngth, as Slope Scaling Factor varies
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Figure 8.42: Autofrettage Shear Stresses, at mighgth, as Slope Scaling Factor varies
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Figure 8.43: Autofrettage Plastic Hoop Strains, amid-length, as Slope Scaling Factor varies
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Figure 8.44: Autofrettage Plastic Axial Strains, &mid-length, as Slope Scaling Factor varies
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Figure 8.45: Residual Hoop Stresses, at mid-lengths Slope Scaling Factor varies
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Figure 8.46: Residual Axial Stresses, at mid-lenigt as Slope Scaling Factor varies
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Figure 8.47: Residual Plastic Axial Strains, at nd-length, as Slope Scaling Factor varies

8.7.3. Discussion

Figure 8.39 shows the contact pressure (radiatstagr,) increases as the mandrel
slopes increase. This is due to the greater leofgthbe that is deflected by mandrels
whose slopes are shallower, which in turn redusesriward loading of the tube over
the parallel section of the mandrel by the neighinguregions (via shear stresses).
Figure 8.42 shows the intensity of shear stressesedse with mandrel slope angle.

Figure 8.40 shows that the degree of overstrawe(gby the radial location of the peak

hoop stress in the upper-right quadrant) increasesnandrel slopes decrease, and
Figure 8.43 also shows the plastic hoop strainsease towards the ID as mandrel

slopes increase; both result from the more intesigar stresses present, exerting an
inwards force on the tube around the mandrel para#ction, when greater mandrel

slopes are used.

In addition, hoop stresses (Figure 8.40) becomeemegative around the ID as the
mandrel slopes increase, another indication ofiniaards loading by shear stresses
(compare with discussion of hoop and shear strdesé¢ise Band of Pressure model, in
sub-section 7.5.3).

Shear stresses, shown in Figure 8.42, show a matitedence compared to those
observed during the friction coefficient investigat (Figure 8.36). This highlights the
difference between those shear stresses arisintiyndo® to friction, and those largely
developed due to axial variation of radial deflewti
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Residual hoop stresses (Figure 8.45) were obséovied static except in tHeFR = 1/3
and 2/3 cases, when the magnitude decreased. cohisided with residual axial
stresses becoming less negative (Figure 8.46)inigiihe residual hoop stress that may
be developed for a given equivalent stress.

Figure 8.46 shows significant variation of residaaial stresses near the ID, especially
for shallower slope values, resulting from differetegrees of plastic axial strain
(Figure 8.47) that had previously occurred in thgion. Comparison with plastic axial
strains developed during the initial loading of te (Figure 8.44) reveals that the
variation of axial stresses is largely due to tkialadeformation that occurs as the tube
unloads from its loaded state.

8.8. SUMMARY

Generally, a good match was achieved with O’Hare&ults; for the case of the most
similar mesh to that used in O’Hara’s analysisprggrlikeness was observed between
the stress distributions calculated by the two n®deThis indicates the relevant
aspects of the swage model developed by O’Hara weogporated into the ANSYS
model. The finer meshes generate results thatwiathe trends displayed by O’Hara’s,
and converge relatively quickly; a mesh of effeelyvfour times the linear density of
that used by O’Hara was judged to produce suitabtyirate results.

A tube length of 1 was found to allow stable mid-length results toobéained; an
initial number of 1&Iy.ax Sub-steps, with upper and lower limits ofE2Qax and Ely.
Ax respectively, was found to give suitably consisteéesults while remaining
computationally feasible.

The length of the parallel section specified fa thandrel had a significant impact on
axial stress and plastic strain profiles within thke, both during and following the
swaging procedure. It was found that the initialue ofl;.o = 0.12, used by O’'Hara
gave the best degree of pre-stressing (compresssidual hoop stresses near the ID),
although pre-stressing values are relatively comsisapart from the longer parallel
section cased(= 3.0y and 4.5,,). The optimum value for a given mandrel-tube
system is likely to depend on several factors sashube wall ratio K), mandrel
slopes, mandrel-tube interference and material.used

Mandrel slopes were also found to have a largaienite on the developed stresses.
Both effect the initial deformation of the tube dtliorward slope has the greatest
influence, as its shallower slope deforms a grelategth of tube), but the rear slope

more directly influences residual stresses dudstareation of residual compressive
axial stresses near the ID. Investigation of ttfiece of the forward and rear mandrel

slopes independently would reveal more detailhie$é¢ relationships.
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No investigation was made of the effects of mantiheé interference on the
development of residual stresses, as analysiseofnftuence of other properties was
felt to be more beneficial for the understandingtlod swage autofrettage process.
Investigation of the precise effects of varyingenfiérence would be a suitable topic for
future study, especially with the addition of ag@ate material model.
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9. DISCUSSION
9.1. OVERVIEW

When this study commenced, the process of autafrettvas relatively unexplored in
terms of finite element analysis. The two distiptiases of hydraulic autofrettage
allow it to be more easily tackled (via super-posiing) than the single continuous
process of swage autofrettage, which is reflectgdthe distribution of models

developed for the two methods.

A number of analytical models of hydraulic autaiage existed, although each was
limited by the simplifying assumptions which hadebencorporated into it. Crucially,
accurate material representation was often notilgesswhich was of particular
importance when calculating residual stresses; rtaterials often used for high
pressure vessels typically display significant tiaearity when unloading from prior
plastic strain.

Several numerical models of hydraulic autofretthge also been developed, mostly
more general in their application than analyticatmods. In addition, adoption of
numerical means of solution made it possible tmohice accurate material behaviour
into models.

Despite this, swage autofrettage had not been nteodelith accurate material
behaviour, particularly non-linear unloading (Beausger effect); the progressive
nature and axial variation of the swaging proctss,nherent shear stresses that result
and the contact between the mandrel and tube api@® to make the process non-
trivial to model. The only openly published invugstion of swage autofrettage,
modelling only a single case, was that by O’Hara {éhich modelled the material as
subject only to simplistic bi-linear kinematic hardng.

Once an initial review of existing methods had beesde, early work (Chapter 3)
centred on the implementation and adaptation offtleeca elastic-plastic solution, and
assessment of existing models of hydraulic autafget that would be suitable for
comparison with FE-based models of the same thatdwsubsequently be developed.
Once this was accomplished, research efforts shitiehe development of a series of
FE models.

