Failure Analysis of Brazed Joints
Usingthe CZM Approach

by

Morvarid Karimi Ghovanlou

A thesis
presented to the University of Waterloo
in fulfillment of the
thesisrequirement for the degree of
Doctor of Philosophy
in

Mechanical Engineering

Waterloo, Ontario, Canada, 2011

© Morvarid Karimi Ghovanlou 2011



Aut hor 6s Decl arati on

| hereby declare that | am tisele author of this thesis. This is a true copy of

the thesis, including any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.

Morvarid Karimi Ghovanlou



Abstract

Brazing, as a type gbining process, is widely used in manufacturing industries
to join individual components of a structurBtructural reliability of a brazed
assembly is strongly dependent on the joint mechanical propdriigse present
work, mechanical reliability of low carbon steel brazed joints with copper filler metal
is investigatedand a methodology for failure agais of brazed joints using the

cohesive zone model (CZNH presented

Mechanical reliability ofthe brazed jointsis characterized by strength and
toughnessUniaxial and biaxialstrengths of the joistare evaluate@xperimentally
and estimated bifjnite elemenimethod using the ABAQUSoftware Microstructural
analysis of thgoint fracture surfaces reveatfferent failure mechanisms afimple
rupture and dendritic failureResistance ofthe brazed joind against crack
propagation evaluated bythe singleparameter fracture toughness criterishpws

dependency on thepecimen geometry ataiading configuration.

Fracture ofthe brazed joints and the subsequenictde tearing processre
investigatedisinga two-parameteCZM. The characterizingnodelparameters athe
cohesive strength and cohesive enargyidentifiedby a four-point bendracture test
accompanied wit corresponding FE simulatiotsing the characterized CZNhe
joint fracturebehaviorunder tensile loadings well estimated Predictaility of the
developed cohesive zone FE moftel fracture analysisf brazed jointsndependent
of geometry and loading configuraticnvalidated

The developed cohesive zone FE modelextended tdatigue crack growth
analysisin brazed joints A cyclic damage evolution laws implemented ito the
cohesive zone constitutive mod® irreversibly account for the joint stiffness
degradtion over the number of cycles. Fatigue failbedavior of the brazed joints i

characterized yoperforming fully reversed strain controlled cyclic te3tse damage



law parameters are calibrated basedr@analytical solutions and thexperimental
fatigue crack growth datdhe characterized irreversible CZM shows applicability to

fatigue crack gowth life prediction of brazed joints.
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Chapter 1

|ntroduction

Brazing, as a type gbining process, is widely used joining industry to
manufacture assembled products from two or more individoalponentsin the
brazing process a filler metal with a melting point of above 45@nd below the
solidus temperaturef the base metaé melted and diffused into the faying surfaces

of the individual parts to join them following solidificati¢h].

Structural reliability of a brazed assembly strongly depends on the joint
mechanical properties. In this study, mechanical reliability of low carbon steel

brazed joints with copper filler etal is characterized by strengtfracture



toughness, and fatigue propertiédoreover, acohesive zone modglCZM) is
adapted fopredictionof the jointfractureand simulation of ductile tearing process
under quasstaticloading A cyclic damage evohion law is furthercoupled to the
CZM and calibrated to theesults of the fatigue teste predict crack growth life

under cyclic loading.

1.1 Motivation

Injection moldingis a manufacturing process used to produce parts by
injecting pressurizedmolten polymer into molds or dies. Because this process
enables fabricating parts of complex shapes with high precision and repeatability,
has been widely used in manufacturing related industnegcent years, in order to
achieve high efficiency innjection molding a revolutionary mold design, i.e.
laminated die, has been investigat®doducing an injection mold with laminated
tooling technology enables engineers to replace conventional cooling channels with
conformal onesUsing he conformal cooling @mnelsthe rate of heatissipation
noticeably increases and the temperature uniformly distributes through the whole
die. Thus, the cycle time decreases and thermal distortions of the parts are
minimized b enhancehe productivity and qualitf2]. A schematic of the laminated

structure isshown inFigurel1-1.



Laminates Brazed joint
| —

Figure 1-1- Schematic of a laminated structure

One of thefeasibleand effectivemethods in joining layers of a laminated
injection moldis the brazing process. &ftritical aspect inlesignng of a laminated
die is consideration of mechanical reliability of the whole structirece the brazed
joints are the most critical locations for failurdrustural reliability of a bazed
assembly strongly depends o foint mechanical propertieBlechanical reliability
of brazed joints has been characterized by variotteria such as strength,
toughnessandfatigue propertie§3]. In the current study, the brazed joints strength
and fracture toughnssare evaluated experimentall.two-parametetCZM, as a
fracture analysis tool, is characterized to predict the joatdture strength at the
onset of crack initiation and simulate the subsequent ductile tearing process
independent of geometry and loadirfgurthermore, a damage evolution lam
coupled to thecohesive zone constitutive modsl calibratedto simulate fague
crack propagation and predict the corresponding fatigue lindsr strain controlled

cyclic loading



1.2 Objectives

The objectives of this study asammarizeds follows:

1 Characterization of microstructural and mechanical properties of the

brazed joints

Microstructureand mechanical reliability of low carbon steel brazed joints
with copper filler metal are investigated. elmicrostructure of the joins istudied to
reveal possible sources of the joint failufiéhe joint tensile, shear and biaxial
strenghs are experimentally evaluated and numericakyimatedoy ABAQUS 6.7
software[4]. The esistance of the joiatagainst crack propagation is evaluated by
fracture toughness testing @mngle edge notched ben8HENB) and single edge
notched tensionSENT) specimens. fie coresponding joint failure mechanisms

under different loading conditions are investigaasadvell

1 Development of a methodology for fracture analysis of brazed joints using

the CZM

The CZM approach, as a fracture analysis tool, is employpethctmodel
fracture and simulate ductile tearing process in the brazed.jdiotthis aim, the
cohesive energy of the brazguint is directly obtained fronthe results of the

fracture test performed on the SENBecimens. Knowing the value of the cohesive



erergy, the fracture test on the SENB specimens is modeled by ABAQUS 6.7, and a
unique value for the cohesive strength is determined to best fit the experimental load
versus crack mouth opening displacem@&i QD) curve.The predictability of the
characteried CZM is explored by FE modeling of the tensile test performed on the
SENT specimens. The good agreement between the FE simulation results and the
experimental data confirms the applicability of the CZM for fracture analysis of the

brazed joints.

1 Fatigue crack growth analysis of brazed jointsusing an irreversible CZM

A cyclic damage evolution law is coupled to the CZM to account for the
irreversible process of thgint stiffness degradationver the number otycles.
Fatigue failure behavior of the d#ed joints is characterized by performing fully
reversed strain controlled cyclic testBhe damage law parametevehich affect the
rate of damage evolutioim the cokesive zone FE modehre calibratecbased on
analytical solutionsand the experimentalfatigue crack growth (FCG) datdhe
characterized irreversible CZM shows applicability to FCG life prediction of brazed

joints.



1.3 Thesisoutline

The organization of the thesis is as follows

In Chapter 2 failure studies of brazed and solder joiate reviewedThe
CZM, as a fracture analysis tool is introduced, and its applications to failure analysis
of interfaces under monotonic and cgclioading conditions arediscussd.

Furthermore, a review on the CZM parameter determination approaches is presented.

In Chapter 3the microstructural and mechanical properties of hrezed
joints are characterized. Thint strength is experimentally measured and
numerically estimated. The fracture toughness of the joint and the corresponding
crack resistance curves for differepesimen configurations are evaluat&thally,

thejoint failure mechanisms under different loading conditions are investigated.

In Chapter 4the CZM approach isised to predict the joint fracture strength
and simulate the subsequedtictile tearing processThe cohesive energy is
introduced based on the concept of the energy release rate and evaluated from the
results of the fracture tesfThe cohsive strength is determined such that the
numericalloadCMOD curve besfits the experimental result¥he predictabilityof

the obtained CZM is evaluated at the end.



In Chapter 5 fatigue crack growth in the brazed jointsn®deled by an
irreversible CZM. &ain-controlledfatiguetess performed on the brazed specimens
are described, and the corresponding results in terms of fatigueiwitsatkon and
propagation lives are presentedl cydic damage evolution law isoupled to the

CZM and calibratedo model fatigue crack growth behaviofrthe brazed joints

Finally, in Chapter 6 the concluding remarks are presented and

recommendations for future work are suggested.



Chapter 2

Literature Review and Background

In this chapter, theoretical background and literature review loféastudies
of brazed and solder joints are presenfHie ®hesive zone model (CZM), as a
fracture analysis tool is introduced, and its applications to failure analysis of
interfaces under monotonic and cyclic loading conditions are reviewed. Fiaally

review on the CZM parametdetermination approaches is presented.



2.1 Introduction to brazing and soldering

Brazing and soldering are heat based joining processes in which a filler metal
is melted to join base materials. In what follows, a bde$cription of these two

processes is presented.

2.1.1 Brazing

Brazing, as a type ojoining process, is widely used in manufacturing
industries to join individual components of an assembly. In this process, a filler
metal in the form of foil, wire, paste, platj, or powder with a melting point of
above 450C and below the solidus temperature of the base metal is melted and
diffused into the faying surfaces of the individual parts to jiiem following
solidification. Figure 2-1 shows the microstructureof the brazing process,

schematically1].

Base material
grains

Filler material

(a) (b)

Figure 2-1- Microstructural schematic of the brazing (a) before, (b) after process



Compared with fusion welding, brazing technigygoduce less thermal
distortion due to uniform heating of components to the brazing temperature.
Furthermorepreservation of metallurgical properties of the base metadsiction of
the induced residual stresses due to joining, more uniform distribatiapplied
loads over a larger joint areaxcellent heat transfer properties, joining metals of a
wide range of thicknesses, and producing joints with higher pre@seoamong the

advantages of brazed joints over weldm¢sls

Several factors, such as filler metal flow properties, base metal
characteristics, faying surface preparation, brazing hold time and temperature, joint
design and clearancand type of heating source, affect the quality of brazed joints.
The type of heating source determines different types of brazing processes. These
include: torch brazing, furnace brazing, induction brazing, dip brazing, resistance
brazing, infrared bramg, laser brazing, exothermic brazing, wdidazing, and
microwave brazingl,5]. In this thesis, furnace brazing is used and discussed in the

following.

