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Abstract

The serious pollution problem caused by transportation can cause critical environmental
effect such as global warming. This has drawn attention towards lighter materials for use in the
transportation industry. Magnesium as the lighd&sictural metal has been very attractive for both
researchers and industry. Use of magnesium in the transportation industry {fstrucbaral
components goes back to the 19306s, but recen
component, invhich they are exposed to cyclic loading and therefore are subject to fatigue failure.

Cold expansion is one of the wddhown techniques for enhancing the fatigue propentxshed

specimen, which is used widely in aerospace.

For the first time, the fesbility of performing cold expansion on commercial AZ31B
magnesium sheet is studied in this research and presented Ogteimzing the process from the
fatigue point of view is dondn order to model the process, a numerical method called variable
material property (VMP), with capability of considering actual material behavior, and a finite
element software, ABAQUS, were used. To verify these models, two experimental measurements
have been done, using digital image correlation (DIC) technique to edipéuradial displacement
around the notch during loading, and residual stress measurementalyydXfraction method
after unloading. To obtain the material behavior needed in VMP method, te&osigmession and

compressioftension loadingunloading test were performed on the material.

It was shown that split sleeve cold expansion can significantly improve the fatigue life, by
postponing crack initiation and decreasing the rate of crack propagation, compared-with as
received notched sample. The fatigide improvement factorefs higher in high cycle regime. In
low cycle fatigue, the improvement factor is roughlyx2while in high cycle it gets up #n order
of magnitudelt was also shown that the optimum degree of cold expansion percentage was 5 %
and 6% for 4 mm and 3.18 mm sheet, respectively. The effect oégplhsion on crack initiation
and propagation life was examined using DIC technique. Fractography revealed that on untreated
samples, crack initiation occurred on the notch surface, whilbei samples with the optimum
degree of cold expansion the crack initiation occurs internally and away from the notch surface.

This has been attributed to the residual stresses induced in cold expansion process.
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Chapterl. Introduction

1.1 Motivation

Greenhouse gas emissions are of concern to human beings as they cause globabwdrming
climate chang¢l]. While 25% of global ©2 emissions is attributed to transportati@h, road
transportation and aviation are responsible for 74 % and 12 % of total transportation efdksions
As a resultfinding a way toreduce these emissions is one of the fastest growing research areas
Using lightweight materials is being considered as ohée approaches to reach this goal.
Initially, aluminum, being ~65% lighter than stdéligurel) was proposeds a replacement for
steel in both automotivi@] and aerospadé] industriesIn recent years, advancement in material
engineering and higher demand for reduction of glob@ €missions, have attracted the
resear ch etootlser naateriale suchiasmgmesium, which is the lightest structural metal
[6] for both automotiveand aerospace applicatioir. Additionally, wrought magnesium alloys
have some superiority in terms of mechanical properties compared to cast magnesium, and are

therefore preferable.

Relative density

Steel Aluminium  Magnesium

Figurel. Relative desity of magnesium, aluminiurwith respect to steel



Application of magnesium in the aerospace industry goes back to 1930, mostly-in non
structural components such as gearbox cagBjgbut these days magnesiunuisgder study as a
candidate material for load bearing compong8is In this regard, investigating the different
processes of assembly of magnesium components is very important. In aerospace, three different
methods of connections are used: fastened joints (such as bolts and rivets), adhesive btgded joi
and welds; due to the high safety requirements, rivet joints are dominant in aerospace structures
[10]. Rivet joints however, cause localized stress concentration in structures, making them highly
susceptible to fatigue failurd.1], Since fatigue failure in aircrafts cdoe catastrophic, fatigue
analysis of rivet joints is of crucial importanddoreover, finding ways to increase the fatigue
strength of riveted structures has always attracted en@natention. As a result of the efforts
made in this field, it was showthat compressive residual stress can significantly increase the
fatigue life of riveted structurgd2]. Among several methods of creating compressive residual
stresses, such as shot peenit®] and laser peeninfd.4], etc. cold expansiohas been widely
used in the aerospace industtp]. The cold expansioprocess involves pulling an oversized
mandrel or ball through thevet hole [16], andis widely used in aerospag®lustry. The reason
that ths procedure is now well acceptieglthe aerospace industry is faet thatit adds no weight
to the structure, it is relatively simple and low ¢@stid it produces a through thickness residual

stresq17] and can significantly improve the fatigue Iffi3].

The aforementioned residual stress created by cold expansion, needs to be determined for
predicting the fatigue life of components and structures. The cold expgmemess is normally
simulated in two steps: loading and unloading reversals. For this purpose, commercial finite
element (FE) packages or available analytical solutions haveuseoke The challenge in stress
strain analyses of Mg structures is the complex elastoplastic behavior, which is highly evident in
wrought Mg alloysWrought magnesium alloys show anisotropg.,the materiabehaviorvaries
in differentorientationg19],[20]. In addition, wrought Mg alloysxhibitasymmetric hardening
behavior, i.e., the hardening curve under tension is different than that under comg&Hsion
Neverthelessfor many magnesium alloys such as rolled AZ3aBisotropy is not as significant
as asymmetnyf22], [23]. The asymmetrichardeningbehavior make it impossible to model
magnesium behavior in commercial pEckagesuch as ABAQW and ANSY Shecause they
assumesymmetricbehavior{24]. All available models fothe cold expansiomprocess, either FE



or analytich e.g.[25]i[30] adopt a hardening curve for the loading reversal and construct the
hardening curve for the unloading reversal from that in the loaginersal using isotropic or
kinematic hardening ruleslncompetency of typical material modefsr consideing the
complicated behavior shagnesiunhas led tadvaned constitutive modeldased on continuum
mechanicE1]i [33] or crystal plasticity[34][35]. Due to theinherentintricacy of using these
models as well ahe extensivéime required for running these models, they are rarely used in real
world problemsTo tackle this issue, a simple numerical method called variable material property
(VMP) [36], which is capable of capturing actual material behav®wused to model the cold
expansion proas in AZ31BH24 magnesium alloyAlso, due to a considerable gap in literature
about cold expansion of magnesium, from both modehnd experimental point of view, the
feasibility of performing cold expansion also needs to be determined since AZ31B shows limited

formability in room temperatur@7], which is in contrast with the concept of cold expansion

Along with this, effect of cold expansion on fatigue life of componentgle of AZ3B

magnesium alloy is investigated.

1.2 Thesis objective

Experimental study of cold expansion proces®#81B-H24 rolled sheet is performed.
Simple numerical modeling and FE simulation is done to predict the radial displacement around
the hole during the process and the residual stress when the procedure is done. The objectives of

this research are as follsw
U To experimentally study the cold expansion of a wrought Mg alloy

For the first time, the feasibility of performing cold expansion in a wrought magnesium alloy
is studied. An appropriate fixture for doing the test compatible with experimental measisreme
during test has been designed. Radial displacement during loading has been captured via DIC. The

residual stress induced by the process has been measured by XRD.

0 To adopt a simple numerical method, variable material prop@ftyP) and
modifying it to account for asymmetric behavior to model both loading and
unloading phases of the cold expansion process.

3



A proper approach for considering asymmetric behavior of wrought magnesium alloys is an
essential component for modeling the cold expansion protessefore, the VMP numerical

method has been modified to consider this behavior with an appropriate yield function.

U To model the process using finite element (ABAQUS) for sake of comparison with
VMP.

For sake of comparison of VMP results, ABAQUS finikeneent software is used to model
the process with more detail (3D, as oppdse2D VMP), but simpler material model (symmetric).
In addition, a parametric study of the effect of boundary condition in the model on residual stress
distribution is performed.

U To characterize uniaxial tensi@mompression and compressitamsion behavior of

the AZ31B in high strain levels for incorporation in VMP code.

Uniaxial tensiorcompression and compressitamsion behavior of AZ31B magnesium alloy is
studied. There is aap in literature for this behavior at high strain levels, which is needed for

incorporation in VMP method.

U To dudy the effect of cold expansi@m microstructure, texture, residual stress, and

fatigue life

The created residual stress due to cold expamasiects the fatigue behavior of the specimen. This
phenomenon is investigated for the first time by doing fully reversedgulsload control fatigue
test on cold expanded samples. Further, the effect of cold expansion on other aspect of material

propeties such as texture and microstructure is studied
1.3 Thesis layout

This thesis consists of five chapters. Chapter one declares the motivations of this research as
well as the objectives of the study. In chapter two, a comprehensive background anaoditerat
review is presented, starting with a brief review of magnesium and its alloys, especially AZ31B.
Then, the cold expansion process is introduced and the experimental and analytical models to date
are presented. Eventually, the VMP method and its apiplisaare reviewed. Chapter 3 deals with
the experimental works performed in this research. First, the experiments pertaining to material

characterization are presented, and then the structure specifically designed for the cold expansion
4



is introduced. The, sample preparation and DIC measurements is briefly described. Subsequently,
the X-ray diffraction (XRD) method and results, hole drilling and digital image correlation (DIC)
measurements are described. Feasibility of different cold expansion percemdgtsseffect on
residual stress and fatigue life is discussed. Finally, the microstructure and texture evolution due
to the cold expansion is studied and reported. Chapter 4 covers the VMP concept, the mathematical
modeling, the convergence criteriaddhe methodology for considering the hardening asymmetry

in the VMP solution. In addition, in the FE simulation, a case study about the effect of different
assumptions, such as friction between parts, and different boundary conditions is done. Eventually,

chapter 5 summarizes the conclusions and some recommendations for future works.



Chapter 2. Literature review and background

This chapter presents background information and literature regarding magnesium and cold
expansion. It is divided to three main sections. The first part is a review of magnesium and its
alloys, specifically wrought AZ31B as the material of interest inrggarch. Then details of the
cold expansion process are reviewed includingutiderlying concept, the procesfect on the
fatigue life of notched components, and finally, the analytical and FE models currently available.
Finally, VMP method, its matmeatical concept and its applications are reviewed.

2.1 Magnesium and its alloys

This section presents a review of literature regarding magnesium.

2.1.1Applicationsandbasic mechanicapecifications

Magnesium(Mg) as the lightest structural metal, witarasity of 1.74— compared with 24—

for Aluminum and 7.86— for steel[38], has attractedonsiderablattention from researchers

recent years[39] for use inthe aerospace and automotive industiydeed,the application of
magnesiumn aerospaceechnologiegoes back to World Wdrand 1[40]. Figure2 ([8]) shows
some exampkeof magnesium usage theearlyaerospace industrin automotive industry, early
use of magnesium alloys goes back to 1924 whagnesium was nstly used in the asastform

and for nonrstructural purposdd41].