Throughout the different stages of development,F&tA package (ANSYS) was
progressively applied and verified for a seriehgdiraulic autofrettage scenarios. In
the first (Chapter 4), the structural models fased of tube sections under a range of
end conditions were developed, using a simplistidinbar kinematic hardening
material. This allowed the constraint sets to &eetbped, and the relative error due to
mesh fineness to be investigated.

Two methods of modelling accurate material behavivere then investigated, to
replicate the significant non-linearity exhibited televant steels when unloading from
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prior plastic strain. The first model (Chapterviids quasi-elastic, which allowed the
desired stress-strain response to be obtainecmtiite alteration of elastic properties;
this worked well in the context of hydraulic autitage due to the discrete
loading/unloading cycle. However it was recognisieat due to its elastic nature the
material representation could not calculate redidiigesses resulting from swage
autofrettage.

Instead a material routine (USERMAT) was customi@elapter 6), allowing direct
control over the stress-strain state and plasticithis is applicable in both hydraulic
and swage autofrettage, and was verified againt floreadsheet data in a uni-axial
test, and against an existing numerical methodydrdulic autofrettage comparisons.

A swage-like model was then developed (Chaptemn@yhich a band of pressure (both
static and moving) caused the plastic deformatiequired for autofrettage. This
allowed the effect of a shear component on thesstfield to be investigated, in the
absence of frictional effects and without the caewjiy of a contact analysis. The
understanding gained would then be useful wherrpreééng the results generated
during simulations of swage autofrettage.

Finally a full model of swage autofrettage was dewed (Chapter 8), which included a
deformable mandrel. After sensitivity analyseseveompleted, it was used in a series
of parametric analyses to investigate the effettseweral properties on the resultant
autofrettage and residual stress field.

9.2. CONFIDENCELEVELS

For any analysis that is made, it is of crucial aripnce to assess the different sources
of imprecision so that an objective judgement may rhade as to the level of
confidence in which conclusions drawn from the ltssshould be held. The principle
sources are addressed below.

9.2.1. Suitability of Analysis Tools

It is felt that the case for the use of numericatmods was clearly made in the opening
chapters of this thesis, so only the suitabilitytlvd selected tools is addressed here.
Aside from initial implementation of the Tresca sle-plastic hydraulic autofrettage
case within Matlab, all numerical analysis preseémntdthin this thesis was conducted
within ANSYS and a spreadsheet application (Micfogxcel). Both Matlab and
Microsoft Excel were readily available, which istprimary reason for their initial
selection for use.

The conditional operators present within the Mapaligramming language provide all
the features required, for example to detect yieddupled with the graphing
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capabilities also present, it makes Matlab a raliahoice. Use of a spreadsheet
application allows for rapid and interactive mangtion of output values, as well as
the implementation of some hydraulic autofrettageiets.

The choice of the finite element method, as oppésedher numerical methods, is still
thought to be appropriate. The presence of nomepldeflection during swage
autofrettage would make the use of a finite diffieemodel arduous at best, especially
given the progressive nature of the process. Duadary element method could have
been employed, with the possibility of reduced sofu time. However, the
requirement for non-linear material behaviour wopldbably have eliminated this
potential advantage, and it is not known what tfiece of the mandrel-tube contact
would have had on model preparation. Finally,treddy few BEM tools are available,
which would have likely required manual preparatafnstructural equations — time
consuming and potentially error prone. Compare thith finite element tools, of
which several well-developed examples are readiélable. This makes choice of the
finite element method sensible, as it allows lowelestructural modelling to be
conducted by the software package; this in turruced the development cost of
modelling different geometries.

After extensive use of ANSYS, it is the author'smpn that it was a suitable FEA
package for the prosecution of the goals of thegaech. The combination of both GUI
operation and scripted batch running allow for dapnodel development and
refinement, and the internal post-processing tadllsw results to be extracted with
reasonable convenience. The ability to create URieed the crucial flexibility that
was required to simulate general non-linear mdtdr&naviour. While other FEA
packages may all offer some, or maybe all, of tHeatures, it is felt that they would
not have been more suitable for this research ANBY'S.

9.2.2. Applicability of Models and Boundary Conditions

More fundamental than concerns of precision, ittnbesensured that the modelled case
accurately reflects the true conditions of the pdajlscase that is considered. In
addition, it is essential to assess whether thsipalycase is useful.

The three sets of autofrettage models which werated are enumerated and addressed
below, based on the above.

9.2.2.1. Hydraulic Autofrettage Models

The four hydraulic autofrettage models consist lokeé¢ general plane strain cases
(Plane Strain, Open- and Closed-Ends) and the Famess case. The Plane stress
represents a thin sheet, and as such the modetedairy is close to that in which the

considered conditions would apply. The generahelstrain cases instead model the
mid-length position of the tube, but only the Ofemds case would experience any
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significant axial variation during autofrettage,edio the short portions at each end of
the tube not subjected to the applied pressureen Even these end sections would be
removed from the finished tube, practically elinting any axial variation.

As such, all four cases are felt to represent tiesipective end conditions. Of the four,
it is considered that the Open- and Closed-Endslitons most closely reflect actual

conditions generated during hydraulic autofrettpgecess, as they would be most
practically sealed.

9.2.2.2. Band of Pressure Model

As described in Chapter 7, the Band of Pressureeimwds not intended to be truly
representative of a real autofrettage. Insteathag developed to allow swage-like
loading to be investigated prior to the creatiorm@wage model. In this role, it was fit
for purpose.

9.2.2.3. Swage Model

Conceptually, the swage model may simulate the ewagtofrettage of any axi-

symmetric tube, and if so needed it could be expdndto a three-dimensional model
to allow a non-axi-symmetric tube to be modell&he mandrel profile used was that
described by O’Hara [9], but may be easily adjustedthatever shape is desired. Two
features of O’Hara’s model were omitted: the tagrghe ends of the ID, and the ram
that was used to drive the mandrel. The reasongh@r omission are explained in

Chapter 8, and the author still deems this to bsuitable decision as they had
negligible impact on mid-length stresses and sérain

As noted in the description of swage autofrettag€lhapter 2, it differs substantially
from hydraulic autofrettage due to the large amooihtaxial variation present, in
addition to shear stresses and friction. This irequthe length optimisation
documented in Chapter 8, to ensure the mid-lengthpgsties recorded were
representative of the conditions found along thetreé band that would be retained
following post-autofrettage machining.