1 Furnace brazing

In furnace brazing, the filler metal is preplaced between the base materials
faying surfaces. The components are then placed into-evaguated furnace which
is purged with an inert gaseous atmosphere to prevent oxidation. The furnace is

10



heated up to #hbrazing temperature and, subsequently, the brazements are properly
cooled down or quenched to create the desired properties in the base and filler
materials. The filler metal used in the furnace brazing process can be in the form of

foil, clad, powder, pste, wire, slug, shim, or tafs.

Popularity of the furnace brazing method stems from the relatively low cost
of the equipment, flwtree process of the furnace clean atmosphere, and the fact that
postbraze cleaning of the brazements is not required. The other considerable
feature of ths technique is that the brazing assembly does not require any special
kind of jigs; since, the weight of the parts or a few additional metallic blocks is
sufficient as a fixture. Moreover, controlled heating cycles are another advantage of

this method whib makes automation of the process feasible to increase productivity

[5].

2.1.2 Soldering

Soldering, as a subset of brazing is mostly used in joiningrieldcand
electronic components. Although the bonding mechanisms of these two processes
are similar, they can be distinguished from each other based on the melting point of
the used filler metals. In addition, selection of the base and filler matdw®ating

methods, joint design, and the type of flux are among the factors which classify the

11



differences between these two processes. Some of the commonly used filler metals
in the soldering process are alloys of Sn, Pb, Sb, Ag, Zn, or Cd, which have a
liquidus temperature below 45C. These alloys provide good fluidity and wetting
characteristics, acceptable strength, and often good electrical and thermal
conductivity. Similar to brazing, type of heating source determines the type of the
soldering techniges, i.e, iron soldering, torch soldering, oven soldering, dip

soldering, wave soldering, induction soldeyi and resistance solderifig.

Due to popularity of the brazing and soldering processes in engineering
applications, many investigations have been carried out to assess the reliability of a
jointed structure. In the following section a review on the failure analyses of the

brazed and soldeoints is presented.

2.2 Failure studies of brazed and solder joints

Depending on the applications of the brazed and solder joints, their
mechanical reliabilityis evaluated based on different criteria such as strength,
fatigue life, and fracture toughness Hyetuse of experimental, numerical, and
analytical methods. In this section, investigations on different failure mechanisms of

brazed and solder joints are reviewed.
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2.2.1 Brazed joint failures

The gructural reliability of a brazed assembly is strongly dependarthe
joint mechanical propertiesThe mnechanical reliability of brazed joints is
characterized by various criteria such as strength, toughness, igne fatoperties
[3]. Extensive experimental investigations have been carried out to characterize
brazed joint mechanical properties influenced by different brazing conditions. In
addition to the experimental studies, brazedtjtilures havebeeninvestigated by

numerical and analytical approaches.

The effects of different brazing conditions such as temperature, heating rate,
holding time, and cooling process as well asjtiiat clearanceon the joint strength
and ductility have beemxperimentallyinvestigated for a wide range of base and
filler materials.Chen and Chif6] investigated the influence of brazing hold time on
the tensile and fatigue strength bfazed GlidCop AfL5 with copper filler metal
They observed that a shorter brazing cycle redtivesliffusion reaction and the
corresponding brittleness at the joint interface which results in more ductility and
strergth. NayebHashemi and Lockwoof¥] showed that increasing the brazing time
for joining aluminumalloy 3003 plates by a layer of 404&luminum filler material
increases the amount of shrinkage porosities in the diffusion layer which reduces the

joint strength, remarkablyNishi and Kikuchi[8] investigated the effect of filler
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metal, joint clearance, and brazing time the strength ofalumina dispersion
strengthened copp@i6 stainless steddrazedjoints with silverbased and goid

based filler metals. Thefound out that the brazing filler metahs a significant

effect on the joint strength as compared to that of the joint clearance and brazing
hold time. They further observed that brazed joints with smaller grain size in the
recrystallized diffusion layer show higher fracture stren§thwackiand Kawiaki9]

reported that increasing the joifiicknessof steel/Cu/WCCo cermet brazed joints

filler metals and joint clearances on the joint strength in order to achieve the highest
possible shear ingth in metal/composite brazed joirEsvironmental factors such

as test temperatures and test media on the joint strength and embrittlement have been

studied byMichler et al.[11].

In addition to the experimentahvestigationson brazed joint strength,
several research studibave been conducted to estimate the joint tensile and shear
strengths by numerical and analytical approaches. Assumningdeal bonding
between the base and filler materials, FE estimation of the joint interfacial stress
distribution reveals possible failure locations within the jpli¢15]. Leinenbachet
al. [13] used an irsitu approach for the measurement of the joint deformation during
tensile teshg to estimate the joint tensile strength with the help of FE modeling.

Moreover, many researchersripemed FE simulations to estimate brazing residual
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stresses induced due to mismatch of thermal expansion coefficients of different base
materials and predict their effect on the joint strerj@19]. Using an analytial
method,Saxton et al[20] estimated the lower and upper bounds of the joint tensile
strength as a function of filler metal yield and ultimate tensile strengths and the joint
dimersions.Flom and Wand?21] proposed a damage zone failure criterion based on
the filler metal equivalent Misestress to predict shear strength of lap shear joints.
Despite the fact that in practice brazed joints experience complicated loading
conditions, prediction of the joint strength under a mixed loading condition has not
been considered. Lee et {#2] and Wung et al[23] have proposed mixed ade
failure criteria for prediction of spot weld strength for different typésapplied
loads These failure criteria, in the form of power law equations, are capable of

failure prediction of weldments based on the combination of smglge strengths.

The reliability of brazed joints against propagation of-prasting defects and
cracks depends on the joint fracture properties. Based on the conventional fracture
mechanics theory, the fracture toughness parameter has been used as the joint
fracture criteion by many researche[8,13,2427]. The commonly used specimen
configurations for fracture toughness testing of brazed joints are double cantilever
beam (DCB), foupoint bend beam, and notched tensile specini®as,24,25,27]
In these specimens, elezxtdischarge machining (EDM) technique is often used to

introduce the initial crack required for performing fracture tg3i53,25] In some
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cases, preracking was done by applying static loading; however, difficulties
regarding controlling the crack tration makes this method less succesg2dl27]
Moorheadet al.[24] andGanet al.[3] investigated the variation of the joint fracture
toughness withdifferent types of filler metals and brazitgmperatures. Kobayashi

et al.[26] measured brazing residual stress field induced at ceramic/mitdhce

using the Xray method and verified it by FE modeling. They showed that the
existing residual stress field decreases the joint fracture toughness, noticeably.
Moreover, using FE modeling, Fu et §5] and Philips et al[27] calculated
interfacial stress intensity factors for fracture specimens in order to estimate the joint
toughness from a fracture test results. Although many investigations have been
conductedto assess the brazed joint failure based on the fracture toughness
parameter, it is widely accepted that the sifgeameter fracture criterion shows
dependency on the specimen geometry and loadia@5,28] A comprehensive
fracture analysis tool capablof predicting fracture independent of geometry and

loading configurations has ngetbeen applied to the brazed joints.

Fatigue crack initiation and propagation behavior of various brazed joints
influenced by the brazing conditions, joint microstruefuand braze quality as well
as environmental factors have been studied by many resear¢beasid Lai[29]
studiedthe effects of gap filler andrézing temperature on failure of brazed joints.

They found that increasing brazing temperature as well as addition of gap filler at
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elevated temperatures improves fatigue crack initiation and propagation resistance of
the joint. Gao and Qian§B0] used the micrandentation technique to investigate the
micromechanical properties of different regions of heterogeneous aluminum/silicon
brazed joint. Regi ons wi initel yield briitevere Youngoés
identified as the weakest sites for fatigue crack initiation. Sold@bjstatistically
investigated the influence of \ds and lack of braze (LOB) points on the fatigue life

of a brazed joint. As the LOB increases, the load bearing area decreases; therefore,
the fatigue strength capacity of the joint reduces. Gan dB2].experimentally
studied the fatigue failure mechanisms of vanadium alloy/stainless steel brazed
joints. They identified two different mechanisms of cohesive and mixed mode
adhesivecohesive failuresA pure cohesive fracture mechanism was observed at the
areas with stable fatigue crack growth, while the unstable fatigue crack growth
caused a mixed mode failure mechanism. The effect of corrosion mechanism on
fatigue life of low pressure steam turbiblades was studied by Mukhopadhyay et

al. [33]. Waddell et al[34] investigated the failure mechanism of brazed joints used

in implantsupported overdentures. It was observed that corrosive environment along
with masticatory cyclic loading was the primary factor in fatigue failure of thesjoint

A few researchers have characterized the fatigue behavior of brazed joints using
empirical equations. Brossa et 5] studied fatigue crack growth behavior of

AISI 316L brazed joints using compact tension (CT) specimens and obtained the
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Paris law coefficients based on the corresponding experimental datiaerfmore,

they characterized the CoffiManson relation based on the low cycle fatigue (LCF)
tests performed on the round smooth brazed specimens. Leineebath[36]
characterizedhe Paris law relation for martensitic stainless steel brazed joints and
obtained a large value for the Paris law exponent. As a result, the rate of fatigue
crack growth was found to be very sensitive to the load rakgdés®ugh the Paris

law has been used for fatigue crack growth analysis of brazed joints, it should be
considered that the crack growth behavior at interfaces shows dependency on
geometry and loading. Hence the characterized Paris law for a brazedgemits
transferability to different joint configuration87]. Therefore, a fracture analysis
approach which predicts brazed joints fracture peeelent of the joint

configurations under monotonic and cyclic loading conditions is necessary.