(a) (b)

Figure2. Example of application of magnesium in aerospagepckheed FBOGmade
completely byMg b) Convair B3&vith atotal of 8600 kg ofMg [8]

6



As mentioned irChapterl, in the 19305, mostmagnesiunusewas for nomstructural components
[8]. Growing trendn air transportatiofd2] and theresuling increase in aviatioB0O2 emissions,
hasonce agairattracted attention to magsium as candidatéor replacing current materials in
transportationndustry. In fact,light weightingthe componentaisedin air transportations now

i nevi4B8labl e

Besides the possible weight reductiomagnesium offers some other advantageous
propertiessuch as good stiffness to weight ratio, good castalaifity goodmachinability[40],
[44]. Plus magnesium is the sixth most abundant elerorith e e ar t[#5ps sur f ace

Manufacturing processfor magnesium can be categorizewitwo general types: cast and
wrought. Wrought magnesium alloys are manufactured via rolling, satror forging [46].
Although wrought magnesium alloys are superior to theirlmaist competitos, most magnesium
used in industry are amufactured via dieasting[47], since it is cost effective and allow the
building of components with complex geometiiés However, the wrought alloys have higher

strength[48], more ductility[41] and greater homogeneity in mechanical properties

Despite its helpful properties, magnesium and its alloys do suffer from some other
undesirable features such as limited corrosion resistance, low strength at high temgdttures
and poor formability at room and < 2@@temperaturept9], mainly due to itshexagonal close
pack (HCP)structure[22]. This particularcrystal structure, explais the low formability of
magnesiunandcertainother special characteristics of magnesium alleyrsch are described later
in this chapter According to Taylod <riteria [50] for arbitrary homogenous deformation, a
polycrystalline structure needs five independglip mechanis®m Becauseof its HCP crystal
structure [46], [51] Magnesium and its alloys, possess only two independent basal slip systems.
Further i nvestigation defl thahdhgre are iothem @eformatienh a v i o
mechanisms such as prismatic s[f2] and pyramidal slip[53]. Although all these slip
mechanisms are enougho s at i s dritgria, Tt avgslslwowrbtisat prismatic and pyramidal
slips are very dificult to activateat room temperaturfb4], but are more easily activated
temperature higher thd2253 [55], [56], due to a reduction in the critical resolved shear stress

(CRSS) value. This fact explains the higher ductility of magnesium at elevated temp@&&ture



However, another deformation mechanism is still needed at lower temperatures and studies have

recognized another mechani s[B8][5al | ed ATwinning

Threetwinning mode have been reportedyramidal twinning on th€10p2) plane, also
known as tension twinning, amdntraction twinning or(10p1) plane andh combination of these
two known as double twinning are reported in magnesium HCP stru¢i®jesigure 3 shows

theaforementioned slip systems and tensiod compressiotwin in a single HCP cryst§B4].

(0001) £10-10} {10-11} {11-22}
Basal Slip Prismatic Slip First-Order Second-Order
Pyramidal Slip Pyramidal Slip

()

be=<10-11>, b =<11-26>/3 f1.‘n<101">

{10-12} (121} (10-11} {11-22}
Tension Twin (TT1)  Tension Twin (TT2) Compression Twin (CT1) Compression Twin (CT2)

b =<11-23>/3

Figure3. Schematipresentatiomf differentdeformation mechanisms) glips b)twin [60]

It should be noted that contrary ttee slip mechanismwhich allows simple shear in both
forward and backward directions, twinningderg@s deformationsonly in one direction35].
The amount of strain that can be accommodatetivyning is very limited. For example the
maximum amount of strain fgguretensiontwinning is only 0.06961]. Further studybout the
effect ofthe twinning on ductility 8 HCP metalsdisclosed thathe amount of twinning strain is
proportional tothe quantity of twinned grainsherefore profuse twinning can result in higher
ductility, e.g.titanium[62]. Tension twiming is activatel when there is an extension aldhgc-
axis of the HCP crystal, or compression parallel to the basal plane, which from the deformation
point of view, is similar to extension alotige c-axis[63][64]. Contraction twiming is activated
when the eaxis of the HCP crystal is undergoing external compregdsisjy Compression twin
can accommodatenly a very limitedamount of strain, since compression along Hagis is the
least ductiledeformation mechanisf6]. CRSS for tasion twiming, is twice the value  basal
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slip, makingit the dominant deformation mode after basal slgincethe CRSS for other slip
mechanisms, prismatic and pyramidal, is two agdémagntude highef22]. It should be noted

that the value of CRSS for ndrasal slip decreases significantly with an increase in temperature
[67]. Consequently, at higher temperatures, these mechanisms are more likely to activate, which
explains the improved formability of magnesium alloys reported at higher temperatures
[68][69][70][71][72][73]. The other noteworthy aspect of tension twinning deédion is re
orientation of the HCP crystal in such a way that thgis of the crystal is approximately parallel

to the undeformed basal plane, as depictddgare4 [74].

Figure4. Schematic view of theeprientation otensiontwinned single crystdlr4]

As mentioned, twinning is a ofmeay (polar) mode of deformation, which means it allows
the strainto happen onhat one direction not backwafdrward as inslip mechanismandeed,
one of the other particular charagséics of magnesium alloys, known as asymmetric behavior
which is reported in many different magnesium all@g]i [78], is attributed to theontribution
of the twinning in the deformationAsymmetric yield and hardenirig described as showinay
differentyield and hardeningtrength under compression aedsion This asymmetric behavior
is nd to be associated with strength differential eff¢£8 caused by hydrostatic strength in high
strength steel€onsidering a single HZ crystal can help understatig concept. When a single
crystal is deformeddifferent deformation mechanisms are activated, depenoimghether
tension orcompression occurs along itsagis When the applied externatimulantis less than
the material yield strength, i,én the elastic regime, the deformation mechanism is stretching the
atomic bonds, which is a reversible procg3]. As soon as the external stimulesceedgshe
elastic strength of the materiglastic &formationoccurs During caxis extension, basal slgnd
tensile twins are the dominant deformatmechanismwhereas during compression thie caxis,

basal slip and prismatic slips are governing the deform&iioce the CRSS value for a prismatic



slip is much higher than that for tensile twinningaxdis compression results in a higher yield
stressasdisplayedn Figure5 [63].

400

—8- c-axis compression
—©- c-axis extension

300

0 0.02 0.04 0.06 0.08 0.1

&

Figure5. SingleHCP crystal response to deformation aloraxis[63]

The aboveexplainedphenomenon was fa single crystgl but caneasily be extended to
poly-crystal structuresBecausewrought magnesium alloys are manufactured via rolling,
extrusion or forging46], theresultis a highly textured materigB5]. In rolled magnesium alley
arolling process at high temperature orgasites crystals in such a way thidueir c-axis are
perpendicular to the surface tbie sheef81]. In other words, ifplane compression causeaxis
extension, which activates thensiontwinning. Nevertheless, ithereal world HCP crystals in
wrought magnesium alloys are not perfeahgned, meaning some grainshave arandomly

oriented eaxis. Accordingly, in plane tension can also activate twinning in some ¢22ins

Wrought magnesium alloysich asAZ31B rolled sheet and extrusialso show anisotropy,
whichis defined ashedependencyf amateriad behavior orthe loading directiof23][82][83].
This feature is due thedifference in intensitpetweerthebasal texture ithetransverse direction
(TD) andtherolling direction (RD)[84][85]. In AZ31B-H24, it was shown thahematerial in TD
shows a little stronger behaviamen it is compared t&D. however, it was shown thathile

asymmetric behavior is significant in vaght AZ31B the inplane anisotropy is minim§23][86].
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2.1.2Rolled AZ31B-H24- monotonicfatigueproperties

Among the available commercial magnesium alloys, AZ31 is the most used in irf@d$try
with vast applicationgh automotive anéerospacéndustrieg88]. The chemical composition of

this alloy is giverin Tablel [89].

Tablel. Chemical composition of AZ31Bi24[89]
Composition Al Zn Mn Mg
Weight % 2.73 0.915 0.375 Bal.

Numerous studies haveoked atAZ31B monotonic tension, compression and tension
compression (TC) and compressimsion (CT) behaviof90]i [95]. Tensioncompression and
compression tension results are allhalow or middle range regarding the valkfestrain(below

10%), since there is a buckling problem in compression téstheet material96].

The fatigue behavior of AZ31B has baawestigatedcomprehensively in recent yed@3|i
[107] . Comparing the fatigue life of rolled AZ31B in strain control tests with fatigue life 5070
aluminumalloy, shows that magnesiutiay is slightly better than aluminum alloy412], which
authenticatethe motivation of this research, singeeries aluminum alloyarewidely used in
aircraft[113]. Surgisingly unlike the fatigue behavior @mooth magnesium samples studies, that
of notched specimeamade of AZ31H108], [111]has beetimited. In particular, there are limited
studies on crack initiation around a magnesium sheet with circular notch.

0.1 e AZ31B [112]

= 7050 Al [114]
2024-T351 Al [115]

Strain amp
o
o
=

0.001 e
10 100 1000 10000 100000
Reversals to failure

Figure6. Straintlife curve AZ31b vs 7050 A[112][114][115]
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2.2 Split sleeve cold expansion

2.2.1Backgroundandconcept of split sleeve cold expansion

Aircraft frames are muHpart structures, with rivet joints being the most common asyembl
technique in the aerospace indugtry6]. However, they are also a critical pointtbé structure,
since the geometry of rivet joints results in high stress concentfafidh and may lead téatigue
failure. One the most practical wayo enhance the fatigue behavior oesecomponentss to
creae compresive residual stressyhich cansignificanty improve fatigue life[118]. Many
different methods have been utilized during pastdes in the aerospace industryricrease
fatigue life of componenty creating compressive residual stresgh as shot peenid cold
working methods like roller burnishirgndring coining[119]. Due to their limitation and cost,
these have beereplaced by other cold working methods such as hole edge expansion, direct
mandrel expansion, ball expansion and split sleeve cold expdafiprschematic drawirgyof

thefirst three methoslareshown inFigure?.

E
a )
b b

Tapered indenter 7““9“ Mandrel r Specimen
/ ; / \ %

Figure7. Cold expansion methods, a) hole edge expansion, b) tapered manaa#legpansion
[10]

In hole edge expansion, only the edge bble is expanded, which resultsarzone free of
residual stress in the middbfthethickness ad anonuniformholediameter In mandrel and ball
expansion process due to applied driving force and direct contact between the mandrel or ball,
and workpiece, the surface of the specimen is damaged, thus the fatigue life imprinsrthese

methods is very limiteflL0].
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Split sleeve cold expansion was developed dutied 970G bythe Boeing Company119].
This process consists of imposing plastic deformatiotine workpiece by rdially expanding the
hole.To do sq a tapered mandrel fitted wigtsplit sleeve is pulled through the hole, gtsown in
Figure8[120].

Lubricated Flared
C -
v\ Split Sleeve

A\‘:

\\\B\ Mandrel

e PN j/' N
iy L ]

\‘\

\

\\\\ ‘:

,'\

Workpiece

Figure8. Schematic view o$plit sleeve cold expansion proc¢s20]

Indeed, the major diameter of the mandrel is less than the diameter of the hole, but the total
diameter of the mandrel and split sleeve together is greater than tihataile, which means that
pulling the mandrel through the hole while the mandrel is surrounded by the split sleeve, expands
the hole radially. After removal of the mandrel, the elastically deformed zone around the hole
springs backl21], whichresulsin acompressive tangential residual striésisl around the notch,
whichis nowplastically deformed122].

Degree of cold expansion is defines{123] :

0 0 0 1
# % C'O PTT (1)

in which'O ho RO  are mandrel maximum diameter, split sleeve thickness and

initial dimeter of the hole, respectively.

According to equatiorfl), the cold expansion percentage is a measure of the maximum
change in diameter that the hole experiences during the loading process. After the process, because
of spring back, the final diartex is less than the maximum diameter during expansion, so
sometimes the cold worked piece is reamed after the process to bring the hole to the required final

size[124].
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2.2.2 Modelhgthecold expansion process

As mentioned, cold working the fastener holes cexaimpressive tangential residual stress
which can result in fatigue life improvement. piedict the fatigue lifef a componenafter cold
expansion using availablatigue models one should know the residual stress distribution.
Thereforea model than can simulate the residual stisasscessaryAccordingly, variousstudies
havemodeledthe residual stressround cold worked hateandare briefly reviewed her&heir
approachegan be divided into tw@eneralcategoriesanalyticalhumerical models and finite

element models

2.2.2.1AnalyticalNumerical models

In the split sleeve cold expansion process, the split that allows the sleeve to deform more
easily, reslts in noruniform deformation around the spimjad et al.[125] has shown thahis
effect is localized and elsewhere around the notch, the deformation is axisymieism all
numerical models the process is considdarete axisymmetric. The following researchers all
contributed tothe understanding, but as they only consider idealized material models, residual

stress predictions amnly approximate.