Although every effort has been made to ensure thtemals data used were accurate,
they are often proprietary in nature and hence reve necessarily fully accurate.
However, the parametric nature of the model mehasit can be rapidly adjusted to
reflect new parameter values so this is not a n@ablem. Overall, it was felt that the
model is reasonably representative of real worldging conditions.

9.2.2.4. Overview

The hydraulic and swage autofrettage models, aaid bloundary conditions, are both
felt to be suitably representative of their respecprocesses, although it is recognised
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that in each case the models could be refined griblcess-specific information. Such
refinement could be accomplished rapidly, givenrtatire of the models, once precise
conditions are known.

In particular, post-autofrettage material removahf the ID has not been addressed in
these studies; hence residual stresses presemtedrkenot fully representative of those
in finished vessels. Generally only a small amaaiimaterial is removed, so large
changes in residual stresses are unlikely unlessbatantial change of reverse yield
stress occurs over the removed region. The caseaerged in this thesis utilise either a
bi-linear kinematic hardening material or the A7f8 both of which feature a
consistent reverse yield stress near the ID; als, sucs thought that material removal
would cause only a small change in the presengdual stresses.

9.2.3. Precision

Although defects exist in all pieces of softwaree tauthor is aware of no errors in
ANSYS, Matlab or Microsoft Excel that would comprisen the accuracy of results
generated by them, aside from the limits of nuna¢rprecision. It is impractical to
fully assess the effects of numerical precisiont@oalter them), but it is felt that they
would remain very small even after many stagesatwfutation.

However, several aspects of the way the differefivare packages are used do affect
the precision of results generated; these all afbety the use of ANSYS. Neither
Matlab nor Excel were used in iterative processesich could allow errors to
accumulate, so the accuracy of the CPU is likedyliimit of precision (typically 80 bits
for floating point calculations for modern CPUS).

9.2.3.1. Meshing

For both autofrettage models, mesh sensitivitystesire conducted to ensure sufficient
accuracy while minimising solution times. Were qaiting resources unlimited, a near
infinite number of elements would have been usedhvivould have allowed near
perfectly accurate solutions of the posed probléanse gained. This is not the case,
however, hence the requirement for the sensitteiys.

For the hydraulic case, a mesh of 100 radial el¢sn@as selected for the general plane
strain cases, and a mesh of 1500 radial elementeddPlane Stress case. This keeps
relative errors of hoop stresses at the ID (botlpesik pressure and residual) well
within 0.5% for the general plane strain cases, apgroximately an order of
magnitude smaller for the Plane Stress case. Heocdamparisons specific to the Plane
Stress case, summed axial stresses become a ftitignpof ovo at the selected mesh
size (relative error is exaggerated as axial stgease converging to zero).
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The relative error of residual hoop stresses instlvage case (Figure 8.11) shows a
similar trend to that observed for the hydraulise®&ut the magnitude of the errors is
larger. In part this is due to the comparativelyér number of radial elements present;
the highest number used in the swage model wasnéaning the stress field is not
sampled as accurately. It is felt, based on thar ¢érend observed, that the error of the
selected case (42 radial elements) is within 1-2%lagh accuracy mesh (for example,
using 200 radial elements). While higher thantigdraulic case, it was felt that this
was acceptable as the plots of residual stressesgih the wall at mid-length rapidly
converge when plotted (Figure 8.7 to Figure 8.10).

9.2.3.2. Material Modelling

It is considered that the translation of the matdii into the necessary Fortran code
would not have caused noticeable error, since dhngesstages of calculation would be
required whatever the method used. In additiompboprecision functions were used
throughout.

As the calculated stresses depend on the straienments that are supplied as inputs to
the material sub-routine by ANSYS, for the corrgicesses to be calculated the correct
strains must first be supplied. As this may obhd indirectly controlled (via the
Jacobian matrix that is returned to ANSYS by theemal sub-routine), all that can be
ensured is that the stresses returned are cowedhé given strain input. This is
demonstrated by the uni-axial test presented irp@ha, so this is not thought to be a
meaningful source of error.

9.2.3.3. Reliance on Results

The hydraulic autofrettage results presented mtthesis are compared with equivalent
data from independently validated models, provicapgropriate validation of the FE-
based hydraulic autofrettage model described irp&na 4-6.

However, the only means of comparison for the swagdel was the single set of data
produced by O’Hara, and, indirectly, the Band a#93ure model. Although this is not
desirable, the use of the bi-linear kinematic matavithin the swage model allowed it
to be compared with O’Hara’s results; strong sintyawas observed, particularly in
the notable differences between axial stress vatimained for swage autofrettage
compared to those resulting from hydraulic autodigg.

Both sets of swage results were obtained using FEAdifferent packages were used
(ANSYS and ABAQUS) on very different computer ptaths, and the two models
were developed independently, separated by morealdecade. For this reason, it is
felt reasonable to consider the swage model withestevel of confidence. A more
thorough validation will be possible once the USERMis correctly adapted to the
latest ANSYS and Fortran compiler pairing, allowscrurate material behaviour to be
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modelled; these results would then be suitablecfonparison with empirical data of
measured residual stresses.

9.3. COMPUTINGISSUES

While the issues listed below only indirectly atfélte research presented in this thesis,
they are considered relevant to its review.

9.3.1. ANSYS

While ANSYS will run on most modern PCs, the salattime is heavily dependent on
CPU speed, size of physical memory and hard disedsp Aside from raw processing
capability, it is crucial to store the structurahtmces within the PCs physical memory
(termed “in core” by ANSYS) to ensure calculatigm®ceed at the maximum rate.
Beyond this, it is highly beneficial if the PC pesses sufficient physical memory to
cache the results file(s) to minimise the amourdaif that must be read from the hard
disc. In addition, a fast hard disc (or array ¢ofy will allow all disc writes and any
non-cached reads to be more rapidly accomplisiiedias found that the results files
placed the greatest restriction on the mesh firetiest could be used in the swage
case; when they became too large to be satisfctmched within physical memory,
solution time became prohibitively long.