2.2.2 Solder joint failures

Solder joints are widely used in internal connections of electronic devices;
hence many investigations have been conducted in the Iieiatorder to identify
their failure mechanisms. Thermal fluctuation in an electrical device affects the
solder joint failures. This becomes a dominant failure factor at the joint regions
having different thermal expansion coefficients or experiencing tegnperature

gradients and stress concentrations during service time. Solof8h
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experimentally studied the fatigue behavior of 60Sn/40Pb solder joints under
different working temperatures. At each isothermal cyclic shear test, he measured
the joint fatigue lives for diffrent plastic strain ranges and characterized the €offin
Manson equation for each thermal condition. Using the energy approach, Solomon
estimated the joint fatigue life and compared it with the results of the &déirson

plastic strain based equatif$9,40] In another study, Solomon et pt1] modified

the laboratory LCF curves in order to predict the fatigue life of actual solder joints.
Zhanget al.[42] included the effect of material degradation into the Cdffanson
relation using a damage evolution model which was obtained exp¢aitgerased

on the measured creep hysteresis loops. This way, they avoided the assumption of
constant material properties in the Coffitanson relation which overestimates the
fatigue life under thermal cycles. Zhao et[dB] proposed the method of interfacial
boundary volume based on a damage criterion combined with the modified-Coffin
Manson equation for fatigue life prediction of solder jointsthis approach, the
damage parameter was calculated for the thin solder interlayer to determine the
empirical coefficients of the CoffiManson relation. In a study on solder joints
reliability by Kim et al.[44] two different failure mechanisms, i.érittle interfacial

failure and thermal fatigue cracksyere identified in thermal shock tests.
Furthermore, several other experimental studies have contributed to the-fatigue

fracture investigations of solder joints includidd-47].
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Yang et al.[48] employed acohesive zoneapproach for fatigue life
prediction of solder joints. The CZM, which correlates the interfacial traction and
separation, was coupled with plastic strain basedlamage evolution alw.
Accumulating the damage variable, the joint stiffness was degraded in each loading
cycle. Using this approach, they successfully included the material nonlinearity in
the analysis, and predicted the fatigue life of solder joints under different loading
conditions and geometrieAbdul-Bagi et al[49] presented another damage coupled
CZM law motivated by the formation of Roe and Siegmur|87] to predict the
fatigue life of the solder jointsThe results were in good agreement with the life

predicted by the empirical CoffiMlanson rehtion

In this research, due to applicability of the CZM to nonlinear fracture
analysis and its capability for joint failure prediction independent of specimen
configurationd37,50], this approach has been applied for fracture analysis of brazed

joints. In what follows, concept and applications of this approach are reviewed.

2.3 Cohesive Zone Model (CZM)

The CZM, as an interfacial constitutive law, is used to model crack initiation

and propagation under monotonic and cyclic loading conditions. In this setion,

20



CZM approach is introduced first and its applications are reviewed. Development of
the CZM constitutive equations in a continuum damage mechanics (CDM)

framework is given in Appendix A.

2.3.1 Introduction to the CZM

The CZM approach provides an interfacial constitutive model by defining a
relationship between traction and separation at the fracture process zone (FPZ). The
CZM concept was initially proposday Dugdale[51] and Barenblatf52] in order to
model crack initiation and subsequent propagaftd). The CZM is cheacterized
by two parameters of the cohesive strength and cohesive energy. The cohesive
strength, denoted by , is the maximum attainable traction at the fracture
process zone at the onset of damage initiation. The cohesive etgrguantified
by the area under tractiemeparation curve, is the work required for complete
material separation per unit area of the crack advpt8leFigure2-2 illustrates the
fracture process zone developed from the material crack tip (point E) to a fictitious
point (point A), known as the mathetizal crack tip. The separation variabl¥, is
defined as the relative opening displacement of the top and bottom faces of the crack
Y OY Y . Upon increasing the separation from point A to point C, the

traction,”Y increases from zengp tothe cohesive strengtim the forward region of
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the crack Thereafter, by increasing the separation, traction gradually decreases
along the crack wake region and eventually vanishes once the separation reaches its
critical value; , which leads tdormation of two physically separated surfaces at

point E[54,55].
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Figure 2-2- Schematic of the fracture process zone and the CZI[54]

In contrast tathe conventional fracture mechanics approdicht decouples
the crack initiation and propagation mechanisms, these two subsequent processes are
naturally obtained from the CZMapproach[48]. Furthermore, the issue of
nonphysical stress singularity at the crack tip in the conventional fracture mechanics
analysis is resolve when the CZM technique is us@h,56] Another important
advantage of the CZM approach is its applicability to the fracture analysis of
structures exhibiting material and geometric nonlinearif&d. Moreover, this

method is particularly a powerful tool for crack growth analysis at interfaces with
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complex crack tip fields. Using the CZM, the energy needed for decohesion is
decoupled fromthe energies dissipated by other irreversible mechanisms such as
largescale plasticity around the crack tip. This implies that once the CZM is

characterized for an interface, it is applicable to other geometry and load

configurations for predicting inticial crack growttbehavior{37].

2.3.2 The CZM traction -separation functions

As mentioned in the previous section, the CZM is governed by a relation
between traction and separation at the fracture process zone. For this purpose,
several tractiorseparation laws (TSL) have been proposed which are illustrated in
Figure 2-3. Needleman55] assumed traction as a cubic polynomial function of
separation, shown iRigure 2-3 (a), in order to describe the fracture process from
void nucleation up to complete decohesion in an elageoplasticmaterial. An
exponential form of the tractieseparation law, shown ikigure 2-3 (b), was
suggested by Needlem{si’] to model the decohesion process along the interface of
a viscoplastic block and a rigid substrate. Tvergaard and HutcHiB8pproposed a
trapezoidal form, shownFigure 2-3 (c), to model crack initiation and its
corresponding resistance curve in elagtiastic materials. Schwalbe and Cornec
[59] considered a constant traction when the separation increases along the process

zone, as shown iRigure2-3 (d). A bilinear model, shown ikigure2-3 (e), can be
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introduced as a special type of the trapezoidal form which has beenyeohip
many researche{60-63].

(a) (b)

Traction
Traction

Separation Separation

(c) (d)

Traction
Traction

Separation Separation

(e)

Traction

Separation

Figure 2-3- Different types of the CZM functions: (a) cubic polynomial, (b) exponential, (c)
trapezoidal, (d) constant, and (e) bilinear TSL
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2.3.3 Applications of the CZM to failure analysis

The CZM, which was first proposed as an alternative approach to the
conventional fracture mechanics, has received lots of interest for its applicability to a
wide range of failure analysis. Tvergaard and Hutchir{5@&764,65]extended the
application of the CZM for fracture modeling of adhesively bonded multilayer
structures under matonic loading. Yang et aJ66] employed the CZMo model
mode Il fracture of an adhesive joint with considerable plastic deformation in
adherents. Using the same cohesive zone properties, they successfully simulated the
fracture process of adherents with different geometries and showed the predictabilit
of the CZM for various joint configurations. The CZM has achieved popularity in
simulation of the fracture process in composite materedswell[60]. The CZM
based delamination analyses of bimaterial interfaces in lamij&#®@9], fiber
[60,61,70,71]and honycoml72] composite structures have been carried out by
many researchers. Bosch et [@B] implemented large deformation theory into the
classical small displacement CZM to model delamination of a polymer coating from
a steel substrate. Moreover, the CZM has been successfully employed for modeling

damage propagation in adhesive joi®2,74-79].

In addition to the applications of the CZM to fracture analysis under

monotonic loading, numerous researches have been focused on using an irreversible
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CZM for fatigue analysis of interfacg¢80]. De-Andres et al[81] were among the

first to employ the damage mechanics concept into the CZM in order to study the
elasticplastic fatigue crack growth of an elliptical crack in an aluminum shaft under
axial cydic loading. Yang et al[80] introduced a damage parameter into the
constitutive model ofan interface to degrade the CZM stiffness over cycled an
simulate fatigue crack growth behavidiguyen et al[82] proposed an exponential
decay function to degrade the CZM stiffness over the loadiogswnd account for
hysteresis effect in unloadifrgloading paths which prevents shake down in fatigue
crack growth analysis. Another cyclic damage evolution model for fatigue crack
growth analysis was proposed by Roe and Siegnj8idfd Based on this damage
model, Wang and Siegmun@3] simulated fatigue crack growth in a ductile
metallic layer which was sandwiched between two elastic substrates. Using the CZM
with a unique set of the parameters, they successfully predicted the constraint effect
of the elastic substrates on the fatiguack growth rate in the ductile layer.
Moreover, this cyclic damage evolution model was later extended to other
applications such as fatigue crack growth analysis in single crystal super[afipys

and solder joint$49]. Yang et al[48] proposed a cyclic damage evolution model as

a function of accumulated plastic strain to model cohesive strength degradation and
predict the crack initiation life of solder joints. Recently, Khoramishadl.€§84]

have proposed a cyclic damage model based on the maximum principle strain of the
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interface implemented in the CZM to predict fatigue kradtiation and propagation

life of adhesively bonded joints under mixed mode loading.

The pedictability of the CZM in different failure situations relies on the use
of proper model parameters in the analysis. This necessitates suitable methods for
detemination ofthe CZM parameters. Some of the proposed methods for the CZM

parameters determination are reviewed in what follows.

2.3.4 Determination of the CZM parameters

The two characterizing parameters, ,i.the cohesive strength and the
cohesive energy, can be determined by different approaches. In general, a priori
shape of the CZM function is assumed in the most of parameter determination
techniques. The characterizing parameters are then obtained thegpgfimental
measurements accompanied by curve fitting of the CZM simulation results to the
experimental dat§66,75,77,8588]. A brief review on the propodemethods for the

CZM parametedetermination is presented below.

Yang et al[66] estimated mode Il cohesive strength by performing a torsion
test on adhesive joints. In order to obtain mode Il cohesive energy, gtinte
bend test on adhesly bonded endhotched flexure (ENF) specimens was

performed and modeled using the cohesive zone FE method such that the numerical
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load-displacement curve matches the experimental Gmandra[60] studied the
interfacial failure in metal matrix composites using the CZM. He characterized the
interfacial work of separation based on the area underds@thcement curve
obtained from a pushut test.Then the cohesive strength was numerically adjusted
such that it best fits the experimental results. Sorensen and Jag®bsproposed

an approach for the determination of the cohesive law from the measured crack
resistance curve in elastic bodies. They obtaitiexl stresopening curve as a
cohesive law by differentiating the experimental resistance curve with respect to the
crack opening displacementhen et al[88] estimated the separation energy by
topographic measurement of the corresponding fracture surface hathestensile
specimens. Following the determination of the separation energy, the cohesive
strength was determined by fitting the simulated crack lelogtth line displacement
curve to the experimental onkiljedahl et al.[75] identified the crack initiation

point on the experimental loatisplacement curve and introduced its corresponding
stress level as the cohesive strength. The cohesive ewasggthen determined by
matching the numerical loactack extension curve to the experimental épae and
Tin-Loi [86] simulated mode | fracture process in quaditle materials using
different TSLs. They estimated the corresponding CZM parameters by an
optimization technique and minimized the error betwineir FE and experimental

load-displacement curve§Salomonsson and AndersspiY] employed the CZM to
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simulate tensile and shear modes of failatemesescale adhesive layers. They
captured the adhesive layer deformation bgiin SEM measurement technique and
calibrated the CZM parameters by an optimization method in order to best fit the

simulation results to the experimental data.