In 1943, Nadaj25] modeledthe contact problerarising whera pressurized tulie inserted
into a surrounding steel plate, which was a common manufacturing procesedeo prevent
leakage in theubefittings. The model othe steel plate ishe one of interest here. For modeling
he assumed an infinite plate with a hole subjected to uniform pregsgh@ane stress condition
Von-Misesyield criteria andaperfectly plastic stresstrain curvdor the materialvereused. After
removal of the pressure, elastic behavior wdeped in the model With a similar approach,
Changin 1975[26], used the solution aithick walled cylinderdevisedby Sach[126] in which
uniform pressure, perfectly plastic material behavior, -Wbses yield criteria and plane strain
condition as well as elastic unloadinvgereassumed. Thethe predicted residual stress field by

this methodvas usedo analyze fatigue crack grofwt

In the aforementioned solutions, the material model used to simulate the loading during mandrel
insertion is pgectly plastic, however, in monecent studies, more complex material models were
used

14



Hsu and Formafil27] proposed an analytical solutitkased on total deformation thedoy
obtain residual stress in an infinite sheet with hole subjected to internal pressassubying

power lawelastieplastichardeningoehaviorandelastic unloadingvith plane stress condition

In the studies reviewed this point, the solution for the unloading was assumed to follow the
elastic unloading curve, which consistently over predict the residual stress, since the elastic
solution always results in higher values of stréssfirst try to make the unloading stion more
reasonable ,ni 1977, Rich andImpellizzeri [27] developed a solution for cold expansion
consideing reverse yielding by adopting isotropic harderasghe behavior of the material during
unloading. The lastic deformation othe mandrelwas also taken care bfy assuming radial
interference equal to ¢hsum of the radial deformation of the mandrel with elastic behavior plus
the radial displacement of the plate. Perfectly plastic material behavior was adopted for solving
the loading part. Further, the residual stress was employed to study the crat&nraind growth

after cold expansion.

In 1988Wang[29] presented a close€idrm solution for a cold expanded hole usintheory of
deformation by assuming both plane strain and plane stesktions. A modified version of the
RambergOsgood stresstrain curve was chosen. Elastic behavior of the mandrel was also
accounted for in this model. Since it was shown that considering reverse yield significantly
changes the residual stress distribution, a neoraplex unloading curve was proposed which

considers the Bauabinger effec{128] using the formula

. ¢p T . 2

in which, ,, hh, h are respectivelyreverse yield stregth Bauschinger factor,

yield strengthand maximum stress thamhelement undergoes during loading.

By assuming different values forit was shown that tangential residual stresgristly a function

of reverseyield, while in contrastpeak tensile residual tangential stress is independent
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In 1991, Clark[129] inspected the residual stregsld due to call expansion, based @n
model of his owr{130], which was developed for modeling a pressurized thiaked cylinder.
Assumptions of modified Tresca Yield criteria, plane stress and perfectly plastic material behavior
were made. To address the effect of reverse yielding on restdesd, the Bauschinger effect was
considered in such a way that reverse yield stress was assumed to be a constant factor of the loading

yield (1.4 was assumed for the study).

In 1993, Wanlif131] extended the work by Hsu and Forman to take into account the effect

of finite plate widthand the Bauschinger effect.

Bauschinger effect was taken care of by

” ¢p O, g, 3

Wherert 'O p, however the discussion regarding unloading analysanlg cursory and
details are not provided

As one ofthecomprehensivenodek of cold expansigrBall in 1995[30],e x p a n d esdlutibhs u 0 s
by considering Bauschinger effanta way similar to equatiof®). Different hardeningoehavior

for the solution of theinloading partisingvariousBauschinger coefficieatas well am Ramberg
Osgood relation for stresdrain behavior of te material was implemented the model A
parametric study of the effect of different Bauschinger factor again higetighe importance of
consideringreverse yieldingThe elastic deformation of thmandrel wasalsoincluded in the

model Along with this, this predicted residual stresas utilizedfor evaluating fatigue crack

growth

It should be mentioned that all of these models are using idealized material behavior for both

loading and unloading part.

2.2.2.2 Finite element models

The arival of computers and subsequeletvelopment ohumeroudinite elementoftware
productshelpedresearcherso simulate problemg more detail. As mentioned, modeling the
residual stress after cold expansion has always been very interestingdarhressConsequently

finite element modelsdvebeen proposed for modeling the cold expanpratessAs one of the
16



earlyattemptsa 2D model with a hole subjected to uniform presswagproposedo simulate the

cold expansion proce$$32]. To make the model closer to realityyo dimengonal (2D) finite
element modslwere proposd in whicha 2Dplatewith a circular hole was subjected to uniform
displacement at thedge of thenotch[133]. In this study, plane stress and plane strain conditions,

as well as isotropic and kinematic hardening for thieading part, were assumed. Similar to the
solutions by analytical models, it was shown that residual tangential hoop stress heavily depends
on the reverse yielding criterja33]. To examine the effect of reverse yielding on residual stress
after cold expansion, a comparison between combined hardening, purely kinematic hardening and
purely isotrojc hardening with experimental resyltscely emphasized the fact thatréverse

yield occursduring unloading, anore precise material modéh better agreement witthe
experiment)can predict residual streselfi more accuratelj134]. As shown inFigure9, even

though the results from combined hardenamg closerto the experimental measurements, still

there is a significant difference, which can be attributed t@pipeoximationof reverse yielding
prediction bythe combined methodHigure9a, [134]) .
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Figure9. a) Loadingunloading behavior of Al2650, b) residual hoop stress after 4 % cold
expansiorj134]

More-advanced-E softwaremade it possible faresearchers to considadditionalfeatures
and detailsleadingto amorerealistic modelln some3D FEsimulatiors, assuming thaheeffect
of mandrel movement is minimized kiye split sleeve a hole was subjected to uniform

displacemenfl124]. With similar reasoning, some researchers, sud@ahs et al[135], modeled
17



the insertion oi mandrelby making different layerghrough the thickness of the work piece and
applyingthe designatedisplacement at each layer at different stapgpproach thatas assumed

tosimulatema ndr e | 6 sthroughthetmoneds

Adding the mandrel to thEE modelsrevealed that therss a gradient of residual stress
distribution throughhethicknes=f the wak piece[136], [137] This noruniform distribution of
residual stress can be explainedtigdifferent boundary conditioraffecting the various layers
of materialduring the mandrel insertioAs depicted irFigure 10, when the mandrel is mode
little toward the exit facehe upper layer is already unloagdadd because dhespring back.the
diameter is something between the original hole diameter and the diameter during loading. There
is anotherdayer, whichis experiencing the loading scenario while the lower layerstdren a
virgin condition On the other hand, bacse the applied force on the mandsakansferred to the
work piece by friction there will be some stresstime directionof the mandrel movemenmt the
middle ofthework piece while at the entrnyand exitsurface it has to be zero, sirtbey arefree

surface. Therefore, these factors resmitthe variation of residual stress distribution throtiggn

thicknesq138].
I Entry face

AN

Mandrel Workpiece

Figurel0. Different configuration of through thickness layers dunmndrel insertiorf138]

As a resultof this gradient inthe residual stress distributioyack initiation n the cold
expanded sample occurs closehe entry surface[124][139], wherethe mandrel first goes in,

sincethe tangatial residual stress is low#ran that of the exit fada24].

Two-dimensionaimodels are unable to capture this through thickness variation, since they

assume uniform deformatiothrough the thicknesdHowever, by comparing the 2D and 3D

18



models, ithas beeshownthattheresults of 2Dmodek are very close to the results of 3D madel
in the midsection[140].

Since thanandrel is usually made of higitirength stedll41], in many caseghe mandrel
is modeledas a rigid body142], [143] Consideringa deformablematerialfor the mandrel in FE
modelsshowedhat the effect oits deformatiorin residualstress distributiors negligible[138].

The presence of a split sleeve has also been tal®@adnbunt. Comparing the results from
the models with and withoutsplit sleeve for same level ekpansiorrevealed thasplit sleeve
does have a significaeffect on residual stress distributidrhe mostaffected component is the
hoop stress ahe entry face whereas theffect on radial residual stress and hoop residual stress
of the mid-thicknesdayerand exit face is minimdlL42]. Further,examining theale of friction
betweenthe mandrel surface and inner surfacetlod split sleeve andhe split sleeve and work
piecedeterminedhatthe effect ofmandreisplit sleeve friction on residual stress is imperceptible
and the assumption of no frictimontactis reasonable since all split sleeves havelydracated
inner surface to reduce tladovementioned frictionOnly tangential residual stress at the entry

face is slightly affected biyiction between split sleeve and warlece [139][142][144].

From the standpointof fatigue performancethe weakest point of the cold expanded
component which is the entry site due its lower residual hoop stresspntrolsfatigue life.
Experimental measuresnts also highlight that fatigue cracks initiakese tothe entry sid¢136],
since it has the lowest residual tangential stress. As a solution, double cold expansion was
suggested. It was shown thata@d expanding the hole can increase the residual stresgrat

site and make a more uniform residual stress distribution thitheghicknesq145].

In terms of modeling, there are omfew finite element modslof thedouble cold expansion
processFor the sake of simplicity,only thetapered pin or ball metheaf cold expansiorare
simulated inthe finite elementmodels To the best otheaut hor 6 s knowl edge, t
element model fodoublesplit sleeve cold expansioayen thouglas mentionedhe split sleeve
does have considerable effect on residual stress distrib{ti42]. In FEM models, it was shown
that residual stress #te entry face is increased by doubling tl@dcexpansion irthe opposite
direction, i.e., the entry face athe second pass is the exit facethe first pass,but in same

direction it may even generate tensile residual taigé stres§146][147].
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2.2.3 Experimental worksn the effectof cold expansion on fatigue life

The main goal otold expansion is to increase the fatigue life of components. So far, the
models used to predict the residsimesdield due to cold expansidhatcaussthis improvement
have beemeviewed Nextthe lteratureonthe cold expansion procesem anexperimental point

of view issummarized.
2.2.3.1Experimental investigation of theffect of cold expansion on fatigue life

crack initiation and propagation

Fatigue life consists of twstagescrack initiaton and propagatiorCompressive residual
stress improveof the fatigue life by both retarding crack initiation and decreasingrtheth rate
of crack propagatiofiL48]. For all engineering metglencluding steel[149], aluminum [150]i
[152], andtitanium [153][123], it was shown that this improvement factomifunction ofthe
loading spectrumStress Rratio, which is defined as the ratio ofinimum applied stress tthe
maximumstress, seems to play an important role in fatigue life improvednertbresidual stress.
It was shown thatinder thesame stress amplitude, feower R (negative value for Rjhe
improvement of fatigue life is greatdb4][122]. Correspondingly, for a fixed value thfeR ratio,
the fatigue life improvemerfactor is increasedoy decreasing the stress amplitjdd3][155].
These findings can be explained by the fact that, in both cases, for lower fatigue life improvement,
the peak tensile stress is greater, which causes residual stress re[aA8fidn a thorough study
[156], it was demonstrated that hightensileload can reduce the residual stregsedally near
the notch manly by growth of small fatigue craskRegarding the effect of cold expansion on
crack initiation life only limited dataare available inthe literature, some claiming that crack
initiation life improvement is greater than crack propagation improvefd&d [158], while
others claim that improvement in craokprovement in crack propagation life is more pronounced
[148].