The author found great benefit, especially whennimg the swage model, from
increases in physical memory. The desktop machiised initially, possessed 1
gigabyte (GB) and ran the hydraulic cases easiy,tte band of pressure and swage
models placed great demands on physical memoryngakiimpractical to use the
machine for other tasks. Instead, workstation$ ®itGB of physical memory, and a
server machine with 16 GB of physical memory gseatpedited solution.

9.3.2. Principles of modelling in ANSYS

The models presented in this thesis were initialgveloped using the ANSYS
graphical user interface (GUI). The “log” filesoftaining sequences of APDL
commands) generated by these operations were ¢vesed and adapted (crucially, to
introduce variable substitution.) such that theyldsubsequently be read by ANSYS
to repeat the simulation. This allows parametradeis to be interactively developed,
modified and run.
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9.3.3. Efficiency of computing

At all stages, efforts were made to make the d@ezlomodels most efficient
computationally, so that they could be run rapigigrtameters could be iterated, and to
allow maximum scalability. Primarily this was aeted by the use of axi-symmetric
sections, reduction of section lengths while mammg mid-length properties with
appropriate boundary conditions, and mesh sertyitivialyses.

9.3.4. Customisation of material model

The apparent simplicity of the customised USERMA®da&l presented in Chapter 6
belies the complications that were encountered ndurits development. The
development was conducted incrementally, as theesso of developing a UPF is
sparsely documented and many aspects had to bered@nd deciphered. When the
material did not behave as expected (which occumady times), debugging was a
lengthy task as it was often not apparent whethegreor had been made or a variable
had been mis-specified or wrongly configured.

Once completed, however, the benefits of the cusednUSERMAT relative to the
EMPRAP were plain: not only was it possible to aseustom material in an analysis
other than hydraulic autofrettage, but solution \@akieved far more rapidly as one
level of iteration was removed.

9.4. SIGNIFICANCE OFFINDINGS

As was discussed in Chapter 2, hydraulic autofyettdnas already been well
investigated; in light of this, the main significanof the findings from this study relate
to swage autofrettage. The swage model developedgdthis study has the ability to
predict residual stresses for any combination ofdnal and tube geometries, and
contact parameters. Following a small amount dafitamhal work, it will also be
possible, via the customised USERMAT model, toudel realistic material behaviour
for any stress-strain profile.

The “band of pressure” model, although not directflecting a real world process,

provided some significant insights. It was intéires to note that for the narrowest

pressure band, compressive residual axial stregsesdeveloped on the ID at the mid-
length position, as was observed in the swage casdglled. This happened because
of the tensile axial deformation that occurred hed edges of the narrowest band of
pressure; normally the compressive axial deformatibat takes place mid-band

prevails, leaving tensile residual axial stresses.

During swage autofrettage, an analogous proceghidotakes places over the rear
surface of the mandrel. Large compressive axiakses are observed at the ID of the
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tube as the centre of the parallel surface of thadrel passes (which would otherwise
cause a tensile residual axial stress). Compresssaidual axial stresses are favourable
as they reduce the magnitude of tensile axial s#eseen in use, helping to prevent
circumferential cracks opening around the ID, thgracreasing fatigue lifetime.

In addition, a compressive residual axial stresktha magnitude of the (compressive)
residual hoop stress allows for a greater resichadp stresses by reducing the
magnitude of the difference between stress compsn®iich in turn determine the
von Mises equivalent stress.

This suggests that the rear surface of the mandreff critical importance in the
development of favourable residual stresses.

A parallel section length of 0.12 does indeed seem to generate an optimum
distribution of residual hoop stresses; the valutha ID possesses the equal highest
magnitude, and that value is retained throughrheri~15% of the tube wall.

It appears that minimising the coefficient of friect between the mandrel and tube is
generally beneficial; residual hoop stresses adipied to be slightly degraded when a
large coefficient is used, and increasing theibictoefficient would only increase the
required driving force.

The magnitude of the slopes on the mandrel wererebd to have a greater effect on
the stress field developed; increasing the slopeth(front and rear) caused an increase
in mandrel-tube contact pressure, and a decreage idepth of overstrain. Residual
hoop stress experienced a slight drop in magnitwtden the slope scaling factor
decreased below one; conversely, residual axisdsstis near the ID became
significantly more negative as the slope scalirggdiaincreased.
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9.5. FUTUREWORK

This programme of work has achieved its primarylgad developing a method for
determining the residual stress distribution reésglfrom swage autofrettage. Below
are listed a number of areas of future work whiaulg usefully expand the scope of
this study.

9.5.1. Develop USERMAT

Despite the author’s best effort, it was not pdssib combine the USERMAT with the
swage model, as the swage investigations were ctedidollowing the upgrade to
ANSYS v11 and the required Intel Visual Fortran gier. Continued development of
the USERMAT is hence the first piece of suggestgdré work; it is the author’s
opinion that the material model is viable, but saiméoreseen change in behaviour of
the UPF scheme has occurred between versions.

Although impossible to predict, given the awkwar/ieonment in which debugging
must be conducted, it is felt that a working USERMéould be achieved relatively
rapidly building on the work done so far.

A further feature that could be added is tempeeatiependence, which would allow
thermal treatments of autofrettaged vessels tomestigated.

9.5.2. Model further Materials in USERMAT

Once the USERMAT is altered to work with the cutr@NSYS version, altering the
material profile modelled by it would be the autBonext recommendation. This
would demonstrate the ability of the USERMAT to agapted to reflect arbitrary
material behaviour, and hence the ability of ANS¥Saccurately model both the
swage process and candidate materials.

9.5.3. Optimisation of swage parameters

With the two above items accomplished, it wouldntlve possible to make a detailed
assessment of the precise influence of variousnpetexs on the residual stresses
developed during swage autofrettage. These cowdhlide mandrel shape, friction

coefficient and autofrettage sequence (i.e. mafgasses of the mandrel).
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9.5.4. Effect of machining

Finally, the effect of machining and material remlbgould be investigated, allowing
the residual stresses within finished articles ® dssessed. This has not been
previously modelled.
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10. CONCLUSION

The following are the key conclusions arising frma work presented in this thesis.

10.1. CONCLUSIONS FROMCHAPTER3

A review of material models was made, with emphasigesponse to plastic strain.
The Tresca elastic-plastic solution was then imgleted and subsequently adapted to
reflect some of the plastic strain responses pusiyoidentified. Finally, the solution
was extended to include an interference fit witko#id, elastic, cylinder within the
tube’s ID.