Consequently in the cases that the two model parameters have been
simultaneously identified by optimization techniques to best fit the FE simulation
results to the experimental data, the uniqueness of the obtained parameters is
debatablg71,75] On the other handharacterization of one model parameter by
direct measurement from experiment and the other one by fitting the simulation
results to the experimental data leads to a unique set of the model parameters

[85,88]

2.4 Summary

In this chapter, different joining processes of brazed and soldered joints were
reviewed and the corresponding experimental, numerical, and analytical failure
studies were presented. Despite the extensive investigations on different failure
mechanisms of fazed joints, a comprehensive fracture analysis apprbasmot

been employed topredict failure of brazed joints independent geometry and
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loadingconfigurations Among the different approaches for failure analysis of solder
joints, the CZM was introdzed as one of the recent approaches for interfacial failure
analysis under monotonic and cyclic loading conditions. This approach, as a fracture
analysis tool, and its advantages and capabilities over the conventional fracture
mechanics were reviewe@ue to applicability of the CZM to nonlinear fracture
analysis as well as its predictability ioterfacialfailure independent frorgeometry

and loadingconfigurations, this approach has been applied to the monotonic and

cyclic crack growth analysis difrazedoints in the current research.
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Chapter 3
Microstructural and Mechanical

Characterization

In this chapter, microstructure and mechanical properties of low carbon steel
brazed joints with copper filler metal are investigated. The microstructure of the
joint is stulied to reveal possible sources of failure. The joint tensile, shear, and
biaxial strengths as well as the joint fracture toughness and its corresponding crack
resistance curve are evaluated. Finally, the joint failure mechanisms under different

loading canditions are investigated.
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3.1 Microstructural characterization

Samples of steel/Cu/steel brazed joints were prepared for thestriotoral
analysis. To this endlanks of low carbon steel (ASTM36) with dimensios of
40mm? 19mm? 50mm were cut and theelated faying surfaces were ground with 240
grit silicon carbide sand paper. The chemical composition of the low carbon steel

(ASTM A36) used heres listed inTable3-1.

Table 3-1 Chemical composition of steel (ASTM A36) as the base me{&9]

Compoasition C Mn S Si P
) 2 ) 4 .04
Weight% 025 0.801.20 0.05 0.40 0.0
max max max max

The steel blanks were cleaned by immersing them in an ultrasonic bath of
acetone fob min. Copper brazing filler metal (AWS BEL), in the shape 6f5-pum
thick cold rolled foil and purity of 99.95%, was cut and placed between the faying
surfaces.A steel shim with the thickness of 50m was placed at four corners
between the faying surfaces to preserve a uniform joint clearance theibgzing
process. The assembly was constrained on both sides and placed into the brazing
furnace. The furnace was evacuated first by a diffusion pump and then purged by
Argon inert gawith a dynamic pressure of 20P&. The furnace was then heated to

1110 C and heldfor 30 minat this temperature to let the copper melt, flow, and
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diffuse into the base metals. The samples were furnace cooled at the end of the
brazing process. Theint cross section was ground and polishstth 1pum diamond

paste and etched using a 2#tal solution to reveal the joint microstructure.

Figure3-1 (a) shows the SEM backscattered electron image (BEI) of the joint
etched cross sectigimken on a magnificationf 100x. The joint has a uniform
thickness of about 50um and no noticeable defect such as porosities or cracks were
observed on the joint cross section. To determine element composition of the
different regions shown orFigure 3-1 (ac), the energy dispersive Xay
spectroscopy EDS) chemical analysis was performeand the results are
summarized ifTable 3-2. Region A is the joint interface where molten copper has
diffused into the base metal. Region B which is shawRigure3-1 (b) consists of
MnS-rich dendrites which came from steel composition dissolution into the molten
copper and formed duringolidification. Figure 3-1 (c) shows the finer Feich
dendrites formed during solidification, as well. All these dendrites within the copper
matrix are the possible failure locations in the mechanical testing whictbevi

discussed in the next sections.
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18mm

Figure 3-1-SEM-BEI imagesof the joint cross section (a) 1000x, (b) 3000x, (8D,00%

Table 3-2 Weight % of brazed joint element composition from EDS analysis

Region A B C
Fe 82.6 15 9.9
Cu 17.4 48.2 90.1
Mn 0 30.2 0
S 0 20.1 0
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3.2 Mechanical characterization

In this sectionthe mechanical reliability of the brazed joints is investigated.
The €nsile and shear strengths of the joint are evaluated by tension and torsion tests
performed on butbrazed joint specimens, respectively. The biaxial tersimsion
tests are carried out to characterize the joint behavior under a mixed mode of
loading. The joint strength anddeformations are numericallgstimated using
ABAQUS 6.7 commercial FE softwaf4]. Moreover, resistance of the brazed joint
against crack propagation is evaluated by fracture toughness testing on SENB and

SENT specimeng:inally, the joint failure mechasms are investigated

3.2.1 Strength evaluation

In this section, the experimental prooees for tensile, shear and biaxial
strength evaluation are provided first. Then, the numerical simulations are performed
to model the joint deformations and estimtte joint strengthsThe experimental

and numerical results are presented at theoétite section

3.2.1.1Experiment

The grength of the butbrazed joint in the normal direction was measured by
tensile testing. Flat delgone shapetensile specimensKigure 3-2) with a central

joint were machined from a brazed block. To investigate the effect of the base metal
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yield limit on the joint tensile strength, tensile specimens with a different base metal
of low carbon steel, ASTM A108, were preparadagll. Uniaxial tensile tests were
performed using servo hydraulic Instron tensile machine uaddisplacement

controlledcondition with a rate of 0.005m/s.
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Figure 3-2- Dog-bone shape specimen with eentral joint for tensile test (dimensions in mm)

The s$ear strength of the bdtrazed jointwith the base metal of low carbon
steel, ASTM A36 was evaluated by means of torsion testing under rotation
controlled condition anda rate of 0.05degeds. Thinwalled tubular shape
specimens with a centr@int (Figure 3-3), recommended by ASTNE2207 were
machined frorma brazed block andsed for the torsion test so that the assumption of

uniform shear stress distribution on the joint cross sectiargas valid [90].
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Figure 3-3- Round tubular specimenfor torsion and biaxial tests @imensionsin mm)
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In addition, biaxial tensiotorsion tests with differ@ extension to twist
angle ratios were performed on the same tubular shaped specimens to characterize
the joint strength in a general state of loadiignsile and shear strains were

measured by a 2m gage length biaxial extensometer.

3.2.1.2Numerical modeling

To model the brazed joints deformation and failure, the tensile, torsion and
biaxial tests are numerically simulated using the ABAQUSs6ffwvare.Figure 3-4
shows a 3D model of theali 10-mm gage section of the tensile specim@&mquarter
of the specimen is modeled duethe presence of two symmetric planes. Symmetric
boundary condition is plad on the miegplane of the joint andhalf of the
experimentally measured extensiaithin the gage sectiors applied at the end of

the model. Quadratic hexagonal solid elements (C3D20) were used in the simulation.

Copper |
1

Steel —

Figure 3-4- FE model and boundary conditions of the tensile specimen
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The joint is modedd as a bimaterial and the corresponditgilk material
properties are assigned to the base and filler metal sections. Mechanical properties of
the two base metals determined by tensile testspagsented imable 3-3, and the

corresponding hardening behaviare shown irFigure3-5.

Table 3-3 Mechanical properties of the base metals

) Elastic modulus ] R Yield strength
Material Poi sonbs
[GPa] [MPa]
Low carbon steel (A108) 200 0.3 338
Low carbon steel (A36) 200 0.3 220

600

Stress [MPa]

100
—Al08
=== A36

0 2 4 6 8 10

Plastic strain [%]

Figure 3-5- Stressplastic strain curves of the two base metals

The mechanical properties for the filler metal are assumed to be the same as

its pure bulkmaterial propertie$91]. In this simulation, an elasticnodulus of 82
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GPa, a Poi s s o ndasyield lanit of 15 MPara Wsed fdr the eopper

filler metal[92]. A power law hardening modi used for the copper as follows

, Tumdicu- 8 (3-1)

where ,, and - are the equivalent Mises stressd the corresponding

equivalenfplastic strain, respective[®2].

To simulate the deformation of the tubular specimens in torsion and biaxial
tests, the 10nm gage section of the tubular specimen is modeletsymmetric 8
noded gadrilateral elements (CAX8)rea used in the simation. One end of the
model s fixed and the experimentally measured extensions and dnggés with
different ratios ee applied to a reference point (RP) coupled to the othepktit:

model, ashown inFigure3-6.

Steel Joint

RP

Figure 3-6- Axisymmetric FE model and boundary conditions of the tubular specimen

3.2.1.3Experimental and numerical results

Engineering eénsile $resses versus tensile strains obtained from the

experiment and FE simulation of the brazed specimens with the base metals of
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different yield limits are presentad Figure 3-7. For the ease of comparison, the
tensile strengths of the different specimens summarized inTable 3-4. In the
numerical modeling, the base metal tensile stress corresponding to the maximum

applied extension is taken as the joint tensile strength.

500

400 X{/}

300

Stress [MPa]

200

-4-A108 (Exp.)
100 -4-A108 (FEM)
-#-A36 (Exp.)
8-A36 (FEM)

0 1 2 3 4 5 6 7 8
Strain [%]

Figure 3-7- Experimental and numerical tensile stressstrain curves of the tensile specimens

Table 3-4 Brazed joint strength for base metals with different yield limits

Base metal yield Experimental FEM
Base metal alloy o
limit [MPa] tensile strength [MPa] tensile strength [MPa]
A108 338 417 418
A36 220 330 332

The equivalent Mises stress distribution obtained from FE modeling of the

tensile specimensFigure 3-8, shows that the external corner of the joint is the
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critical location for failure. Applying the experimentally measured extension to the
FE model, the predicted strengths frothe FE simulaton agree well the

experimental results.