As mentioned irsection 2.2.2.2double cold expansidnas beemeneficial for fatigue life.
Its experimental comparison have showhat double cold expansion in opposite directiam
increase the fatigue lifg@gnificantly more that singleold expansiomoes A typical experimental

result is shown ifrigurell.
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Experimental residual stress measurements showecthtneag in fatigue life is mostly due to
increasan residual tangential hoop stress at the entey sihileresidual stresatthe exit face is
less affected159].
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Figurell Typical effect of double cold expansion, a) fatigue[llfe8], b) residual stress
distribution[159]

2.2.3.2 Optimum degree of cold expansion

The degree of cold expansion, defined by equatignplaysan important role in fatigue life
improvementln fact, the degree of cold expansion goverhs residual stress distributiddpon
removal of the mandrel, unloading occursicold-worked pieceThe hghest residual stress can
be achieved by elastic unloading, but in reafigyerse yielding happens, especially for high level
of expansiorn148], resultingin a lower residual stress at the edge of the ndtohreforeahigher
degree of expansion does not necessgufrantedetter fatigue lifesince it may result in a lower
residual tangerdl! stresg160]. On the other han@higher degree of expansion results greater
area of compressive residual stresscan be seen iRigurell1 b, a typical hoop residual stress
has a compressive zone closeghitehole followed bya tensile zonetogether the twaatisfythe
equilibrium equationdt was shownn [161] for the same value of residual hoop stress at notch,
higher degree of cold expansion results in greater fatifpjesincea bigger area o€Eompressive
residual stress caothdelaycrack initiation and decrease the rate of crack gragwttmainly the
latter. In contrastmore extensive zone for compressive residual stress results in higher tensile

peak load Figure11b), which can promote crack initiationthehole edgd145]. Comparingthe
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fatigue life enhancementgained by different degres of cold expansion as in
[136],[148],[151],[143] hasrevealedhat increasinghe degree of cold expansion up to a certain
value increases the fatigue life improveméattor, but afterthat specific value known asthe
optimum degree of cold expansidatigue lifeimprovement dcreasesThe @timum degree of
cold expansion was shown to be betweé® % depending on material properties
[136][160][162][163]. With very high level of cold expansion,paradoxicaldetrimental effect
was reported, in that the fatigue life is l&@santhatfor andun-cold waked holg162]. The reason
for this phenomenohas not been explained seems that theause was the damageluced to
the specimenlue tohigh leves of plastic strairduring cold expansion. As a side note, it should
be mentioned that maximum achievable degree of split cold expansion with stamolaid 6%
[164].

2.3 Variable material properties

This sectiomeviewsthevariable material property approach, as the main nmoglepproach

of this study.
2.3.1 Variable material properties (VMP), mathematical concept,
application

The idea of using an elastic solution as a basis for solving epdasitc material problem
goes back to the 19Nafaflés]intheslo58sused the elastic selutianmp | e
of a thick walled cylinder to generate thlasticplasticsolution In 1997, Jahed and Dubg36],

[166] presented/MP asan axisymmetric method of elagbtastic analysisonebased orthetotal
deformation theory of plasticity and useelastic solution to generateeinelastic solutionAfter

its initial presentabn, the VMP approach has been used by many different researchers in solving
many different practical elastigastic problems. A complete review of the model and its
application in the past two decades is given by Faghih[#6@]. An overview of VMP approach

is given first. Consider Aody of volumen) enclosed within surfac®. In the absence of body

forces, the equilibrium equations wilein theform of
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w b TR (4)

where,, stands forthe components othe stress tensor anithe comma represents the partial

differentiation. The undary conditios over the surfac8 can be divided into two parts

prescribed tractiorff) over surface , which is shown by:

., € 0S (5)

where€ is the unit vector normal to the surface, and displacerﬁezl)m(ver surface

6 6°s (6)
where
3 3 3 (7)

The ptal strain is assumed to theesum ofthe elastic parplusthe corresponding plastic part.

N ®
El astic strain is given by Hookodés | aw
P ©)
IO ” loil
where’ hOh arethePoi ssonés rati o, Kooneokgr @elta, mspectivelyju s a n «
According to Henckyds total deformation theor
- %0Y (20
where"Y is the deviatoric stress afdis a scalar value.
v E,,W (11
o
% -
00 I
< (12
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't is worth mentioning that while Henckyos
incremental plasticity for proportional and near proportional loading problems Jahed et al.
[168][169][170] have shown its extension to rproportional loadings, extending its application

to a wider rang of problems.

The value of%ois obtained froma uniaxial stresstrain curve. mcorporatingEquations
(10),(11) and(12) into Equation(9) results in

p U % 0 %o (13)

0 0 o

which can be written ia similar form to elastic formulation

P o : (14)
< " o

where 0 HO aretheef fecti ve Poi ssonods rati o and

respectively. ComparingiL4) with (13) defines these values as follaw

(00
0 ¢O%o (15)
oL O %o
0 COko

These effetive values are field variables, and dependhe stress state at each point. For
solving axisymmetric boundary value problems, one shdwlow the spatial distributioof
0 hO , which depends on the stress distribution, so the solution is inhesmniigrative
procedureThe following procedurevhich uses the aforementioned formulation, is proven to be
capable of solving elastoplastic axisymmetric problems. First, by disogetize body into small
elements, a purely elastic solution is obtained. Elements with equivalentgeatsthanthe
yield stress of the material are considered to lleeaplastic region. For these elements, the value
of O is calculated usinthe projection method, which is based on the assumption that the total
strainpredictedby the elastic solution is always less than or equahtoreal elastoplastic total
strain. As an example, consider an infinite plate with a center hole subjected to tensile traction on
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the boundary, as shown igure12. In the elastic solution, points closer to the helech asiio,

have higher stress than other posush asicd, due to stress concentratidfthe equivalent stress
forpointdi s | ess than the mater i altheaastyregerledndhet r e n gt
elastic solution is applicahléf the equivalent stress of elements clas¢he notchexceeds the
material 6s yi el d | i mi ttheelpsticassldtiongs nallenfeo validaFori on o
points with stress ttiaxceeds thgield limit, the values ofd HO need to be modifiedlo

updated HO values of the small strifhat contairs pointc, at the same level of strain, the
corresponding stressust beobtainedrom theuniaxial stresstrain curveDividing this stres®y

the abovementioned, which technically is thecant modulus at poidi, gives thenew valueof

‘O . By diminating %ofrom Equation(15), 0 s calculated using the new value fOr . It is

assumed that at each strip with updated valués ofiO , these parametesse constantover

the strip, which irthecase of small strips a valid assumptiom her ef or e, t he el e me
matrixes are updated using the effective parameters, and are assembled to generate the global

stiffness matrix. Then, a new elastic solution can be obtained using the updated global stiffness

matrix.
2 A
o
n @ o .
‘\\/ 2y 3S NBIuyl
) ls_l
Q
a b
cﬂ
Strain
|
(@ (b)

Figurel2. lllustration of the VMP approach for an axisymmetric problem; (a) notched sample
under biaxial loading, (b) projection meth{@6]
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This process is repeated until the -  —— curve obtained fronthe calculation

coincides with the experimentally obtained uniaxial ststesn curveThe unloadingprocedure
is similar tothe loadingong except that now each stifiyas its own stresstrain curvewhich is
obtained by adopting laardening rulesuch agheisotrogc or kinematic hardening ruler from
the real unloading curve obtained frotihne experiment. After solvinghe unloading part, the

residual stress fiel obtained by:

b (16)

where, h, h, representesidual stress, stress at the end of loading, and stress at the end of

unloading respectively.

Due to its simplicity and capability of incorporating actual material behavior, VMP method
is usedwidely in numerical analysign different areassuch asor pressure vesselscluding
autofrettage [171]i[175], spherical vessels[176]i[179],compound tube [180]i[182].
Additionally it is employed in simulations relating to rotating diskdudingthermomechanical
stress analysifl83]i [185] and creep of disk§186], [187] as well asfor functionally graded
materialg188]Ji [190]. Recentlyjts use has been extendé¢dfinite element method491], [192]
as a fast converging approaéhrecentreview of the model and its application in the past two
decades is giveby Faghih et al[167].

2.3.2Applicationof VMP in cold expansion

As mentioned insection 2.2.2.2split sleeve coldexpansion can be considered as an
axisymmetric problem, since the effeat the split is localized In 200Q Jahed et al[193]
successfully implementedhe VMP method to predict elasteplastic boundar and more
importantly, residual streséield, bothdue to cold expansio@ll numerical models mentioned in
section 2.2.2.”eal with approximation of loadirgnloading behavior of the material, mostly
RambergOsgood and isotropic hardening, respectivélg. shown inFigure 9. a) Loading
unloading behavior of Al2650, b) residual hoop stress after 4 % cold exp&t34jnin most of
the casegheunloading behaviorfanaterials cannot be characterized with conventional hardening

rules.Jahed et a[194] showed that actual material behavior significantly afftret residual stress
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distribution. Therefore VMP, with its capability of considering actual material behavior in both
loading and unloading stepsan be properly applied to cold expansion proklefo verifythe
capability of this methodas a solution fosuchproblems,it was showrnthat VMP can readily
predict the elastplastic boundary, as depictedrigurel3, while other aforementioned methods
suffer fromsignificantinaccuracy{194].

2.8 1

®Exp meaurements [28] Chang
f- Rich and Impelizzer

2] /. 7
= 2.4 VMP
g
s
< Nadai
n
% 2 Hsu and Forman
I
47
<
o

16 , . . |
? 4 6 8 10

radial displacement at the bore / raial displacemnt that causes
only elastic deformation

Figure13. Elastoplastic boundary of a celdbrked hole; VMP vsotheranalytical and
experimental results

2.3.3 Application to asymmetric materials

The original VMP was proposed for isotrofggmmetric materials; howevdyecausef its
simplicity in relatingthe stress state of elements to the actual sstai curve of the material,

VMP wasalso used for asymmetric materials

2.2.3.1 Asymmetric rotating bending problems

In a rotary bending testach element has uniaxial stress statmeaningthat below and
abovethe neutral axisthe signof stress is differenfThus,on the cross section some elements are
in pure tension, othes are in pure compressionAs already stated, asymmetry is defined as
difference in énsion and compression behavitimerefore in an asymmetric material under

bending, the behavisrof different elements araot the sameVMP method was successfully
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implemented in rotary bendingoblems with specimamade of magnesium alley195], [196]
[106]. In solution,for elements in tension and in compresstheexperimentally obtainetensile
curve andcompressiomurveareused in the projection methaespectivelyAfter updating values
of0 HhO ,thedifference in material properties in the cross sectionaddsessed by usirthe

concept of composite beams

2.2.3.2Asymmetricpressurized cylinder

Recently, Khayamian et dR4][197] proposedan extension of VMPRor analyzing a thick
walled pressurized cylindanade of asymmetric materidh contrast to rotary bendinthe stress
stateof all its elementsis biaxial. To consider the effect of asymmetric behavemyeighted
averagenethodwassuggestedn this approachthe curvausedfor updatingO in the projection

method,is the weighted average @nsionand compession curveaccording to the stress state of

- m T
the elementAs an example, for an element with stress state described by, T |, the
m 1,

coefficiens for the compressionand tensioncurve are defined as respectively, &

5 ss"Q"Q T, Q
B ss 7 ’ B ss

‘Q°Q  T1. Figure14[24] provides aschematic view of

this interpolation methadn thisfigure,"Qand Qstand for uniaxial tensile and compressive curve.
The equivalent stresstrain curve for the aforementioned stress state is the weighted average of

tension and compression accordingto™Q & "Q

Interpolated curve

Figurel4. Schematic view of weighted interpolation metiia4i]
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The other advantage of VMP method, whichtsscapablity of adopting different yield
criteria, shows its importande this caselt wasshownthat for asymmetric materigl$98], avon-
Misesyield surface is unable tapturethe material behavioAccordingly, another yield surface
(described later in this thesishould be usetbr asymmetric materialdt is noteworthy that all
the aforementionechumericaimodek arebased on specifigield criteria (nostly Von-Mises) and
in thecurrentformulation,theycannotbe used for othejield criteria whichresults intheinability

of these solutions to modasymmetric materials
2.4 Summary

This chapter has provided a review on the litgmtpertaining this research. Firstly,
applications of magnesium and its specific properties were reviewed. Next, a comprehensive
account of the cold expansion, including its background, numéfiEahodels of the process and
experimental works was presetit€&inally, the VMP method analytical concept and formulations
as well as its applications in cold expansion and asymmetric material were reviewed. Regarding
the cold expansion on magnesium alloy, there is a major gap in the literature. To the best of the
aut hordés knowl edge, there Iis no data avail abl

alloy.