A review of analytical and numerical models suigalibr comparison with future
models of hydraulic autofrettage was then made.

10.2. CONCLUSIONS FROMCHAPTER4

Models of hydraulic autofrettage under four endditons (three general plane strain,
and a Plane Stress model) were developed; sehsitiests were conducted to
demonstrate their response to variations in mesisigfe The observed trends were
used to optimise the meshes for accuracy and soltime/computational resources.

10.2.1.Comparison Tests

During comparison tests, good agreement was olddr@eveen the results generated
by the ANSYS FE model, the Hencky numerical progreemand Huang’'s analytical

model. This demonstrates that given a correctlgutated degree of plastic strain at
the bore, an accurate value of residual stressbmayredicted by the ANSYS model

for a number of end conditions. The bi-linear sdretrain profile used is an

approximation; a more accurate material model cuired to obtain more realistic

values of residual stress.

10.2.2.Mesh Sizing

Mesh Sensitivity tests conducted on the generalegpirain models indicated that 100
radial elementsHlrag = 100) would provide suitable accuracy (the ressliggested
that more than 70-80 were needed). Likewise, tairat sufficient short section such
that o, — 0, Elrag =1500 was selected for the Plane Stress modelhieding the
desired levels of summed residual axial streslgrdetermined this value; it was the
measure most sensitive to section length. In basies, two axial elements are used.
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10.3. CONCLUSIONS FROMCHAPTERS

An existing mesh and constraint set, optimiseddewtloped in Chapter 4, was utilised
to provide the basis for a model in which the Jaaed Dubey EMPRAP could be
implemented. The EMPRAP was used to represenguinesteel A723-1130, which
exhibits non-linear unloading from plastic strawmithin the ANSYS model. The
combined model was then used to simulate the hiidrautofrettage of a series of
thick-walled tubes. With the exception of a snaidicrepancy in the unloading stresses
near the ID, the calculated stresses matched vellyagainst equivalent results from
the Hencky programme. This supports its use inpaoieons with future material
models developed.

In summary, an FEA procedure for simulating nomdinstress-strain behaviour during
hydraulic autofrettage was implemented and investig,

10.4. CONCLUSIONS FROMCHAPTERG

A one-dimensional materialigermat1yl model was created to gain familiarity with the
ANSYS solution procedure, and determine how to ogne the desired material
within it. A close match between the results gatest using it and data from the
material-fit equations, indicating that the subtno@ calculates stress states accurately,
and in a manner that allows ANSYS to reach solutiormally.

A three-dimensional material modelisermat3)l was created to be used in all
autofrettage simulations (hydraulic and swage)chamonfirmation of its accuracy was

vital. Uni-axial tests demonstrated a generallysel match between results from the
material model and the material-fit equations. e&gnent is less complete where off-
axis (direct) stresses increase in magnitude,idfe¢he relationship between equivalent
and axial stress. These off-axis stresses awose tine circular relationship between the
Jacobian matrix output to ANSYS from the sub-rogitimnd the resultant strain

increments that ANSYS supplies in return.

The three-dimensional material model was then useda series of hydraulic
autofrettage simulations, under a range of end iiond. The results showed good
agreement; disparities are in line with the vaoiasi expected from the different
numerical methods. Apart from the plastic straialeulated for the Plane Stress case,
all residual stress and strain values showed eseagreement. Differences between
constant-strain end condition cases may be exmldyevariations in the axial stress
which is the intermediate principal stress.

In summary, a custom material model of a real wayloh steel (A723-1130) was

programmed utilising the USERMAT feature within ANS. USERMAT behaves as

a standard material and, crucially, retains plastrains; this makes the customised
material suitable for use in more general load £dkan allowed by the EMPRAP

method — in particular, simulating swage autofggdtaf a pressure vessel.
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10.5. CONCLUSIONS FROMCHAPTER/

A band of pressure model was developed to represen¢ of the key characteristics of
the swage autofrettage process. Two variants efibdel were developed: a static,
expanding band model and a moving band model. oAlh neither model is a true
representation of swage autofrettage, they botlvigeed valuable insights into the
difference between swage and hydraulic autofrettage

As would be expected, the results from the statimdomodel supported the observation
that the required pressure for a constant deptutiffrettage increases as the width of
the pressure band decreases.

The relationship between band width and pressure abserved to follow a pattern
similar to an offset inverse ratio; based on thigepresentative relationship was
created, the results from which showed reasonapkeament with the data.

The results from the moving band model showed traestrend; the narrower the
fringe width, the greater the pressure needed taimla given depth of overstrain. As
would also be expected, shear stress magnitudetiiedrand was seen to increase as
fringe width decreased, due to the greater step lstween the applied pressure and
zero pressure in the non-loaded section.

Shear stresses switched sign appropriately betwlserfront and rear edges of the
pressure band.

Through wall hoop stresses at peak pressure waralfto be markedly different from
those observed at peak pressure during hydrauloératiage; indeed, at and around the
ID, they were seen to be strongly negative (congive} — creating a net outwards
force for that section. This is due to the prop@ga via shear stresses, of the applied
load to more than just the directly loaded section.

Residual hoop stresses at the ID were seen toasene magnitude as the pressure at
the band edge increased (found with lower fringdta and pressure gradients); the
increasing curvature resulting from the more suddbange in pressure causes
decreasingly tensile residual axial stresses atliheallowing more compressive
residual hoop stresses to be developed.

While compressive axial stresses are found at@hat ithe centre of the pressure band,
towards the edges of the band stresses becomeasnuyly tensile. If the band is
narrow enough, this can cause sufficient tensilalaglastic strains to result in
significant compressive residual axial stressethatlD, as was the case when fringe
width equalled two.
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10.6. CONCLUSIONS FROMCHAPTERS8

A model of swage autofrettage was developed to Isitmthe deformation of a tube by
contact with a mandrel moving through its innerdvoit was initially dimensioned to
match an existing analysis of swage autofrettageeldped by O’Hara, against which
it was also assessed. Generally, a good matchaglasved; for the case of the most
similar mesh to that used in O’Hara’s analysisorairlikeness was observed between
the stress distributions calculated by the two nedeThis indicates the relevant
aspects of the swage model developed by O’Hara imepgporated into the ANSYS
model. The finer meshes generate results thatwdie trends displayed by O’Hara’s,
and converge relatively quickly; a mesh of effeelyvfour times the linear density of
that used by O’Hara was judged to produce suitabbyrate results.