S, Mises

(Avg: 75%)
+4.429e+02
+4.342e+02
+4.254e+02
+4.166e+02
+4.078e+02

+ +3.815e+02

| +3.728e+02
+3.640e+02
+3.552e+02
+3.464e+02
+3.377e+02
+3.28%e+02

5, Mises (b)

(Avg: 75%)
+3.435e+02
+3.409e+02
+3.384e+02

+ +3.208e+02
+3.182e+02
+3.157e+02
+3.132e+02
+3.107e+02
+3.081e+02
+3.056e+02
+3.031e+02
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Figure 3-8- Equivalent Mises stress distribution in the tensile specimens with the base
metal of (a) A108, and (b) A36

The results show that brazed joint tensile strength improvesbsasing the
base metal yield limitThe effect of the base metal yield limit on the joint tensile
strength is related to the constraints imposed by the batd on the joint region

[20]. In the case that the filler metal yield limit is less than that of the base metal, the

41



joint tends to deform plastically under the lateral condtramimposed by the base
metal elastideformation. This constraint induces a high triaxial state of stress in the
joint region. Asshown inFigure 3-9, this constraint vanishes upon reaching the base
metal yield limit and allows the filler metal to deform plastically. Therefore, a base
metal with a higher yield limit promotes the joint tensile strength by delaying the

filler metal extensive plastic defoation to a higher applied load level.

500
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Mises stress in steel [MPa]
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Figure 3-9- Mises stress in steel vets copper plastic strain forthe two base metals

Torque versus crodsead rotation obtained from the torsion test is plotted in

Figure3-10. The maximum recorded torque at the onset of failure was 42 N.m.
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Figure 3-10- Torque versuscrosshead rotation obtained from the torsion test

The average tear stress;t , for thin-walled tubular specimens under

applied torquéy is calculatedrom equation(3-2).

p Y
T 9 a o (3-2)

whereQ and’'Q are inner and outer diameters of the specimen, respeci{Be]y
Using equation(3-2), average ultimate shear strength of 246 M&athe joint is

estimated.

Figure 3-11 shows the experimental and numerical shear stress versus the
shear strain at the outer diameter of the torsjpecimen. The results obtained from

the FE simulation are in good agreement with the experiment.
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Figure 3-11- Experimental and numerical shear stressstrain curves of the torsion test

The shear and equilet Mises stress distributions obtained from FE
simulation of the torsion test are shoimrFigure3-12. The 2D axisymmetric model
is swept 90 degree about its axis for a 3D visualizatitve Jhear and equivalent
Mises stresses haweiform distributions in the base and filler metal regiarsl
other stress components are zero in the whole model. Consequently, unlike the

tensile specimens no base metal constraint effect is imposed on the filler metal

region.
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S, 823

(Avg: 75%)
+2.471e+02
+2.462e+02
+2.453e+02
+2.445e+02
+2.436e+02
+2.428e+02
+2.419e+02
+2.410e+02
+2.402e+02
- +2.393e+02
+2.385e+02
+2.376e+02
+2.367e+02
+2.359e+02
+2.350e+02
+2.342e+02
+2.333e+02
+2.324e+02
+2.316e+02
+2.307e+02
+2.299e+02
+2.290e+02
+2.281e+02
+2.273e+02
+2.264e+02

S, Mises
(Avg: 75%)
+4.27%9e+02
+4.264e+02
+4.249%+02
+4.235e+02
+4.220e+02
+4.205e+02
+4,190e+02
+4.175e+02
+4.160e+02
+4.145e+02
+4.130e+02
+4.115e+02
+4.100e+02
+4.086e+02
+4.071e+02
+4.056e+02
+4.041e+02
+4.026e+02
+4.011e+02
+3.996e+02
+3.981e+02
+3.966e+02
+3.951e+02
+3.937e+02
+3.922e+02

Figure 3-12- (a) Shear(S23),(b) equivalent Mises stress distributions due to torsion (in MPa)

Experimental results of the biaxial tensitmmsion tests with different applied
extension to twist angle ratios are summariredable 3-5. Results obtained show
that upon increasing the ratio of extension to twist angle, the contribution of the

tensile to shear stresses at failure increases.
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Table 3-5 Results of the tensiortorsion tests with different deformation ratios

Extension/ Twist

. Base metal ASTM Tensile strength Shear strengtt
Specimen ID. e angle (R)
specification [MPa] [MPa]
[mm/ degree]

1-A A36 0 0 246

2-B A36 0.013 106 225

2-A A36 0.035 251 166

3-B A36 0.040 246 148

3-A A36 0.045 257 150

C A36 b 330 0

Figure 3-13 compares the experimental tensile and shear sttesa curves
with the results obtained from the FE simulation of the biaxial tests. The numerical

results are in good agreement with thiathe experiment.
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Figure 3-13- Experimental and numerical stressstrain curves of the biaxial tests in (a) tensile
and (b) shear directions

To predict biaxial strength of the joint, a stress based pdaverfailure
criterion proposed for spot welds is used in this study. This failure criterion,
expressed in terms of the previously obtained single mode tensileand shear,

Y , strengths, is as followg2]:
y
_ — 3-3
~ v p (3-3)
where"Y and"Yjare tensile and shear stresses at failure, respectively.

According to the test dat)ebest fit is obtaineavhenthe value of equals

to 1.85asshownin Figure 3-14. The numerically predicted biaxial rengths are in
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agreement with the failure criterion. The results show that in addition to the single
mode strengths in tensile and shear directions, the biaxial strengths of the joint are
numerically well estimated. Furthraore the power law failure criteon in terms of

single mode strengths is well suited to the nature of biaxial failure in brazed joints.
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Figure 3-14- Power law failure criterion curve fit to the biaxial test results

3.2.2 Fracture toughnessevaluation

In this section, the fracture toughness of the bragpetimens is evaluated.
For thispurpose,a starter cracks produced inside theingle edge notchebrazed
specimens.Using load, crack mouth opening displacement (CMOD), and crack

extensiorrecorded during the testéiet joint fracture toughness values for the SENB
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and SENT specimens are calculated, and the corresponding crack resistance curves

are plotted and compared for the two types of the specimens.

3.2.2.1Experiment

Precracked brazed specens were used to obtain the joint fracture
toughness and crack resistance curve by a fracture test. The ASTM E1820 standard
recommended crack depth to the specimen width ratio of 0.5 was selectedofor all
the specimend93]. To create the starter crack inside the joint, half portion of the
faying surfaces were coated by means of NICROBRAZ Green-@topen
containing ceramic powder to prevent thisrtion from brazing. Since the stojff
material solvent has a boiling temperature of B2it easily evaporaseduring
brazing and produsegas bubbles which are trapped inside the joint. In order to
avoid gas porosities in the joint, the coated faysngfaces were preheated inside a
furnace up to 10@ for 20 min before assembling. The copper foil with the
thickness of 75 um was cut and placed on the other half portion of the specimen. As
previously mentioned, steel shims were used as spacers dwibgatting process.

The brazing assembly and detail of the joint faying surface are shdviguire3-15.

The assembly was furnace brazed in the same condition described before.
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Spacer shim
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Joining region
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Figure 3-15 Brazing assembly (a) front view, (b) side view, (c) jaing region top view
(dimensions in mm)

The brazed block was cut and machined into the fracture specimens shown in
Figure3-16. The specimen dimensions were selected accorditigetdSTM E1820

recommendatiorand the ratio of the initial crack length to the specimen width

(Fw) is set equal to 0.B3].

L=100 B=7

‘T_r Joint Y D
=

Figure 3-16- Fracture specimen geometryith the crack length a (dimensions in mm)

a

Fourpoint bending and tensile quastatic fracture tests were performed on

the SENB and SENTbrazedspecimens, respectively. The tests were conducted
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undera displacement controlled condition with a rate of 0.03m@&ometries and
loading configurations of these two sets of specimens are shdwgure3-17 and
Figure3-18. In the fourpoint bend test, inner and outer loadsmans were gripped

into the jigs of a servhydraulic Instron tensile machine. The SENT specimens were
tested with the clamping distance of 60n. Load and crosBead positions were
recorded during the tesThe CMOD was measured by the use of a ¢jgme
attached to the knife edges which were screwed to the specimens within a gage

length of 8mm.

40

\ \
() | 8 lKnife edge \_| /
90

Figure 3-17- SENB specimen under fourpoint bend loading (dimensions in mm)

60

Figure 3-18 SENT specimen under tensile loading (dimensions in mm)
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The crack length was monitored by a CCD vidaeiaroscope camera during
the fracture test. Lab View software was programmed to capture imagesavaidk
tip at every0.01 stime interval. The load output signal was also recorded
simultaneously to identify the corresponding applied load for which the crack tip
image was capturedtigure3-19 shows the schematic of the fracture test and image

capturing setp.

Data acquisition card

[ —
Force output signal
@) USB port
O O Specimen
c Q O CCD video j
] T microscope camera
PCA Controller Clip gage Video card PC-2
Test monitoring Crack monitoring

Figure 3-19- Schematic of the fracture test and image capturing setp

3.2.2.2Results and discussion

Figure 3-20 shows the optical micrograph of the fracture specimen at the

produced starter crack. The crack root radius, whiak meaured less than fim
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for all the specimens, is sharp enough in ordemdbaffect the fracture test results

[94].

25 um

Figure 3-20- Micrograph of the starter crack taken by an ogical microscope (a) 100x, (bb00x

From the quasstatic fracture toughness tests performed on the two types of
SENB and SENT specimens, load versus CMOD curves pletted inFigure3-21.
Behavior of all of the tested specimens in each test group is in good agreement

which validates the test repeatability and accuracy.
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Figure 3-21- Load-CMOD curves recorded for (a) SENB and (b) SENT spcimens
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The optical micrograph of th&acture specimen at the crack tip region is

shown inFigure3-22. The crack has propagated through the copper interdayken

large scale plastic deformation is observed in the base metal region.

Figure 3-22- Optical micrograph of the fracture specimen atcrack tip region (a) 50x, (b) 100x

The images taken from the crack during the fracture tests determine the
corresponding critical load level8,, at which the crack extensidras initiatel for
each tested specimen. Thetical loadsand maximum attainable loads, , are

listedin Table3-6.

The energy needed for ckapropagation per unit area of the crack advance is
called the energy release rate,The critical amount of the energy release rate at
initiation of crack extension is the fracture toughness ofaterial, b . ASTM
E1820 standard for the fractureughness dsting of metallic materialprovides

equations needed for calculation of the energy release rate from a fracture test results
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[93]. The values of the load a@MOD which are experimentally measured for each
increment of the crack advancg ére used for the calculationShe elastic and

plastic components of the enengyease rate are calculated fr¢@8]:

, 0 (3-4)

v 0
- . R r . . (3-5

0 0 ——0 p — ® &)
w6 &)
In equation(3-4) the stress intensity factas, , is defined as:
0 @ )

v —0— S

- Tw

wherew ando are the specimen width and thicknessspestively. Furthermore,
wis the crack length an@ — is a dimensionless weight function for the SENB and

SENT specimens defined leguationg3-7) and(3-8), respectivelyj95].