29



Chapter 3Experimentaivork

This chapteintroduces the&xperimental work in this researchhe experimental work can
be dividedinto three different partst) pre-cold expansion (material characterizatiod),cold
expansiontesing includingsample preparatioanddisplacemenimeasurementsnd 3)postcold
expansionincludingresidual stress measuremdatigue teshg and texture evolution due to cold

expansion

3.1 Material characterization

The material used in this work is AZ31B24 provided by Magnesiurilectron of North
America (MENA), which is manufactured by rolling the direct chill cast ingots. The sheet was

obtained in 4 mm and 3.18 mm thicknelés chemical composition is presentedTiablel.

In the VMP methodactual material loading and unloadibghaviorsareneededo model
the cold expansion proce3® obtairthese behaviorswo sesof testwere doneSample geometry

employed during these tests is displayeBigurel5.
110

5
Y

| 3 /l

30
22

e N

Figurel5. Sample geometry for monotonic and-OJ testqall dimensions are in mm)

3.1.1 Monotonic loading

Two monotonic test one in compression and one in tensi@redone on specimens with

geometryshownin Figurel5, with the lengthalongthe RD direction Tests were performed using
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a MTS 810 series serdydraulic load frame, with a maximum load capacity of 50kN, atedia

displacement rate @@t p b—, which was chosen according to ASTM standa@®]. Strain was

captured by digital image correlation (DIC) technique, using Aramis 3D system with two high
resolution CCD cameras. To facilitate DIC measurement, and &tatWwhite speckle pattern was
applied along the side of the specinf{Eigure16b). the strain values showed here, is the average

of strain over the straight sectiontbe specimen, witgagelength of 30 mm.
(@)

Figurel6. a) specimen for monotonic test, b) painted sample for DIC
The esult ofthemonotonic tension test is shownRigure17.
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Figurel7. Monotonic tension behavior in rolling direction

For compression testing, an ahtickling fixture was used to prevent buckling, since the

high values of strain required, made the sample susceptible to buckling.
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Figurel18. a) Antibuckling fixture, b) mounted sample usingtiebuckling c) monotonic
compression stresstrain curve

Table2. Summaryof monotonic behavior of AZ31B in RD direction

0.2% yield stress (MPa) UTS (MPa) Fracture strain (%)
Tension 220 296 23
Compression 174 460 104

Thevalues reported in this table are average of the measurements of the current work and
measurements on the same material from literg8}evith standard deviation of 3.5 and 0.6 Mpa

for yield and ultinate strength, respectively.
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3.1.2 Compressiotension (CT) and tensiecompression (TC) tests

To modelthe cold expansiomprocessusing VMP, mandrel insertion is simulages the
loadingstepand consequemémoval ofthe mandrelthe unloadingstep Therefae, the unloading
behavior of the material from differemtilues ofoverstrainis neededas an input fothe VMP
simulation.To do sofive specimes with same geometrgFigure15) were loaded up to specific
strainvalues of 26, 4%, 6%, 8%,10% and thetoaded intheopposite directiomp to failure.The

Following figuresare the results of CT, TC testespectively.
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——strain at the end of loading =2 %

-300 - strain at the end of loading =4 %
-400 4 strain at the end of loading =6 %

strain at the end of loading =8%

-500 -
Strain %

——strain at the end of loading =10 %

Figure19. Compressioftensioncurvesat differentlevel of strain200]
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Figure20. Tensioncompression curve at different level of strain

3.2 Cold expansion

The old expansion process consists of a tapered mafitesl with a fixed split sleeve
being pulledthrough thenotch. Due to individual conditions required for measurements during

tests,a specific structure was designed faxilitate the test, instead afsingcommercial cold

expansion Kits.

3.2.1Apparatusmandreisplit sleeve

For this study, a nominal diametaf 6 mm was chosen as ttienensionof the holebefore

cold expansionThen astandard mandrel and split sleestgtable for this diametégFigure2l).
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Figure21. Mandrel and split sleeve

The maximum diameter ofhe mandrel is 5.84 mm and the thicknessha split sleeve is
0.20 mm. Thus, fotheinitial diameter of 6.0 mmaccording tdEquation(1):

(0] co O VRIT M ¢ @31
0 P 08T Tt

The mandrelwasmanufactued from high strength steel, and the sleeve fstainless sel

# %

pnimth

with a longitudinal splitThe ype of the split sleevaesedin this researcis flared, which means
oneof the edgess flanged(Figure22). The kength ofthe split sleeve is 26.70 mm\ccording to
standard201], the length should be at least 0.8 mm more thanthickness of workiece In
current study, aawill be stated in more detail in next sections, the thickness ofpieck is 4nm,
sothe length of split sleeve satisfitgs conditionwell. The lit sleeve is also prribricated to

decrease the required driving foraetbe mandrel.

Flared Material Thickness

—

Figure22. Flared split sleevi201]

3.2.2 Design of the structure for cold expangoocess

To make it possible tperformthe cold expansion test with available facilities and in a way
compatibleto the displacememheasuring techniqu®IC), a specific fixture was designedthat
MTS servehydraulic machineould beused as the puller unit for the mandrelschematic view

of this fixture is showin Figure23.
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Part 4: U shape
grip ¢ Part 1: Workpiece

2 Part 3:Beam -
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Part 2: Workpiece support

Figure23. Schematic view of CE fixture
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Figure24. Geometry of the work piedall dimensions argn mm)

The fixture is consist of:

1. For supporting the worpiece, twol-beams(part 3)wereused To reducethe total
weight of the structurthey werecutinto the shapélustratedin Figure24.

2. To hold the whole structure, four-hape part were useddecureit to the colunm of
theMTS machine

3. Four bolts were used to attattte workpieceto thesupport;also,two dowel pirs were
utilized to align it perfectly in its degnated placeAsin the work piecedowel pins were

used to align theupport of the woniece Thesedowel pinswere positioned in an X
patternto prevent rotation of the part.

The main challenge ithe designprocesf the structure wathe support othe split sleeve.
In the commercial cold expansion kit, a tapered nose cap holds the split sleéaeeinlyring

expansion A similar componentwas used hereConsisting ofa bolt with a center hole of a
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diameter slightly larger than the maximum diameter of the mandrel, with a tapered edge to support
the flanged bottom of split sleeyEigure25).

(

(b) Part 2: Workpiece support Part 1: Workpiece
v

ﬂrt 5: threaded \
Part 6: split sleeve

rectangle plate
support

Figure25. a) Split sleeve support, b) final assembly of split sleeve support

This bolt is attached to a threaded rectangular plate (part 5), which itself is attached to the

structure by four bolts.

For the integrity of the cold expansioropessthe alignment of the mandrel with respect to
theholeplays an important roléJsing a fixed position for the mandrel will not guarantee perfect
alignment because there would be no control over the relative position of the mandrel with respect
to the hole on work pieceTherefore,a fixture capable of seHligning was proposed as the
solution. The idea relies on the fact that a floating mandrel willdigih itself since the oversized
mandrel has to be concentric with redgedhe hole when is pulledthrough the notctAs shown
in Figure26, thethreaded end of the mandr€igure2l) is attached to part 9, which is floating in
thebigger cylinder (part 10Because of the bigger inner radius of parth@mandrel can easily
float inside The rectanglkshaped end of part 10 is gripped tye MTS machine jawdAfter
assembling all partpart 8, the lid of the fixture, gfies the force on the mandrel. When the cross
headof the MTS machine descends, the mandrelulled dowrthroughthe hole, while the split
sleeve is already fixed by its suppoftereforeassoon as thenajor diameter of the mandrel

reaches the work piecexpansioroccurs
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Part 7: Mandrel ——»

Part 8: Lid of the
Mandrel fixture

Part 9: Threaded cylinde — >

Part 10: Mandrel containe

Gripping area

Figure26. Schematic view of mainel floating fixture
3.2.3Cold expansion testind experimental measurements
3.2.3.1Cold expansion test

Figure27 shows the structure mounted MTS machine.

Figure27. Designed structure mounted on MTIeft), detaikedview of the work piece and
mounted split sleevgight)

In this study, the MTS croskead was moved down at the speed of 10 mm/min.
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3.2.3.2 Displacement measurements

To capure thedisplacement around the notch during expanaidhe end otheloading step
(i.e.,whenthenotch is expanded to the maximumrdeter) DIC technique was used. To do so, a
small area around the notch was paintgith contrasting specklg$igure28). To calculate the
radial displacement, wartual circle is fitted to the virgin condition of the specimen to locate the
center of the holéFigure29). Various pointsare defined otthe surfacein the radiadirectionof
the sheets. Thereforhe difference between the coordinates of the poiriteeifirst image yirgin
condition) and the corresponding imageuld be the radial displacemeiiue to the resolution
of the camera sensors and the focal lemdttine optics, the minimum distance between defined
points is limited to 30Qum. The mage that representhe circumstancesf the end ofoading
would bethe stage in whiclthe maximum radial displacemesndf all points occursFigure 30a

shows the displacement of the closest point to the notch.

Figure28. a) DIC set up, b) painted sample
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Circle fitted to initial condition

Points used for calculating strai

Figure29. Fitted circle to the virgin condition of the notch

0.12 ¢ 0.12 &
c °
£010 r = 010 |
c g °
20.08 4 G 0.08 |
8 8 °
L o
C_é_ 0.06 Permanent % 0.06 | °
S deformation °
5 004 5 0.04 |
S g .
o 0.02 | o,
0.02 ®e
o v ."000...
0.00 L L—> ; . ¢
0 50 100 0.00 N . . g
relative time (S) Radius (distance from center, m

Figure30. Radial displacement of a specific point during expan@edt), radial displacement
around the notchs a function of radiugight)

As expected, the displacement starts to increase as the mandrel movesriveaches &
maximum value (when the major diameter of the mandril contact with the surface).thien
decreases due to unloadjragnd eventually it reaches a constaalue, which isthe permanent
change in dimeter. This value (0.085 mm) is in perfect agreement with the measured diameter of
cold expansion (674 mm). The esults ofthe measured radial displacement arouhenotch is

presented ifrigure30.
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Positio

Figure31. a)Effectof split, b) fitted circle to the hole after expansion

Figure31 shows that the effect afsplit is local, and the shape of the hole after cold expansion

remainscircular.
3.2.3.3Residuaktress measurements
In order to measure theducedresidual stresaround the notch due to cold expanskn,
ray diffraction(XRD), (one of the most practical ways of measuring residual ¥treasusedin
this study The conceptofusing-X ay i s based on t he Asudepttadnent al

by Figure 32, in a strain free sample withlattice space of2 , the Xrays are diffracted at algy

of —. The wavelength of the-¥ay is given by:
¢Q OE+ )
In adeformed sample, the lattice space ofthgstals is changedhut according to

Braggdés | aw, the wavelength remain constant:

CQOE+ (18
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Figure32. X-ray diffraction according to Bragg's [a\202]

This difference in the diffraction angle of therXy beams, gives the strain field in the
sample. Assuming the residual stress is edlastic regime, these strain fields are converted to
residual stress easily. As one of the most important advantages of XRD method, it should be

mentioned that this process is Ad@structive.

In this study,a Brucker D8Discover diffractometer(Figure 33) was used withan x-ray
collimator diameter of 0.3 mm ana X-ray chromiun tube. Considering edge effecsd
collimator diameterthe closest distance from tleld-expanded hole was chosen to b2ram.
To make sure theesultsof the XRDarerepeatablenmeasurementseredone on three ling§igure
34) far from the position ofhe split. As mentioned, the effect die split is local and far from it,

the process should remain axisymmetric.

The esultsof residual stress measuremeiioisa 5% cold expanded samg(i@itial dimeter

of 5.95)are presenteth the following graphs and tables.