Two sensitivity analyses were conducted to detegrbioth the minimum length of tube
section and number of sub-steps required. It vedsrohined that a tube length ofr15
was needed for stable mid-length results to beimdda an initial number of Hly.ax
sub-steps, with upper and lower limits &l ax and 2E&ln.ax respectively, was found
to give suitably consistent results while remaingomputationally feasible. If more
computational resources were available, these ntawib@uld be doubled.

The length of the parallel section specified fa thandrel had a significant impact on
axial stress and plastic strain profiles within thke, both during and following the
swaging procedure. It was found that the initialue of 0.12, used by O’Hara gave
the best degree of pre-stressing (compressive uasidoop stresses near the ID),
although pre-stressing values are relatively comsisapart from the longer parallel
section cased(= 3.0y and 4.5.0). The optimum value for a given mandrel-tube
system is likely to depend on several factors sashube wall ratio K), mandrel
slopes, mandrel-tube interference and material.used

Observations made while mandrel-tube friction dogfht was varied confirmed what

would be expected; during autofrettage, shear sgeesncreased in magnitude with
friction coefficient, and axial stresses becams lesgative/more positive (in response
to greater axial load) while retaining a relativelgnilar distribution.

Mandrel slope angles were also found to have aelamfjuence on the developed

stresses. Both effect the initial deformation loé tube (the forward slope has the
greatest influence, as its shallower slope defargseater length of tube), but the rear
slope more directly influences residual stresses tlu its creation of residual

compressive axial stresses near the ID. Investigatf the effect of the forward and

rear mandrel slopes independently would reveal rdetails of these relationships.
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11. APPENDICES
11.1. A1 -LAME’'SSOLUTION

The Equilibrium Equation (2.1) is statically indetenate —o; and oy cannot be
separated and solved for without further relatigmsh To the axial constitutive
relation, Equation (2.6), Lamé applied the compldiytrequirement that initially plane
transverse sections remain so after loadipgs (constant w.r.t.).

Substituting the deflection-based definition of postrain from (2.3) for that in the

constitutive Equation (2.5), manipulating, applyitige plane strain criterion, and
conducting further manipulation, yields:

o, +0,=2A (11.1)

Where A is a constant. Substituting fey in the Equilibrium Equation (2.1) and
rearranging, the following is obtained:

do, _ —ZE
(0.-A) 1
Integrating yields:
o =A-2 (11.2)

Substituting the above into Equation 11.1 gives:

0, = A+rE2 (11.3)

A andB may be solved for, given suitable boundary coodgj applying an internal
pressurep;, and setting the external pressymg to zero is achieved by the following:

af|r=ra =~ h af|r=rb =P =0

For a fully elastic tube, this gives:
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- rbz/rz_l
Jr pi(rbz/raz _]J
2/.2
0, = p—[r" Ir +1j (11.4)

I rbz/raz -1

o.=p v,
’ | rbz/raz -1

(Axial stresses are calculated from the radial badp values using the constitutive
relation, Equation (2.6)).
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11.2. A2 —TRESCAELASTIC-PLASTIC SOLUTION

11.2.1. Autofrettage

Whether autofrettage is achieved hydraulically broagh swaging, the process
involves expansion and plastic deformation of tifeet followed by relaxation and the
development of compressive stresses around the ID.

Consider a tube loaded by an internal pressurexhich increases from zero to the
final autofrettage pressurpar. Once the pressure is high enoupgd) {ensile yielding
initiates at the ID (= ry), propagating outwards as the pressure increakameé’s
solution clearly shows that the Tresca equivaléneiss is highest at the ID. When the
applied pressure reachpg, the maximum radius of plasticity is termed temary
Yield Radiusrp (ra<rp<rp).

Upon removal of the autofrettage pressure compressresses are developed within
the expanded material found within the primary ¢ietgion (. <r <), partnered by
tensile stresses in the elastic region<(r <rp). As in the pressure application phase,
these compressive stresses are greatest aroutD.thié these stresses become large
enough, compressive yielding initiates at the Ild propagates outwards — the limit of
this reyielding is termed th8econdary Yield Radiuss. As will be demonstrated,
unless the tube material<r <rp loses all strengths¢ = 0) following the plastic strain
experienced during autofrettage<r,. Figure 11.1 illustrates these radii.

Figure 11.1: Yield Diagram

As noted towards the end of sub-section 2.4.2.8, fitst elastic-plastic solution
investigated was that based on Tresca’s yield riite which allows for explicit
solution of the stress field (within a hydrauligakwutofrettaged tube). An elastic,
perfectly plastic material was used which is theshgimple stress-strain response that
includes plasticity (see Figure 3.2).

252



11.2.2. Autofrettage Stresses

First the stresses in the elastic regigrs r <ry,, are established. Introducing the Lamé
stresses (11.2, 11.3) at= r, into the yield criterion (2.10), the following wa is
obtained forB:

B B
A+— -l A-— |=0
2 2 YO0
o [ rp]
B:UYOr"Z
2

Re-inserting this value into the Lamé radial strieégsiation (11.2) at = ry,, gives the
following value forA:

g, =0= A—E2
r
b
As Oyl
27

Substituting these values back into the Lamé st&gsstions (11.2, 11.3) gives:

2 2 2 2
g, g, .r
o =- Y0'p rl_l o, = Yo p rL+:]_
r 2 2 4 2 2
2, \r 2r, \r

Given conditions at = r it is now possible to solve for stresses withie fastic
region. Substituting from the Tresca yield criberi(2.10) into the equilibrium
Equation (2.1):

do, _ Oy

11.5
dr r ( )

Separating the variables and integrating gives:

o =%In(r2)+c

r

As ¢; is continuous across the elastic-plastic interf@e = rp), its value from the
above formula will be equal to that given by Lamigtguations.
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2 2
UY0| 2 __Ovolp [ 1y
Yo in(r2)ec=-2000 b _g
> (p) 2 |12

c:_ﬁ(l_iﬂn(rz)]
2 2 p

My

Hence the following expression faris found:

o r.2 r.2
o, =-—211-L+In %
2 Iy r

It is now possible to substitute the above value doand its derivative into the
equilibrium equation, to find,.