Q—
@
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where'Y  and’Y  are the outer and inner loading spans for the-pamimt bend

test, respectively.

In equation (3-5), @ is the ligament length, ané h represents the

increment of the plastic component of the area under-@M@D curve, Figure

3-23. Furthermore;- andr are the geometry factors defined according to

the type of the specimef&3].

Load, P

/A“‘L‘ // Original
/ Vot /

/ Loading Slope
/ "

CMOD,V

Figure 3-23- Calculation of =n_L‘ from load-displacement curve

Table 3-6 Critical load, maximum load and fracture toughness ofSENB and SENT specimens

Specimen type Test fei® B [halT E %1 #D
SENB 4-point bend 1.89 2.14 10.63
SENT Tension 10.87 11.48 133.45

57



Crack resistance curve$R) for the SENB and SENT specimens are plotted
in Figure 3-24. In both types of specimens, crack extension was initiated shortly
before the applied load had reached its maximum value. For the SENB specimens
the crack resistance is initially increasing and then reaclies glateau; however,

for the SENT specimens rising resistance curve is observed as the crack

propagates.

400
300 i

200 &

J [kd/m?]
3

a
e
.
g o SENB
a“”un A SENT
0 0.4 08 1.2 16 2

Crack extension [mm]

Figure 3-24- Crack resistance curves foithe SENB andSENT specimens

The difference observed in crack resistance behavior of the two spsdsnen
related to the crack tip plastic zone size which strongly depends on the geometrical
constaint at the crack tip regiof®6]. The SENB specimms have a high crack tip
geometrical constraint which causes a triaxial state of stress resulting in less

plasticity induced at the crack tip region. Whereas, the SENT specimens with a
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lower level of stress triaxiality have a large developing crack tiptiplaone and
show a noticeable toughing during tearing procef28]. As a result, using the joint
fracture toughness obtained from a SENB specimeadsleto an excessive

conservatisnin engineering designs.

3.2.3 Failure mechanisms

The fracture surfaces of the tedtspecimenghat failed under tensile and
shear stresses were examined by SEM in secondary electron image (SEI) mode. The
SEM images reveal that failure has occurred at the joint filler metal region, and no
delamination is observed along the filler andebasetal interface. For all of the
brazed specimens failed under tensile stresses, a mixed fracture mechanism is
identified on the images. For instance, the fracture surface image of one of the
tensile specimens is shown Figure 3-25 (a). Dimples on the fracture surface
indicate ductile micromechanism of void nucleat growth and coalescen{@7]
and are magnified irFigure 3-25 (b). Dendritic failure is the second failure
mechanism observed on the ShkMages of the specimensder tensile stresses.
Figure 3-25 (c) shows dendrites on high magnification, and the dendrite arms are

magnified inFigure3-25 (d).
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Figure 3-25- SEM-SEI images of the tensile specimen: (a) mixed mode fracture mechanism, (b)
spherical dimples, (c) dendrites (X230), (d) dendrites in the copper matri@2,000)

The EDS chemicahnalysis was performed to verify the element composition
of the fracture surface corresponding to the different failure mechanismilEae
regions withthe dimple rupture mechanism consist of Fe and Cu elements. The
previously identified Feich dendrites in the Cu matrix serve as the void nucleation
sites which lead to the dimple rupture. Microvoids formed during solidification
grow, coalesce and cause thenple rupture as well. Théiled regions withthe
dendritic failure mechanism contain Mn and S elements. This indicates that the
MnS-rich dendrites which were observed earlier on the joint cross section cause
dendritic failure mechanism for the specimdaded under tensile stresses. This
brittle dendritic phase, as the joint weakest region, is the site of damage initiation

and significantly decreases the joint strength and ductility.
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Figure 3-26 showsa SEM image of the torsion specimeh.ductile failure
mechanism is identified by the dimples elongated in the shear direction. The MnS
rich dendrites identified on the fracture surfacserve as the swoce of void
nucleation which leads to the dimple rupture under shear stresses. Moreove¥, the Fe
rich dendrites in the copper matrix and microvoids are the other sources of the

dimple rupture in the torsion specimen.

Figure 3-26- Elongated dimples on SEMSEI image of the torsion specimen (X1300)

3.3 Summary

In this chapter the tensile, shear and biaxial strengths of low carbon steel
brazed joints with copper filler metale experimentally evaluated and numerically

simulated by ABAQUS 6.7 softwarelhe sistance of the joint against crack
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propagation is evaluated by fracture toughness testing on SENB and SENT

specimens. SEM images of the joint fracture surfaces revealecbtresponding

failure mechanisms under tensile and shear streshesbllowing conclusions are

drawn from this study:

1.

Images of the brazed joint etched cross section taken byEHNechnique

and the corresponding chemical EDS analysis revealed thea join
microstructure and element composition on different joint regions. The MnS
and Ferich dendrites identified in the brazed filler metal region serve as the

damage initiation locations in the mechanical testing.

The ensile strengths of the two brazednjsi with different base metals of
A36 and A108 low carbon steels were mgad equal to 330 MPa and 417
MPa, respectively. It was found that a higher yield limit of the base metal
enhances the joint tensile strength by delaying the extensive plastic
deformation of the filler metal to a higher load lev@he dear strength of

the brazed joint with A36 steel base metal was measured equal tdR246
from the torsion test performed on thwalled tubular specimens. Biaxial
strength and deformation behaviortlbé brazed joints were also evaluated by

tensiontorsion tests for different extension to twist angle ratios. A mixed
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mode power law failure criterion witthé exponentequal to 1.85 was best

fitted to the experimental results.

. Applying the experimentallymeasured deformations of the tensile and
torsion specimens into the FE model, the joint strengths were well estimated.
Furthermore, the numerical results obtained from the FE simulation of the
biaxial tensiororsion tests were in good agreement with plosver law

failure criterion fitted to the experimental data.

. Fracture toughness tests were performed on the SENB and SENMepgci

The loadCMOD curves coincidedell for each type of the tested specimens.
The average fracture toughresvascalculatedo be 10.63 kJ/m and 133.45

kJ/nf for the SENB and SENT specimens, respectively. Crack resistance
curves for the two different tested specimens showed dependency on the
loading configuration. Higher geometrical crack tip constraint effect of the
SENB specimens decreases the joint toughregsificantly. However, the
growing crack tip plastic zone of the SENT specimens leads to a more ductile
behavior which was observed from its corresponding resistance curve.
Consequently, using theacture toughness obtained from a SENB specimen

leadsto an excessive conservatismengineering design
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5. SEM-SEI images showed that failure happened at the joint filler metal
region. Two different failure mechanisms of dimple rupture and dendritic
failure were observed on the fracture surfaces of the spasiffiailed under
tensile stresses. The EDS analysis revealed that theriglm$&endrites are
the sites of dendritic failure, while the finer-eh dendrites and microvoids
cause the dimple rupture in the tensile specimens. The SEM image of the
torsion sgcimen showed the ductile dimple rupture mechanism which was

initiated at the dendrites and microvoids.
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Chapter 4
Cohesive Zone Modeling of Dctile

Tearing Process in Brazedidts

The dictile tearing process in low carbon steel brazed joints with copper
filler metal is studied using the CZMhe cohesive energy of the brazed joints is
obtained from the foupoint bend fracture test resufisovided inChapter 3Based
on the obtained cohesive energy parameter, the fracture test is simulated using
ABAQUS 6.7. A unique value for the joint cohesive strength is determined by best

fitting the FE results to the experimental 16@MOD curve. The predictability of
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the characterized CZM is explored by FE modeling of the tensile test performed on
the SENT specimens. The le@MOD curve obtained from the FE modeling
conforms to the corresponding experimental results. The good agrebketeren

the FE simulation results and the experimental data confirms the applicability of the

CZM for fracture analysis of the brazed joints.

4.1 Evaluation of the cohesiveenergy

The cohesive energy is the work required for complete material separation
per unit area of the crack advanpt8]. This quantity can be expressed in terms of
the critical value of the energy release rate in acpaeked bodyln this section the
concept of the energy release rate is introduced first and the value of the brazed joint

cohesive energy is obtained based the fracture test results presediegter 3

4.1.1 Energy release rate

The energy release rate is defined as the energy dissipated for an increment

of crack extensioasfollows:

(4-1)

o:
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where and 0 are the potential energy and the crack area, respectiVak.
potential energy is defined by te&rain energy'y, stored in the body and the work,

"Q done by an external loadl,, as follows[95]:

Y O (4-2)

Substitutingequation(4-2) into equation(4-1), the energy release ratan be
described in terms of load, and displacementy, applied 6 a plate with a unit

thickness, aslustratedin Figure4-1[95]:

, Tw
0 'I'_w QU (4-3)
or
’ 10 Q (4-4)
by
//.\

Figure 4-1- A plate with a crack lengtha under the applied loadP
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The crack starts propagation when the energy release rate reaches its critical
value, 0, known as the fracture energy of a mateflialthe case of brittle fracture,
the critical energy release rate, denoted "®y consists of the material surface
energy] , and its accompanying plastic woaksmallscalevicinity of the crack tip

for the unit area of the surface created,as followg[95]:

O ¢r T (4-5)

However, in ductile fracture theritical energy release ratalso includes
large scaleplastic dissipations arod the crack tip regionn this casdhe energy
release ratés decomposed into two parts: telastic component) , which isthe
energy needed for materiakparation per uniirea of the crack advance and the
plastic component) , which isthe energy dissipateger unit area of the crack
advancedue to largescale plasticity around the crack tip regi@,95,98100]. In
order to obtairthe components dhe energy release rate, the applied displacement,

w, is decomposeihto its elastic and plastpgartsas follows:

®» O (4-6)

Substituting equation (4-6) into equation (4-3), the elastic and plastic

components of the energy release rate are obtainassl@as
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0
Y 4-7
o 5 (4-7)
: Tw O 4
v _(D v (4-8)
whereO Ofor plane stressarf@ OF p '  for plane strain condition®5].