% e p——— e o | l 7

Figure33. Brucker XRD machine
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RD

Figure34. Positionof the points for XRD measurements

Table3. XRD measurements of resididbop stresgmandrel entrance side)

Hoop stress(MPa)

R (mm) Line 1 Error Line 2 Error Line3 Error
0.2 -14.4 3.1 -19.4 4.4 -10.9 3.2
0.5 -6.4 2 -7.3 2.2 -8.5 2
0.8 -2 19 -2.3 2 -3.3 1.8
1.1 1 19 -1.9 19 3.2 1.8

Table4.XRD measurements of residual radial sti@sandrel entrance side)

Radial stress(MPa)

R (mm) Line 1 Error Line 2 Error Line 3 Error
0.2 24.2 3.1 23.3 4.2 19.3 3
0.5 31.9 2 31.5 2.2 30.7 2
0.8 33.3 19 314 2 29.3 1.8
1.1 23.6 19 25.7 19 24.3 1.8
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Figure35. Residual stress distribution on the entdesf 5 % cold expanded sample
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Table5. XRD measurements of residual hoop stress (mandrel exit side)

Line 1
-49.6
-53.8
-50.7
-44.1

Error

3.4
2.1
1.9
1.9

Hoop stress(MPa)

Line 2 Error Line 3 Error
-43.6 4.3 -53.8 3.4
-53.8 2.2 -53.9 2.1
-48.2 19 -47.5 1.8
-48.6 1.8 -45.6 2

Table6. XRD measurements of residual radial stress (mandrel exit side)

Line 1
23.5
30.9
22.8
12.4

Error

3.1
2.1
1.9
1.8

Radial stress(MPa)

Line 2 Error Line 3 Error
20 4 234 3
27.1 2.2 26.8 2.1
19.9 19 234 1.8
11.5 1.8 115 2
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Figure36. Residual stress distributian the exit side of 5 % cold expanded sample

To make sure that the reported residual stress is creatbddntd expansion process, XRD
measurements weperformedon anasreceivedsample(before cold expansignThe results are
presentedn Table7. Residual stress measurement on as received s&wigleneand side two
are two different side of the she&he average of these valuswvery close to zerago theywere

not considered ithe reported residual stress in this study

Table7. Residual stress measurement on as received sample

Side 1 Side 2 Average
R Radial Hoop Radial Hoop Radial Hoop
0.2 1.1 0.4 122 4.8 -5.55 2.2
0.5 -3.2 -2.2 -10.6 -7.8 -6.9 -5
1 -3.4 2.1 -2.9 1.3 -3.15 1.7
15 8.2 4.8 5.9 5.8 7.05 5.3
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To investigate the effect of different percenggeeasurements on the 4% cold expanded

sample were done on both entry and exit$aag shown irFigure37.
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Figure37. Residual stress distribution on tetry andexit side of 4 % cold expanded sample
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As expected, the hoop residual stress has a higher atatheexit side of the mandrdbr
both 5% and 4% single cold expansiDespite the fact that the specimen undergdas amount
of plasticity during loading, hoop residual stress is roughly zero for the 4% cold expanded sample
on the entry siteOn the othehand, while unloading in theoth entry and exit side of the 4% cold
expansion andntry sideof the 5%seems to be elastic, on the exit sifi¢he 5% reverse yielding
occurs. The other noteworthy characteristic of residual stress distribution onttsalexs the
area that has compressive residual stress on the exit side, which is considerabledtontipar
entry face. As mentioned {Dhapter two, the compressive residual stress zone can very well affect
the crack propagation behavior of the specisa€he other specific aspect of the created residual
stress field is the sign of the residual stredb@radial direction. While in materiauch asteel
and aluminumresidual radial stresss a negative valy203][139], measurements show that for
AZ31B-sheet radial residual stress has a posualeefor both sidesear the notch and then goes
to a negative valugFigure 37). This feature can be attributed to the unique behavior of the
magnesium sheefhebiaxial stress state of each element dictates that onesifésecomponers
is in a direction that has different behaviban thatof the otherFor examplein Figure 34, for
the elements on tHae inthe center radial stress is ithe RD direction while tangdial stress is
in TD direction, which showslightly different behavio[23]. Secondly as ca be seein Figure
19-Figure20, while the unloading frorthe tension curvas similar for all level of prestrain, the

unloading form compressiantensivelydepends on the amount of gstain.

f

Figure38. Schematic view of opposite direction double cold expansion
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3.2.3.4Double cold expansion

As shown insection 3.2.3.3single cold expansion creates naamiform residual stress
distribution through the thickness of the waquiece. As a solution, double cold expansion was
proposed. There are two possible waf doing the second expansion, one wilie same
configuration as the first pass (i.e. the entry fac¢heffirst andthe second expansion are the
same) known as same direction doutld&pansion (SDDE). The other one, known as opposite
direction double expansion (ODDE)onsist of two pass ablexpansionin such a way that the
exit face othefirst pass is the entry facd thesecond expansioit was shown that ODDE results
in more uniform residual stress distributid47]. To examine the effect of double cold expansion,
ODDE was chosen asur method. To do so, the specimen was flipped after the first pdke of
mandrel. Other parametgrsuch as mandrel speed remained the sdwemparison of the
measuredresidual gress field on the entry sidef(first pass)or 5% (initial diameter of 5.955
presented ifrigure39.
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Figure39. Hoopresidual stress after single and double cold expansion on the entoy Stde
cold expansion
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Measurements clearly showhat double cold expansion significantly increadbe
magnitude ofhe residual hoop stress at the entry gidéhe first pass)it seems thateunloading

phase for the entry side remains elastic.

To verify the residual stress measurements by XRD technique, another method of measuring
residual stress called hole drilling was utilizdthe concept behind the hole drilling method
(proposed in 1966204]) is similar to XRD, in whichmeasuredesidual strains converted to
residual stress. To determine the residual strain at a specific point, a rosette of strain gauges
attached to the specimemeasures the relsad deformation after making a precise ratléhat
point (center of strain gaugd®05]. In this study measurements were maaie the entry face of

4% ODDE. The properties of the strain gauges are showalile8.

Table8. Properties of the strain gauges

Name Configuration Gage width Gage length Gage Resistance
(mm) (mm) factor ~ (ohms)
K-RY61- Counter
1.5/120RB clockwise 15 0.77 1.93 120

It should be mentioned thaialculatingthe residual stress by hole drillimgquires the yield
strengthof the materialSince during cold expansion compressive stress is domihanalue of
compressive yield of the material is implemented in hole drilling calculatioms.limitation of

this method in the case of current stady listedas follows:

Hole drilling is a semdestructive method, since small holes of up to 2mm atedir
Due to the size of strain gauges andhbke created on the specimdéims methodcannot
be used to measure residual stress at points very close to notch.

1 Compaedwith XRD, it needs more time to set up tkest equipment
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Figure41l Comparing residual stress by XRD and hole drilling for 4% DCE

It should be mentioned that hole drilling measures residual stress through thickness (in this
case 1mm from surface). The value reportat@above figure is the average of the residual stress

from entry surfaceto 1mm belowit. Snce the residual stregscrease going fromthe entry face
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to theexit face the residual stress reported by hole drilimgxpectedo have a higher valideom
XRD, sincebased on the method proposeflid6] the value reported by XRD is the average from

surface to approximately ¢ dabelow.

3.2.40ptimum cold expansion percentage

As described inrChapter 2 the idea behd the cold expansion is to create compressive
residual stress by imposing plastic deformation in order to increase the fatigue life of the work
piece.Section 2.2.3.2has provided brief review of the definition of optimum cold expansion
percentagelNex, in this study, the optimum configuration is based on the maximum fatigue life
after cold expansion.

3.2.4.1Effect of different cold expansion percentages on fatigue life.

The value of the degree of expansion has a range between zexadlexpanded) and a
maximum value of 6% for standard topis the case of split sleeve cold expans[@64]. In this
study,four different valueglisted below)for cold expansion percentageneeised

Table9. Different cold expansion percentage used to find the optimum

Initial Cold expansion Nominal
diameter (mm) percentage % Value of CE%
6.1 24 2
6 4 4
5.95 4.87 5
5.9 5.76 6

To find totheoptimum value of theold expansion percentage, a series of fatigue tests were
done on the samples with abewventionedvalues of CE%. Since the valueiofposedresidual

stress at the entry face of single cold expansion is very small, fatigue tests were done on double
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cold expanded samp$to have a bettezontrast against the fatigue life of thereceived sample.
As mentioned inChapter 2 the effect of residual stress is very small in low cycle fatigue.

Therefore, the fatigue tests were done on the load level that cesuéisoundp Tt Cycles.

To calculate the stressten ot ch r oot , [ROF]avaskuéed. Fér a cemrall a

circular hole(in un cold expanded sample)a plate with axial load itheelastic regime:

Q o%im opo- oHoe- pd O- 19

in which'Ois the width of the sheet and d is the diameter of the nmtcllculatestress intensity

factor, nominal diameter of 6mm was usébe gecometry of the specimen is shown below.

O O
o 4 Mé bolt
8 O RD
Direction o
loading
&)
O O
50 4 mm dowel pil

Figure42. Geometryof thespecimerfor fatigue test

The stess athe notch root wagoundto be equal to 170 MRP#dor a fatigue life of around
10° cycles in urcold expanded sampl€he fatigue life shown in the following graph is the final
fracturelife. Tess were done wittafrequency of 10 HZThe positiorof the split was at the notch

crown for all specimen.
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Figure43. Final fracture &tigue life at different CE%
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Figure 43 clearly shows that thesalue of cold expansion is 5%with 5.95 mm initial
diamete). To explain this phenomenon, two factors should be considenest.is the value of
residual hoop stress at notch root. Greater values of residual stress will réswitrireffective
stress athe notch root, leaithg to higher fatigue life. As discussed thoroughlyséction 2.2.3.2
up to a specific valuea highe level of plastic deformation during expansion creajesater
residual stressk-orevenhigher level of expansioneverse yielding occuysvhich results in lower
residual stress dhe notch root On the other hand, severe deformation can cause aratks
work piece, which will have detrimental effean fatigue life.Due tothe low formability o
magnesium atoom temperature, macyacks seemed to be possible after doubleeqbansion.
Thus,as the first step to justify the observed fatiguealvédr ofthedouble cold expanded sample,
the weltknown dyepenetration technique was usedietectany macracrackson the surfacef
the notch where the split sleeve is in contact with the work piece and the plastic strain has the
highest valueFigure44 shows the main stgf the dyepenetration procedur&he concept of
the dye penetration procedure is to use a veryisaosity liquid which can easily penate very
small cracks The process includes four main sep) cleaningthe surface,b) applyingthe
penetrantc) removingthe penetrant and dpplyingthe developer(Figure44). As the first step,
the surface shoulle cleared Then, the penetrant (usually a dark red liquid) is applied on the
surface (step b). After cleaning the surface (step c), if there is amygea penetrant will remain

inside the crack. Therefore, applying the developer (usually whitehighlight that areg(step

d).
a b
C d

Figure44. Dye penetration steps
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For the case of this study, a spot check dye penetration kiiseasSurprisingly,none of
the samples showed maermacks, everat the position ofthe split, which is the most probable
location for crack due to the cold expansion procg4f0], since the deformation is more

pronounced

Figure45. Dye penetrated DCE sample, fréeft to right: 24,5,6 % DCE

Theresult fromthedye penetration test is in agreement with the fatigue test results, since in
the presence of macwacks, the esidual stress will be releasé& herefore the fatigue life of the
cracked specimen cannot be more ttiaat ofthe uncold expanded samplBecauseno macre
cracks exist n the double cold expanded sampldey the second stephe residual stress
distributionswere comparedBecause thdatigue life improvement of the 6% cold expanded
sample is lower than that tife 5% sample this comparison in only made for these two conditions.

It should be mentioned that since ttrdical location & the entry side, where the residual stress

hasalower valle, measurements were @amn the entry side
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Residual hoop stress, 6% DCE vs 5% DCE at entry side
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Figure46. Comparison of thaoopresidual stress after double cold expansion for 5 & 6 %

The created residual hoop stress in 5% and 6% &€Elose to each oth@specidly near
thenotch.Accordingly,the significant difference observed in the fatigue life improvement can not
be attributed to the residual stress.