o r.2 r.2
0'@+—;O 1—r—‘;+ln r—”
Oyvo - b

These equations are summarised below, along wisetfor axial stress found from the
constitutive law (Equation (2.6)).

o r2 r2
0, =-21-"2 +In| &
2 ly r

o ro r
o, zf{“_‘;_ln{_‘;ﬂ ra<r<rp  (11.6)
r.b

2 2

— rp rp

UZ_E[£Z+UtUYO F_ln F
b

2 2

o __UYOrp rl—l
r - 2 2 2
r r

O, 12 (12
o,= ZY:Z” (r%ﬂ] p<r<r, (11.7)
b

Plastic Region

Elastic Region

2
r
- P
g, = Etgz +UtJYO(F]

b
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The primary yield radiust,, cannot be determined through rearrangement aar oth
direct means; instead, it must be found througthatsteration using the boundary
condition o; = par at the ID ( = ry) applied to the radial stress expression from
Equation (11.6). This was achieved (using Matlalt, any other suitable numerical
method would quickly achieve a converged answerinbgementing from an initial
value ofr,.

A special case of the radial stress from Equatibh6) can be formed to give an
expression for the minimum pressure required feldyng (or limiting elastic pressure)
at the inner facge. Settingr andrp tora:

_JYO ra2 _JYO 1
=Svo)p Ca | =Zvoig = 11.8
=7 { r,f} 2 { KZ} (11.8)

If the autofrettage load is hydraulic, a simple pamson of the applied pressure to the
limiting elastic pressure, from Equation (11.8)ll@etermine the presence of yielding.

11.2.3.Unloading

Once the autofrettage stresses within the tube baem determined, the unloading
stresses must then be assessed so that the residluals may be calculated.

Depending on the magnitude of the compressive uabgtresses developed, unloading
may follow one of two paths — elastic or elastiagpic. Accordingly, a check must first

be made.

To determine whether secondary yielding occurssdaes yield criterion (2.10) is
again employed.

Assessing the value ef - o, using Equations (11.6), (11.7) and (11.4), yields:

pr;
g,-0, =0y, 1—Iorz ra<r<rp (11.9)
2 r2
Ue_ar:UYOr_az(_pg__p] re<r<rp (11.10)
reiry  pe

It is found thatsy - o, has its most positive value wher rp,; however, it is of greatest
magnitude whem = r,, i.e. whenr r? reaches its maximum value of 1. Here, the
contents of the brackets of Equation (11.9) evalaat—1 or greater (in magnitudepif

> 2pe. This means that, - o, exceeds the magnitude ®f, — the Tresca yield criterion
(2.10) at which point secondary yielding is consédieto occur. This can more easily
be seen by rearranging Equation (11.9), and makiegubstitutiom =r:
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C =g, (11.11)

If the left hand side of Equation (11.11) excedusright hand side, secondary yielding
is assumed to take place; if less that the RHyadmhg proceed elastically. It can be
shown [26] that even with maximum autofrettage. fi.e= r,) secondary yielding will
not occur unlesgy/ry > 2.22.

11.2.4.Residual Stresses — Elastic Unloading

If the residual stresses are insufficient to caum®pressive reverse yielding, residual
stresses are calculated by superposing standar@ ledastic stresses, caused by the
application of par, from Equations (11.4) upon those created durneggurisation.

11.2.5.Residual Stresses — Plastic Unloading

If residual stresses are sufficient to cause revgiedding, a secondary yield radiusg,
must designated. It is then possible to form twdhier sets of equations to describe
secondary vyielding of the tube, equivalent to Equest (11.6) and (11.7) (from the
primary yielding stage). They take the place a& Hiastic stresses from Equations
(11.4), and are subtracted from the autofrettagesses in the same way. As shown in
Figure 3.2, as an autofrettaged tube is depressijribe tube material must unload
from a peak stress ofgyj to -0y before reverse yielding occurs. Therefore the
unloading stresses achieve double the magnitudineofautofrettage before reverse
yielding occurs; this is reflected in Equations .(®) and (11.13) as their apparent
magnitude is twice that of Equations (11.6) and.{L1 For example, hoop stress is
tensile at the bore during autofrettage — afted lmmoval, it becomes compressive.

Plastic Region
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Elastic Region

2 2
g,= JYOer (r% +1j rs<r<rp, (11.13)
fy r
0,=E¢,+v (0, +0,)

The secondary yield radius, is found using the zero internal pressure agkxation
criterion. This means that the residual radiaéssr(from Equation (11.12)) summed
with the radial stress during Autofrettage (fromuBtion (11.6)) must give an answer
of zero (arr =r,), as seen below.

oy o Ve ot
~9v0l1-"0 tin| & ||+0,,|1-5 +In| 5 || =0 11.14
2 2 r2 O 2 r2 ( )

As with rp from Equation (11.6);s may be found by a short iteration. The secondary
yield radiusys, will be found to be smaller thap.

It can be seen from Equation (11.9) thatpgs increases from 2, secondary yielding
occurs for radii progressively greater thran

Plots of residual hoop and axial stresses withinb& with Wall Ratio 3.0 can be seen
in Figure 11.2. The ratio of autofrettage presdorgield strengthpi/ovo, is equal to
1.0909; the normalised primary and secondary yreldii are 0.8703 and 0.0612
respectively (they are indicated by the peak magdes of hoop stress).
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Flat of Residual Stresses vs. Radial Position, Secondary Yield Case
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Figure 11.2: Residual Stresses from the Tresca $tibn, for K = 3.0

11.2.6.Strains

While Equations (2.4) — (2.6) provide a means &seasing component elastic strains,
they are not capable of calculating plastic strathss will now be addressed, by

subtracting elastic strain components from thel tedbues. As axial strain is assumed
to be entirely elastic, Equation (2.6) is true tigbout the tube. Plane strain conditions
(e2=0) are then applied to Equation (2.6):

a,=v(o, +0,)

Substituting this value back into Equations (2.4)d &2.5), equating each with
Equations (2.2) and (2.3) respectively, the follogvare obtained.

&

r

d 1+
= d_: =-VE, +?V[(1—V)0'r —VJQ] (11.15)

& zg =-VE, +1+?V[(1—V)0'9 —I/O'r] (11.16)
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This means that at a given radius, deflectionsbeafound if the circumferential strains
are known.