ASTM E1820 standar{P3] provides the incremental forms of tequatiors
(4-7) and(4-8) for calculation of the energielease rate from a fracture test results.
Based on théencremental relationshe brazed jointscritical energy release rassd

the corresponding crack resistance curve wbtainedn Chapter 3

4.1.2 Cohesive energy othe brazed joints

The cohesive energy is the work required for complete material separation
per unit area of the crack advand8]. In other words, the energy dissipated for
materialdebonding within themmediatevicinity of the crack tipis definedas the
cohesive energy of a materidh brittle fracture, thecritical energy release rate is
considered as theohesive energfb3,85,95] As discussedn the previous section,
in ductile fracture theenergy release rate includes lasgale plastic dissipations
around the crack tip region, as wdllecomposition othe energy release rate into

the elasticp , and plasticp , components decouples the work required for material
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separation from the energy dissipation due to ksgge plasticity around the crack
tip region [53,60,95,98100]. Hence, he elast component of the critical energy
release rate) , which is the energy needed for material debonding per unit area of

the crack advance, is considered as the cohesive energy of a ductile |

The value of the brazed joint cohesive rgyels obtained from the results of
the quaststatic fracture testperformedon the SENB sp@mens which were
presented irChapter 3 The values ofd and its corresponding elastic and plastic
components irthe plane stress and plane strain conditiondistedin Table4-1. As
discussed above, the plastic component of the energy release rate corresponds to the
base metal plastic dissipation around the crack tip, while the elastic part of the

critical energy releasate representfiébrazed joint cohesive energy

Table 4-1 Components of critical energy release ratéor the SENB

L
Stress state l
F O
Plane stress 4.76 5.87 10.63
Plane strain 4.33 5.87 10.20

The obtained valugeof the brazed joint cohesive energy will be used in the
cohesive zone modeling of the fracture testharacterizeéhe cohesive strength in
the following section
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4.2 FE modeling of ductile tearing process in the SENB

specimens and evaluation of the cohesive strength

Ductile tearing process ithe SENB brazed specimens under the -fmint
bend quasstatic fracturetest is modeled using ABAQUS 6[A]. The builtin
cohesive elements (COH2D4) with 4 nodes and 2 integration points are used in the
simulation The schematic of the two dimensional cohesive element is illustrated in
Figure4-2. The element has two degrees of freedom of displacement in normal and
shear directionper each nodeThe thickness orientation of the element is defined
such that it is perpendicular to the top and bottom faces. These two opposite faces
are separated by a defined initial constitutive thickness. The separation in the
cohesive element is simply measured by relative displateoi¢hese two opposite

faces[4].

Top face

4 - 3

X Thickness
X direction

1 2
Bottom face

o Nodes

% Integration points

Figure 4-2- Schematic of a 2D cohesive element (COH2D4)
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The brazed joint interlayer was mesheg a single row of the two
dimensional cohesive elements oriented in the joint thickness direction. The initial
constitutive thickness of the cohesive elements is@glao the joint clearance of
0.05 mm. A bilinear tractiorseparation lawshown inFigure 4-3, is used as the
constitutive model of the cohesive elements. The relation between the CZM
parameters of the cohesive enemyand thecohesive strength, j , is given by

equation(4-9), asbelow:
P
G =, & 4-9
c Al (4-9)

wherg represents the separatiorfature [85].

The diffness of the cohesive elementghich is equal to the slope of the

linear part of theractionseparation lawis defined by{4]:

(4-10

.0
Q -
0]

whereE andt represenffoungdés modul us of the,8 oint

GPa, and the joint clearance, i@05mm, respectively
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Traction

O, Separation O,

Figure 4-3- The bilinear traction-separation law used for the simulation

The surrounding base metal regions are meshed -bpdé quadrilateral
bilinear elements (CPS4Rj]. The same material properties are defined folldie

carbonsteel(ASTM-A36) base metal as presenteddhapter 3

The FE moel of the SENB specimen and @pplied boundary conditions are
shown n Figure4-4 (a). Fixed displacement boundary conditions are applied to the
top rigid rollers and the bottom rigid rollers are displaced upwgudace to surface
contact is used between the rollers and specimen with a refined mesh at the contact
regions. The CMOD is obtained from thalisplacement of the knife edges included
in the FE model. The mesh patterns around the crack path and atdhégpcrack

are illustrated irFigure4-4 (b) and (c), respectively.
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Figure 4-4- (a) FE model ofthe SENB specimens and boundary conditions, (b) mesh pattern

around the crack path, (¢) mesh pattern at the crack tip

A mesh convergence study is carried out to obtain a proper cohesive element

length,, ; . The initial cohesive element length of 0.02 rimrselected first and

the number of elements is doubled in the subsequent mesh convergence analyses.

The obtained numerical CMQOBrack extension curves for different cohesive

element lengths arplotted inFigure 4-5. The numerical results are converged for

the cohesive element length of 0.005 mm which is used in the FE simulations.
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Figure 4-5- CMOD -crack extension curves for different cohesive element mesh sizes (in mm)

In order to capture the plastic deformation around the crack tip, the
surrounding continuum elements should be sufficiently fine. An initial element
length of 0.12 mm is selected fdret continuum elements , and the number of
elements is doubled in the subsequent FE analyses. The&Ch@d curves for
different mesh sizes are presented and compared with the experiorentaFigure
4-6. The FE results are converged for the continuum elegieatof 0.02 mm which

will be used in the FE simulations.
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Figure 4-6- Load-CMOD cur ves for different continuum element mesh sizes (in mm)

The cohesive energgbtainedin the previous section is assigned to the
cohesive elements$igure 4-7 shows the numerical loadMOD curves which are
plotted for different values of the cohesive strength in plane stress condition and
compared with the experimental one. It is shown that thested strength of 400
MPa best fits the corresponding experimental culeaiations of the predicted
loads with respect to different cohesive strength values are listd@ble 4-2.
Results obtained indicate that the maximum attainable load shows more sensitivity

than the critical load with respect to the variations of the cohesive strength

parameter.
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Figure 4-7- Experimental and numerical loadCMOD curvesfor different values of(; 4 4

Table 4-2 Variations of the critical and maximum loads respect to the cohesive strength

G +4 E'EH X pg i i |} [kN] +.t E
380 4.76 0.0250 2.03 2.04
400 4.76 0.0238 2.05 2.15
420 4.76 0.0226 2.07 222

Figure4-8 shows the contours of traction and stress fielgppadicular to the
crack faces atlifferent stages of the crack propagation. The traction continuously
increases over increasing the separation along the interlayer until the damage
initiates EFigure 4-8 (b,c)). Further increase in the separation results in the traction

decrease in the damaged cohesive elements and the crack initiates when the first
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cohesive element is fully damageéigure 4-8 (d)). The elements which are fully

damaged are removed subsequently to simulate crack propadratgjored-8 (e)).

S, 522 (CSYS-1) (a)
(Avg: 75%)
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¢
2
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z
N
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‘}
-2.154e+02 2.
24326402 (d) 3

(e)

Figure 4-8- Stress field, S22, perpendicular to crack faces (a) in the whole model at crack
initiation, (b) before damage initiation, (c) atthe onset of damage initiation, (d) athe onset of
crack initiation, (e) during crack propagation
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To better illustrate the crack growth process in the joint using the CZM,
distributions of the traction along the interlayer at different damage levels aezplot
in Figure4-9. This figure shows the gradual decrease in the traction for the damaged
elements which indicates the loss of element load carryipgctg. The traction

reduces to zero for fully damaged cohesive elements to model crack propagation.

«-- Before damage initiation
-=-- Damage initiation
- Crack initiation
—— Crack growth
400 ] pors g

Traction [MPa]

Distance from the crack tip [mm]

Figure 4-9- Traction distributions from the initial crack tip along interlayer at different damage
levels

The loadCMOD curve obtained for the cohesive strength of KA in the
plane strain condition is plotted and compared with the results in the plane stress
condition,Figure4-10. The results show thdt a plane strain conditiors assumed,

the plastic deformation around the crack tip region is noticeably underestimated, and
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is not consistent with the nature of this problem. Hence, the plane sirelisan is

suitable for twedimensional crack growth modeling of the fracture specimens used
in this study.

25

Load [kN]

o Exp
——Plane stress
— —Plane strain

06 09 1.2 15
CMOD [mm]

Figure 4-10- Experimental and numerical loadCMOD curves in plane stress and plane strain

4.3 Validation of the CZM

In order to explore theredictabilityof the CZM approach andailidatethe
obtained cohesive zone parameters, the tension test performed on the SENT
specimens is simulatedrigure4-11 shows the FE model and the applied boundary

conditions of the tension test. One end of the model is fixed and displacement in
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extensiondirection is applied to the other end of the modlble sameslement sizes

obtained for the modeling of the SENB specimen are used in this simulation.

Figure 4-11- FE model of the SENT specimen and the applied boundary conditions

The loadCMOD curveobtainedfrom the FE simulation is plotted over the
experimental curve, as shown kigure4-12. It is observed that in the plane strain
condition the maximum attainable load level is considerably underestimated.

However, in the case of plane stress the maximum load and its corregpondin

CMOD are well predicted by the model.

Load [kN]

o Exp.
—CZM (Plane stress)
——CZM (Plane strain)

0 02 0.4 06 0.8 1
CMOD [mm]

Figure 4-12- Experimental and numerical loadCMOD curves of the SENT specimen
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The critical load at crack initiation and the maximum attainable load obtained
from the simulations and the experiments for the SENB and SENT specimens are
presented and comparedTiable4-3. The results show that the load levels for both

types of the specimens are well estimated by the CZM.

Table 4-3 The critical and maximum loads obtained from the experiment and CZM

CZM Experiment
Specimen type
||-|= [kN] ”’D o T E ”- F [kN] ”’D +e [ =
SENB 2.05 2.15 1.89 2.14
SENT 10.74 11.60 11.01 11.81

Contours of the crack tip plastic strain in the SENB and SENT specimens at
the onset of crack initiation, during crack propagatang at the onset of failure are
plotted inFigure 4-13. Under the tensile loading, two slip shear bands are formed
and developed & +55° angle with respect to the loading axis. In bending, the slip

bands form a faishaped curvature known as Rald slip fields[100].
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Figure 4-13- Crack tip plastic strain in the SENB at (a) crack initiation, (b) a=0.2 mm, (c) at
failure, and in the SENT specimen at (d) crack initiation, (ep=0.2 mm, (f) at failure
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The width of the plastic zone with respect to the crack extension for the two
types of fracture specimens is plottedrigure4-14. In the SENB specien the size
of the plastic zone gradually increases after crack initiation until a constant size is
reachedHowever, in the SENT specimen the plastic zone size is larger than that of
the SENB specimeand develops faster with respect to the crack extansis
shown inthis figure,for both types of the specimens the load increases during the
development of the plastic zone and reaches its maximum value once the plastic
zone size stabilizes. Thereafter, the total energy required for crack propagation, i.e.
the summation of the plastic dissipation energy and the cohesive energy, remains
constant. As a result the external work of the applied displacement remains constant

and the load drops to satisfy the energy balance.