The next possible reasamethe micro-cracks created in the workiece because of seeer
plastic deformatin. To detect micr@racks, ascanning electron microscope (SEM) was ufed.
abetter contrast during imaging, the samples were etched

55



8/18/2017 | mode. | mag O
10:10:04 AM | Custom | 5 000 x |20.00 kV

8

: o~
B e P e —
Figure47. SEM picture of the cross section of 5% DCE sample(top) and high (bottom)
magnification
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Figure48. SEM picture of the cross section@®% DCE sample low (top) and high (bottom)
magnification

The Figure47Figure48 clearly shows some micraracks inthe 6% double cold expanded

sample. Although the length of these crackeeiy small (35° &), duringfatigue test they can

be a reason fdastercrackinitiation, which eventuallyesulsin lower fatigue life.
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It should be noted that most of these micracks are generated at grain boundaresis
mainly due toGrain boundary slidindGBS). GBS leads tothe formation of crack at grain
boundary irrgularities or at the triple joint oheighbouring graing208] due to stress
concentrationlt has also been shown tHa09] GBS can occur at room temperature in AZ31B
magnesium alloyin fatigue tests, cracks usually initiate at early stdigen slip bands, but they
are trapped when they reach grain boundd#&8]. The pesence of cracks atgrain boundary
accelerates the propatipn ofthe abovementionedcracks.It was shown that in strain control
fatigue test on AZ31B at high strain amplitude, with the first reversal going from virgin condition
to compressionwhich is similar to the loading step of the cold expansion prosessecracks

developedatthegrain boundarieand triple points[211].

HFW
11:52:02 AM|Z Cont| 5 000 x | 20.00 kV|25.4 um

Figure49. Micro-cracks developed at triple points
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To summarizethe optimum percentage of cold expansion in this case is 5%. At 6% DCE,

some micrecracks were observehd seento be responsible for the comparatively lower fatigue

of 6% DCE.

3.2.4.2 Effect of different cold expansipaercentagesn material properties

During cold expansion, radial displacement is applied to the notch in such a way that the

work piece is plastically deformed locally around the notss.one of the most impona

representatives of mechanical propertiegdness, which measures the resistance of the material

to plastic deformation caused by indentation, were done on double cold expanded sample with

2,4,5,6 (nominal) percentag€ko do so, hardnessas assessad s i Wickersihardness tester

Wilson hardness 402 MDY ma cwith timeaendentation load of 50 gResultsare shown in

Figure50.
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Figure50. 50 gr Vickers hardness of double cold expanded sample

Figure51shows the plastic zone around the notch after 6% double cold expansion, which is

the cause of the observed increase in harditedso shows the bulging around the notch.
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Entry side

Thickness=3.99 mm

Exit side

Figure51. Plastic zone of 6% DCE

Figure50 shows that hardness is significangiyeateraround the notcthan thebase metal
(i.e.,theun-affected zone)As expectedthis differencencreasesor higher degregof expansion
Hardness is a function of gresize and dislocation density ahtias beeshown that the hardness
of magnesium alloys follow the wellinown HallPetch relation betweegrain size and hardness
[212]. Additonally, severe plastic deformation can move and pile up dislocations around grain
boundary, causing dislocation tangles which impede further plastic deformation and increase
hardness. Also, in the case of this study, the applied plastic deformation was gaatngd
twinning (Figure47-48), which can be the other reason for incrédsednessprovidng adittional
twin boundaries for dislocations to interact Wi#13]. The area thtais higher hardethanbare
material is bigger for 6% DCE, while for 2% there ismeaningfulincrease in hardnedSespite
the fact thathe cold expansion process is datgoom temperature, grain refinement may occur
due to severplastic deformatiofi214].

As shown inFigure47, thereis profuseamount of twinning in the cold expanded sample.
As already stated iigure4, twinning results in reorientation dfecrystals, meaninthatthe G
axis of twinned crystals are twisted. Therefore, the texture of the cold expanded sample should be
different from that of virgin material. To examinghe effect of cold expansion on texture
comparative texture measurements are done using XR®results are shown in tiellowing

image(Figure52).
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Figure52. Texture of the 6% DCE sampi¢ different locations

Far from notch, as expected;aRis of the crystals are along the ND direction (i.e. typical
rolling texture). Due to double cold expansion, many of the grains experiencenttion, in
such a way that the-axis rotates towards the direction of thgplked load. Therefore, close to
notch, texture shows that many grains are rotated towar&EheGetting far from notch, the
intensity of rotated grain in RD decreases, which means lower number of grains are rotated. Far

from notch, there is no changetexture of the specimen.

3.2.4.2Effectof the optimum degree of cold expansion on fatigue life

To investigate the effect of cold expansion on fatigue life, thréerdift configurations are
tested un-cold expanded{CE), single cold expandg@®CE)and double ald expandedDCE).

Test were done oa3.18 mm sheeadf AZ31B-H24. In order to find the optimum percentage

for this material, similar procedwseavere followed. Four different cold expansion percentages

62



were testedtasame level of load. The stresstla notch rootwaschosen to be 170 MPahe

results presented henceforth are for 3.18 mm sheet.
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Figure53. Fatigue lifeat differentDCE%

Clearlyincreasing the percentage of cold expansimmespondingly improvefatigue life.
According tothe previous optimum percentage study, 2% cold expando@snot lead to any
fatigue life improvementRigure43); thereforejn this new study of the ophum percentagehe
minimum value of cold expansion was chosen to beB86ause 6% is the highgsissiblecold
expansion percentage for split sleeve configurdtidhand higher percentage is not feasilb&
is chosen as the optimum cold expan®bthis sheet Residual stress measurement by XRD are
shown in following table¢Table10Table11). Measurements are done on three lines, as shown in

Figure34. Positionof the points for XRD measurementis make sure they are repeatable.

Table10. Residual hoop stress on 6% D@Birysideof first pass

Hoop stress(MPa)

R (mm) Line 1 Error Line 2 Error Line3 Error
0.2 -33.3 6.1 -29 6.1 -26.2 7.6
0.5 -40.7 6.4 -40 2.4 -38.6 3.3
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2 -40.5 2.7 -37 1.7 -37.4 1.8

3 -38 1.8 -16 1.3 -15.7 14

4.5 -14.7 1.3 0.1 1.3 0.4 1.3
Tablell Residual hoop stress on 6% D@Kit sideof the first pass

Hoop stress(MPa)

R (mm) Line 1 Error Line 2 Error Line 3 Error
0.2 -43.5 4 -40.7 3.3 -47.6 3.9
0.5 -45.8 2 -39.9 2.1 -49.4 2.1

2 -52.9 1.7 -49.4 1.7 -50.2 1.8
3 -23.2 1.4 -27.9 1.4 -30 14
4.5 -6.7 1.2 -10.7 1.2 -6.6 1.2
10 r .
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Figure54. Residual Hoop stress, 6% DCE
As mentioned insection 2.2.3one of the most important aspects of cold expansion is
postponing the crack initiation and reducing the crack growth rate. To determining the crack
initiation life, optical imaging was employed. The area around the notch was painted white to
provide beter contrast between the specimen surface and the developed fatigue crack. To make

sure that the pictures were taken at maximum tensile load so the crack is fully open, a specific
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script in the DIC software was used, in which by taking the force feediwanklie MTS controller

as reference, pictures are taken at specified time stamp and force value. To measure the crack
growth rate, the flat area around notch is painted with black speckles; therefore, the crack distance
between crack tips can be mappedhe speckled area, where the software can calculate the
(Figure55. Measuringerack length using DIC software

All fatigue testswerefully reversed (R ratio ofl), and the frequency of testsag10 Hz
except for thenigheststress levelin which test were done by 2 Hzecause of the higher valog
the applied loadT'he stress values in theNscurve below is based on elastic formulation for stress
concentratior(19). In compression, higher eBslevels cause the material fwass the yield limit
However, to avoid theignificant complexity of calculating the true stress at notch root for the

asymmetric alloy, the curve is shown for elastic stress at notch root.

Figure55. Measuringcrack length using DIC software
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Figure56. Stresslife curve, UCE vs SCE vs DCE
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Cold expansion clearly impros¢he fatigue life.This improvement is more significant in
the high cycle regime (i.e. lower stress amp), which can be related to residual stress relaxation
phenomenon. It is worth mentioning that the test at 130 MPa stress level on SCE and DCE
specimen were stopped after ondlion cycle, which is considered as the fout limit for this
study. No cracks were initiated in these samples.

In this research, the term crack initiation is defined as the cycle during which crack reaches
the surface and propagates to a reasonably fngth,e.g.,160° & According to imagetaken
by DIC, in all cold expanded samplése crack becomes visible at the entry sitable12 shows
that both crack initiation and propagation life are increased by cold expansion. As expected,
improvement in both initiation and propagation is amplified in the high cycle regime.

Compring the crack initiation life of SCE and DCE gives an estimate of the order of
magnitude of residual stress due to cold expansion. For example, the initiation life of the DCE
sample at 240 MPa is close to the life of the UCE sample at 200 MPa, whidssutitat the
order of magnitude of the hoop residual stress should be close to 40 MPa, which is in agreement
with the experimental measurements by XHRR@re54). In low cycle fatigue, single and double
cold expansion yield similar results. The difference between these two conditions is magnified in

the high cycle regimdgure56).

Table12 Crack initiation/propagation life, UCE vs §Cvs DCE

Stress(MPa) Condition Crack initiation  Crack propagation life  total life
240 UCE 3000 4488 7488
240 SCE 7600 11423 19023
240 DCE 9000 11553 20553
200 UCE 9200 9116 18316
200 SCE 37400 27602 65002
200 DCE 30800 20065 50865
170 UCE 30000 11357 41357
170 SCE 80000 45363 125363
170 DCE 126000 46390 172390
130 UCE 111000 33992 144992
130 SCE No crack NA Run out
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Figure57. Crackinitiation life of UCE vs SCHE6%) vs DCE(6% initial)

The fact that crack propagation life has increased means the crack grovethordtiliffer
betweencold expanded samplesdun-cold expandedCrack length were measured using the
technique descrilokabove Figure55. Measuringerack length using DIC softwareSince at stress
level of 200 MPa and 240 MPa, the fatigue life of DCE and SCE samples are closerackhe

growth curves below, the comparison is made only for DCE sample versus UCE.

Here the term fAcrack | engtho refers to the
side of the notch on the entry side. At the beginning of crack initiatiemath of crack propagation
is meaningfully lower in double cold expanded samples than-golthexpanded. Once reaching
to the end of the compressive residual stress zone, the crack propagates at the same rate in both

un-cold expanded and double cold erged.
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Figure58. Crack length vs cycldéor samples tested at) 200 MPaat notch rogtb) 240 MPaat

The graph shows that not only crack initiation is postponedednlg crack growth rate is also

decreased.

To have a better comparison, crack growth rate (mm/cycle) for these two condition is shown

below.

notch root

68



@) 0.01 ¢
0.008 }
M
4
5 0.006 } g
£
£
£ 0.004 | :
3 P
© [ ]
0.002 } &
L
o o™
8000 18000
(b) 002 ‘:
§0.015 -
o
>
&)
£
E o001}
pd
O
a
©
0.005 |
[ J
o
0 Q‘u’
0 5000

DCE
e UCE
28000 38000 48000 58000
cycle
DCE
e UCE
10000 15000 20000 25000
cycle

Figure59. Crack growth rate vs cycle, for samples tested at, a) 200 MPa at notch root, b) 240

MPa at notch root

According tothe Parislaw equation[215], crack growth is also a function of crack length. In fact,

thecrack growth rate is function tfie stress intensity factor.
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in which,chCiodtr are crack length, stress intensity factor, and material constants, respectively.