It then remains to assess the total strains withendeformed regioma <r <rp,. First,
the Equilibrium Equation (2.1) is integrated bytpathe following is obtained:

r(o, +ag):£(rza,) (11.17)

While plastic strains remain small — as is the e@sen wall ratios remain less than ~5,
and less than total yielding has occurred — posfiochanges may be ignored.
Summing Equations (11.15) and (11.16) yields:

(1-v)o, +0,)-2vo,]

£r+£g=[ =

(11.18)

In terms of the associated integrated flow rulehaee e’ + &) =0 - this gives:

£,+£9=£,e+£§:%+% (11.19)

Substituting Equations (11.19) and (2.6), and thlationshipG = E/2(1 + v) into
Equation (11.18):

MUz oy + 12200 (125 (11.20)
or r 2Gr or

This is valid throughout both elastic and plastgions of the tube. Integrating
Equation (11.20) w.r.tr, using the boundary conditiom = 0 whenr = ry,, the
following is obtained:

ﬂ:_ 1- JYorp2 1-2 (Jr)t 11.21
r I;T;i;;:;-i_( Vt)ZGt +( Vt)ZGt rasrsrp ( : )

Plastic Elastic

Plastic hoop strains may then be found by subtrgatlastic hoop strains, calculated by
Equation (11.16), from the total value, Equatioh.?1).

o,
£ = (1—v2{$—%j (11.22)

Whereo represents the yield strengiiaring loadingof the materiaht that position
Hence when modelling the Bauschinger effect if éhisr no strain hardening present
(i.,e.H = 0) it equalssy, and when modelling strain hardening it increasaording to
the hardening relationship defined.
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Also, given the associated integrated flow rulaspt radial strain is given by:

g =-¢&) (11.23)
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11.3. A3 —JAHED AND DUBEY'SMETHOD

Jahed, Sethuraman and Dubey [20] proposed a methdakequently termed an
EMPRAP; it describes how an iterative, numericaleéir elastic analysis can be
transformed into a complex non-linear stress-staaiaysis, through manipulation Bf
andv. Jahed and Dubey [19] employed the procedumapdeiment a single, non-linear
loading behaviour and a single, non-linear unlogdaehaviour for plane stress and
plane strain conditions. Their method was extenedParker [22] to incorporate
unloading behaviour that varies with radius as rcfion of loading plastic strain.
Designated thélencky Programmet was subsequently further extended to solve any
plane condition, including the crucial open-endseca The theoretical basis of the
EMPRAP method is explained below, together withrtingine used for solution &
andvett in an FE environment.

A body, Q, is defined, enclosed within a surfaCe The boundary value problem is
formulated on the following conditions:

1. Traction and displacements appliedto
2. Stress equilibrium withig.

The stress equilibrium condition specifies thathia absence of body forces:
0—”_=o|Q i,j=1,2&3
Traction (a vector of the surface density of com:ﬁi)rces)ﬁ, over the boundary;::

o;n; =t

rl
Displacements,li*, over the boundarly.:

u =u

P
The full boundaryl’, is summed from the other part boundaries:
F=r,+r,
The total strain tensor is the sum of the elastit @lastic strain tensors:
&g = gi]? + gij” (11.24)

The elastic strain is given by Hooke’s Law:
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+
=1V, —%akkaij (11.25)

i~ g Y
The plastic strain is given by Hencky’s total defiation equation:
& =g (11.26)
From the above expressiaj,is the deviatoric stress tensor:
5 =05 109, (11.27)

The uni-axial relationshifg,, between equivalent stress and equivalent plagtiin is
defined as:

_3 %
¢ 20,

(11.28)

In turn the equivalent plastic strai:rﬁq, and equivalent (total) stresg,, are defined as:

| S— 2| P — 3
feq‘\/;“fij" Ueq‘\/;‘sij‘

The total strain tensor, Equation (11.24), can tlenrewritten, using Equations
(11.25), (11.26) and (11.27):

1+v %

Substituting to alter Equation (11.29) to the sdoren as (11.25), i.e. to reduce it to
elastic form:

14
g =Vg Yot g (11.30)

ij ij
Eeff Eeff

WhereEg andves are the effective Young's modulus and Poissortie raepresenting
plastic behaviour:

3E , - ¥+Eg
3+2Eg@’ " 3+2Ep

Eeff

Eer may be determined from the material stress-stedationship, from whichvet may
then be determined using Equation (11.31):
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_r V+Eg¢
eff eff 3E

<

(11.31)

To be used within a model, the model must simulaégegeometry and loads present;
the stress-strain state is then calculated usimgiritial, elastic properties of the
material. If any parts of the model are assessdthve exceeded the yield stress (or
the limit of linearity, according to the materiat)f the EMPRAP is invoked. The
EMPRAP accepts (equivalent) strain as its inpus ¥alue is entered into the material-
fit o-¢ expression, which calculates the stress magnitndewould result. A new,
effective, elastic modulus is calculated using Higua(11.32):

e, =2 (11.32)
&

Figure 11.3 shows howgy is calculated iteratively, untd” tends to the stress value
generated by the material-fit, giveh When the non-linear section of the matesial
fit has a positive gradient! monotonically approaches the final value.

geq 1
> eff
2
1‘ Eeff
Oeq /
ES
1 4 2/6 eff
o
oyo 4}——
E
&
ey 81 eq

Figure 11.3: E4 convergence diagram, when material is loaded beydrYield Stress
In addition,¢ must be calculated (Equation (11.28)), using:

eP=g"—¢’

eq

—_ n
Opq=0
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This is achieved by:

1. Solving the initial system using a linear elastialgsis

2. Equivalent stresses in elements are evaluated sigapt if the yield stress is
exceededE andv are calculated (using Equations (11.32) and ()1 @1a per-
element basis, depending on the degree by whichi¢he stress is exceeded.

3. Solve using modified values.

4. Check for convergence — if error is greater tha tlesired, return to step 2.
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11.4.A4 — ADDITIONAL EMPRAP RESULTS FROM
CHAPTERS

11.4.1. Autofrettage Stresses
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Figure 11.4: Plane Stress
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Normalised Stresses, o/oyg
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11.4.2.Unloading Stresses
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Figure 11.7: Plane Stress
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11.4.3.Residual Stresses
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Figure 11.10: Plane Stress
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