In amoregeneral formQis a function of square root of crack length.
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Figure60. Crack growth rate vs square root of crack lengthséonples tested at, a) 200 MPa at
notch root, b) 240 MPa at notch root
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As mentioned, the DIC cameras monitor the surface of the specimen during the test, therefore
the reported crack is the length of crack on the surface (entry surface for cold expamuled)sa
To study the difference in crack growth rate near the notch, the fatigue crack striation patterns of
the uncold expanded and single cold expanded samples tested at 240 MPa sample were compared.
Since both the fatigue life and fracture surfacesrgjle and double cold expanded samples shows

little difference, the double cold expanded sample can be expected to have similar crack striation

patterns. Therefore only the single cold expanded sample was investigated here.

ot i P

mode |mag R
Custom | 5000 x |20.

ode [mag @| HV | | ———10um
Cont| 5000 x |20.00 kV 13.6 mm

Figure61. Fatigue crack striation pattern of SCE sample (top) and UCE (bottom)
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The average space between strigionthe single cold expanded sample is@ ¢ &
while in the ageceived notch this valueXisp® 1 & Taking into account standadeviation,
they are statistically different (95% CI).

3.2.4.4 Fracture surface of fatigue tested sample

The inal fracture surfaceof thefatiguetestedspecimes were observed usja scanning
electron microscopé.hefracture surface of the specimentgéelsat 170 MP#at the notch roots
shown below.

11:07.10 AM |Z Cont| 21x 120,00 kV|24.8 mm 12:4550 PM |7 Contl 18 2000 kV 21,4 mm

e e AL L
Q-50- 56 Al oh X 0 00 K 8mpgl .|
Figure62. Fracture surface of 170 MPa fatigue tested sample, a) UCE, b) SCE, c) DCE
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Figure63. Crack initiation position on 170 MPa fracture surface, S€fE)(vs DCE (ight)

As expected, in the agceived sample, the primary crack initiation position is right at n the
notch edge. In addition, multiple crack initiatisites are visible, which can be attributed to the
high stress level. On the other hand, in the cold expanded samples, crack initiates in the sub
surface.The red zone ifrigure 62 shows the region in which crack growth rate is slow and as a
result, the crack growth zone has a smooth surface. This area on SCE and DCE samples are not
very clear, but the crack growth zone in SCE and DCE compared with UCE sample emphasize
that this zoe in in SCE and DCE has a smoother surface and means the crack growth rate is lower

in SCE and DCE.

Using the scale bar in the SEM picturéss fatigue crack initiation(FCI) position on the
DCE sample is roughly 500 daway from the notchwhile for the SCE samplehecrack initiates
atx 300° afrom notch,a difference thatan be explained hiye difference of the zone affected
by plastic deformationComparing the distance of the FCI on DCE sample from notch with the
hardness measurement&gure 50), gives an idea of thpossiblereason. Up t®d00 ¢ the
hardness is greater in 6% DCE, which means up to this distance, dislocation density is changed.
In other words, it seems due to radial plastic deformation during cold expansion process, existing
dislocations around notch are pushed and piled up at certain point. This point is the perfect location
for a crack to initiat¢216]. Although far from notch effective stress is lower, but this dislocations
can help the crack to initiate thefResdual hoop stress leads to change of the effective stress

around the notchBetween these two competing factors, seems the dislocations has a stronger
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effect, and causes the crack to initiate far from noftte position of the crack initiation on the

cold expanded sample with respect to the thickness of the sample is in agreement with the plastic
deformation zone after cold expansisiiglre51). This hypothesis needsnaore comprehensive

look at the effect of plastic deformation on the dislocation density as well as residual stress
distribution.

In the DCE sample, close the notch edgethe morphology of grains is evidently different
from that inthe asreceived notchClose tothe notch inthe cdd expanded sample, grains look

closer to each other and seem to be rotated toward the direction of mandrel movement.

For better understanding olfie variationin the crack initiation behavicat different cold

expansion peentagesthefracture surface of 3% DCiested at 170 MPia shown below.

1/24/2018 [mode [mag @[ HV [ WD
10:51:31 AM |Z Cont| 21 x |20.00 kV|23.6 mm

Figure64. Fracture surface of 3% DCE specimen tested at 170 MPa

ComparingFigure 64 with Figure 62 revealsthe following points First, in the 3% DCE
sample, unlike the 6% DCHe crack initiates at the notch edges inthe asreceived sampldt
seems in 3% DCE sample, the applied pdadgeformation was not enough to change the
dislocation density of the material, therefore the aforementioned hypothesis about the effect of
piled up dislocationgannotbe incorporated her®n the other handhe created residual stress
reduces the efféiwe stress at notch root. Thereformethe asreceived sample there are mukip

crack initiations, in 3% DCRhere are only two initiation sites.
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All the above SEM photowerefor samples tested at 170 MPa. In order to compare crack
initiation modes inow cycle and high cycle fatiguthefracture surfaceof samples tested at 240

MPa are presented below.

@] HV | wD 1/31/2018 | mode [mag @] HV | WD
8x 2000 kv|24

8 mm 10:.07:15 AM Z Cont 18 x |20.00 kV|24.8 mm

C

1/31/2018 [mode [mag @[ HV [ WD [ ——2mm———
12:56:42 PM|Z Cont| 19 x_|20.00 kV|21.5 mm

Figure65. Fracture surface of 24@Pa fatigue tested sample, from top to bottom: UCE, SCE,
DCE

Thefracture surfaces of samples tested at high load level of 240 MPa, exhibit no significant
difference between SCE and DCE, which is in perfect agreement with the fatigue test results. By
comparing the fracture surface ofraseived samples at 170 MPa art) MPa, it can be seen
that there are more crack initiation sites at 240 MPa. Further, as expected, the stable crack growth

zone(red region irFigure6?2) is largerfor the sample tested at 170MPa
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3.3Summary

This chaptehasintroduced the experimental work of this reseamutiuding the cold
expansion process and corresponding radial displacemesmndual stress, texture,
hardnessneasurements, as well as #ffect ofcold expansion on fatigue life and crack
initiation and propagatiorit was shown that cold expansion on AZ31B magnesium
alloy, results in significant fatigue life improvement factor, by both retarding crack
initiation and decreasing the crack growth rddele to the plastic deformation, texture
of the material close to notch changes in such a way tasitscof grains are rotated
toward the direction of loading.
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Chapter 4. Modeling

To model the cold expansion process on a magnesium sheet, two nethedsilized here,

VMP and finite element (ABAQUS).

4.1 VMP

4.1.1Basic equations and assumptions

For modeling the process using VMP, the basic relations are the sémosemesentd in

section 2.3.1 In the original VMP formulation, natural boundary conditions, inside and outside
pressure, were employed for the elagl@stic solution of a cylinder. However, for cold expansion
a mixed essential and natural is in place. The boyndanditions are the known radial
displacement at the inner radius and zero pressure at the outer radius. In other words, after
discretizing the problem into small circular annuli surrounding the hole, and assembling the
stiffness matrix'Q; in the loaddisplacement equatiorQ 6 n one of the knowns is in the

n (load matrix) and the other one is in thie (displacement matrix). This isreonhomogeneous
boundarycondition. To solve a nonhomogeneous boundary value problem, the method described
by Huttan [217], in which the known rows in thed are eliminated by converting them to the
known value added ta) is implemented here. The cold expansion problem is modeled as plane

stress problem since the top and bottom surfaces of the sheet are traction free.

In a thickwalled cylinder subjected to pressurethecase of plane stressccording tahe

well-knownL ame 6 s :sol uti on

(21)

E1En
E1En
o

The giffness matrix is the inverse tiefollowing compliance (c matrix)
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For each element, radial and tangential stress can be obtained by:
nt nit n ntil
1 i i (I 23

In whicht) iy i A A arerespectivelyjnner pressure, outer pressure, inner radius, outer radius,

and radius of the point of interest.

The solutiorprocedure can be summarized as follows

i
i

i

Discretize thesheetnto co-centriccircular stripssurrounding the hole

Form elemental stiffness matrix using equati(#.

Assemblehestiffness matrixassuming all strips are in the elastic regime and generate the
system of linear equations: Y 0

Apply the mixed boundary condition based on the level of cold expansion
Solvefor Y to obtain the distribution of displacement around the hole

Calculater) iy for each stripusing equatiorf22).
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U Calculate radial and hoop stresasingequation(23) and calcula equivalent stresusing
CazacuBarlat yield criterigd218].

U Determinehow many stripsiavepassedheelastic limit by comparing edualent stress to
the yield strengtlof the material.

U Using theprojection methody employing toUpdatevalues of0 ) for strips that
hawe passedthe yield stress byusing experimentally obtainedtressstrain curveand
equivalent stress.

U Repeat above stepmitil equivalent stress and strains providedsbiution convergeto

the uniaxialstressstrain curve.

4.1.2Loading

To model the cold expansion process in AZ31B magnesium alloy, two major difference
should be considered. First, then Mises yield surface and therefdhe equivalent stress can not
addresf asymmetric behavioSecondlythere are two different experental curve, onefor
uniaxial tension andanother for compression,therefore for the projection method this

characteristic shouldlso be considered.

The CazacuBarlat asymmetricyield criteria[198] is capable of considering asymmetric

behavior.Theequivalent stress defined by this criteria is as follows:

_ (24
" O 0 W
O R arethesecond and third invariants of deviatoric stress tensor.
Icd OM_ ” ”
w —_—
C ” ”
(29
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where, h, are tensile andompressive yield strengths respectivétythe case of symmetric
material (i.e. ,, .  the CazacuBarlat yield criteria ighe same agson Mises.Figure 66
shows the yield surface for different ratios of tenaite compressivgield stress.
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Figure66. Comparisorof CazaceBarlat yield surface for different ratio of tensile to

compression yiel{218]
For the post yield and evolution of yield surface, there are two possible way of considering

the effect of asymmetry. First, the shape of yield surésseimed to bihe samdcongant value

of @). In this case, the uniaxial compression curve obtained from experiment should be converted

to equivalent stress and equivalent plastic strain according to:

olio
ol ch

olio
olo  CG
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In fact, by this assumptiothe equivalent initial yield strengtfor tension and compression

will be the sameWhereas thequivalent plastic strain and equivalent stress for teraiethe
same as stress and plastic strain in a uniaxial tensile test, the equivalent stress and plastic strain for

the compression cunerenot the same a$hose forthe uniaxial compression oawg The curve

used in the projection method for updatthgvalues otheY o un g 6 s

is the weighted average of tension and compression curve, according to the stress state of the
element(section 2.2.3.2(Figure67). In other words, each element has to folkspecific stress

strain curve according to its stress statg] this state and the consequent cehange for each

modul

us

and

iterationin the VMP processThis method was successfully implemented by Khayamian. et al

[24].

The other way of considering tensioaompression asymmetry is to assume theshape of
theyield surfacechanges athe stress state of the element mathe yield limitand it goes into

plastic regimeas shown ifrigure68. Evolution of CazaciBarlatyield surface for different values

of plastic strain
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Figure67. Tensioncompression cungused in VMP
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Figure68. Evolution of CazaciBarlatyield surface for different values of plastic strf2i9]

In this case, the equivalent stress curve is idertbdlat intensile testAll elements follow
the same stresstrain curve the experimentally obtained tensile curyahich remains the same
for all iterations. On the other hand, the shapehefyield surface(i.e., the formulaused in
calculating equivalent stress) changes dach element according to the plastic strain of the

element in the previous iteration to take into account the effect of the compression curve.

Since the VMP is an iterative procedure, a convergence criterion is needed for finding the
final solution. In &ct, starting from the elastic solution, the VMP process updates the material
properties in such a way that the final solution (i.e., the equivalent stress and strain of each element)
is on the equivalent curve. Therefore, for the last iteration, therehite between values of
equivalent stress found in that iteration and the aimed sttess curve was considered as a
proper representative of the convergence criterion. Indeed, this difference is stored as a matrix with
the number of rows equal to thember of elements the body was discretized into. Ideally, all
elements of this matrix should be zero. Thus, the standard deviation of of the differences for all
elements, which has the same unit of stress, divided by the yield strength (to make i) watess
chosen as the convergence parameter. The iteration process was continued until this number

reached a value of less than*10
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