—e—Load (SENT)
—— Plastic zone width (SENT)
—se—Load (SENB)
— —Plastic zone width (SENB)

Plastic zone width [mm]
®
®
Load [kN]

0 0.2 04 0.6 08 1

Crack extension [mm]

Figure 4-14- Load and crack tip plastic zone width with respect to thecrack extension
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The crack tip plastic zone size depends on the stress state which is indicated
by the stresgriaxiality factor (TF) A high level of stress triagiity constrains the
plastic flow at the crack tip regiofihe triaxiality factor is defined as the ratio of the

hydrostatic part of the stress,, to the equivalent Mises strefd91]:

YO —— (4-11)

Figure 4-15 shows the variations of the triaxiality factor plotted on a path
from the initial crack tip location along the interfadée tensile part of crack tip
stress triaxialitylevel in the SENB specimen is higher than that of the SENT
specimenHence the plastic flow at the crack tip of the SENB specimen is more
constrained and the corresponding plastic zone devidepthan that of the SENT

specimer{102)].

The good agreement observed between the results of the tension test
simulation and the experiment verifies the uniqueness of the obtained values for the
CZM parametes. Moreover, the results show that using the CZM the crack tip stress
triaxiality, which affects the shape and size of the plastic zone, is well captured. It is
concluded that once the CZM is characterized for a brazed joint, the model is
capable of the jot fracture analysis independent of geometry and loading

configurations.
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Figure 4-15- Triaxiality factor along the interface at (a) crack initiation, (b) a=0.2 mm
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4.4 Summary

In this chapter the bilinear CZM was successfully employeds a
two-parameter fracture analysis tool to predict mbdeacture and simulatéhe
ductile tearing process in the brazed jointksing the CZM, the energy needed for
material debonding is decoupled from the large scale plastik dissipated around
the crack tip. Hence, the characterized CZM is capable of nonlinear fracture analysis
of the steel/Cu/steel brazed joints independent of geometry and loading

configurations.

The CZM parameters of the cohesive strength and the sehesergy were
characterized from the foymoint bend fracture test results associated with the
corresponding FE simulationThe pedictability of the obtained CZM was
investigated by the FE modeling of the tensile test performed on the SENT

specimens. Rwing conclusions are drawn from thikapter

1. The cohesive energy, as one of the CZM parameter, can directly be obtained
from the fracture test results on the pracked SENB specimenBxcluding
the base metal plastic work dissipated around the ctigckthe elastic
component of the critical energy release rate., the energy needed for
material separatioper unit area of the crack advance,the joint cohesive

energy in the ductile tearing proce$he cohesive enerdyr the steel/Cu/steel
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brazd joints is found to be equal to 4.76 k3and 4.33 kJ/rin the plane

stress and plane strain conditions, respectively.

. The cohesive strength, as the second CZM parameter, was detetimoegh
relating the finite element modelingesultsto the experimental loa@MOD
curve of the fracture test performed on the SENB specimfessiming the
plane strain condition in the FE simulation, the plastic deformation around the
crack tip region was noticeably underestimated which was not consistant wit
the nature of this problem. Hendke brazed joint cohesive strength was

obtained equal to 400 MPa in the plane stress condition.

. To validate the characterized CZMr the steel/Cu/steel brazed jointhe
tensile test performed on the SENT specimensmadeled The loadCMOD

curve obtained from the FE model was in good agreement with the
corresponding experimental resulffie agreement between the FE simulation
results and the experimental data showed the uniqueness of the obtained CZM
parameters. Thigdicatesthat once the CZM parameters are determined for a
brazed joint, the CZM is capable of predicting the joint fracture independent of

geometry and loading configurations.

. The dfect of crack tip stress triaxiality on the plastic zamape and sizeras

well captured by the model. The low crack tip triaxiality factor in the SENT
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specimens results in a more developed plastic zone than that of the SENB
specimens. Furthermore, the simulation results showeddhabth types of

the specimens the loadadreases during the development of the plastic zone
and reaches its maximum value once the plastic zone size stabilizes.
Afterwards the total energy required fothe crack propagation remains

constant and the load drops to satisfy the energy balance.
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Chapter 5
Modeling FatigueCrack Growth Using
anlrreversibleCZM

In this chapter, fatigue crack growlRCG)in the brazed joints is modeled by
an irreversible CZM. Straiontrolled fatigue tests are performed on the brazed
specimensand the corresponding resullin terms of fatigue crack initiation and
propagation lives are presentel cyclic damage evolution law is coupled ttee
CZM to irreversibly account for th@int stiffness degradation over the number of

cycles.The damage law parameters are calibrated based on analytical solutions and
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the experimental fatigue crack growth dafBhe characterized irreversible CZM

shows applicability to FCG life prediction of brazed joints.

5.1 Experiment

Uniaxial cyclic fatigue tes were performed on the flat dbgne shapd
brazed specimenshown in Figure 5-1. The tests were performed using servo
hydraulic Instron tensile mame under fully reversed strain controlled condition.
The wave form generataf the machinevas set to produce sinusoidal wave with a
frequency of 1 Hz.

100

26

-

12.50

6.2 |

3

Lmame

Figure 5-1- Dog-bone shapé specimen with a central joint for fatigue tests (dimensions in mm)

The specimens were cyclically tested under different strain amplitoides
0.08%, 0.0%, 0.12%, 0.15%and 0.D%, which were measured using a-tn

gage lengthaxial extensometer. A fatiguzrack is initated when thesoftening rate
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of the loadcycle curveacceleratesasshown inFigure 5-2 [103]. The number of

cycles at 50% load drop iaken as the total fatigue lif@03].
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Figure 5-2- Load versus the number of cycleor strain amplitudes of (a) 008%, (b) 0.10%, (c)
0.12%, (d) 0.15%, and (e) 0.20%
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The fatigue crack growth (FCQijfe andtotal fatigue lifefor different strain
amplitudesare presentemh Figure5-3 (a) and (b), respectivelfrurthermore, the test
resultsare summarized ifable5-1. Fatigue cracks can easily initiate frdirazing
defects inside the joints. Since the brazed specimens are not ideally from the same

guality, the cack initiation lives are morgcattered than the crack propagation lives.
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Figure 5-3- The experimental strain amplitudes versus (a) FCG life, (b) total fatigue life
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Table 5-1 Crack initiation, propagation and total lives for different strain amplitudes

SpecimeniD. Strain Amp. Initiation life FCG life Total life Final load
[%0] [cycle] [cycle] [cycle] drop [%]
3 0.20 170 400 570 50
4 0.15 2600 1140 3740 50
5 0.15 7100 1203 8303 50
6 0.12 11884 4466 16350 50
1 0.10 34000 11000 45000 50
2 0.10 4400 9600 14000 50
10 0.08 30000 12000 42000 50

5.2 Cohesive zone mdeling of fatigue crack growth

In this section, dtiguecrack growth is modeled using an irreversiGlgM.
Developing a Python script for ABAQUS 6.7, a damage evolution law is
implementednto the constitutive equation of the cohesive elemaenisreversibly
degrade the cohesive zone stiffness over the number of cytlesdamage law
parameters, which affect the rate of damage evolution, are calibrated based on

analytical solutions and thexperimental FCG data
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5.2.1 Cyclic damage evolutionaw

A cyclic damage evolution lawproposedby Bouvard et al[54], is used in
this study. This damage lawhich wasmot i vat ed based on Roe

modelis ashelow

..Y o
O 8p © ép—,o YO Y (5-1)

whereo, & and¢& arethe parameters which control the rate of damage evolution,
and”Y is a traction threshold or the CZM fatigue endurance limit under which the

damage variable does not evoligt]. Moreover, Y indicates the rate of change in

separation within the cohesive zone.

The tractionseparation stiffnesX) degrades due to damage accumulation in

each cycle, as follows:

N Qp © (5-2)
whereQ is the initial stiffness of thEzZM.

Figure 5-4 shows thefully reversedsinusoidal displacememnave 0 0,
applied to thespecimens and theorresponding loading, unloading and reloading
paths on the tractieseparation model. In therd$t loading cycle the damage

develops on the monotonic softening paths lassumed thatnloading pathsn the
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tractionseparation modetare always toward the origifb4]. The cyclic damage

evolves during loading when the tractions are positive, and remains constant during

unloading[49].

max0 [

Traction (T)

Separation (U)

LT

Figure 5-4- Applied displacement wavew(t), and the correspondingloading-unloading paths on
the traction-separation model

Since the damage evolution needs to be calculated for each cycle, the fatigue
analysis would be a time consuming procedure. Therefore, the FE analysis is only

performed for a selected cycles and the damage variable is extrapolated for the next

Y0 cycles, as follows:
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0y 0O —Y0 (5-3)

whereY0( is selected such that the damage evolut®n ¢ O ) is sufficiently
small [54]. Implementation of the cyclic damage evolution law into the CZM is

provided in the following section.

5.2.2 Numerical implementation of cyclic damage evolution law into the
CZM

The cyclic damage evolutioraw is implemented into the cohesive zone
constitutive model. To this aim, a script was developed for ABAQUS 6.7 in Python
programming language to account for cohesive element stiffness degradation due to
damage accumulation in each cycle. The script & fialidated by comparing FE
results with the analytical solution available for a simple uniaxial problem. In this
case a rodwvith a central jointunder a fully reversed uniaxial cyclic loading is
considered, as shown igure5-5. The rod has a leng#ind radius of 0.02 mm and
0.01 mm, respectively. The material properties and cyclic damage law parameters

used in thanalysis are giveim Table5-2.
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N~

Figure 5-5- A rod with a central butt joint under cyclic loading

Table 5-2 Material properties and damage law parameteraised in the analysis

Parameter Value

Youngds 'mbA 30

Poi ssonds 0.25

. " 0A
Q % 1e9
0 -0Ad i 3000
m 3
n 1
Y- 0A 100

The uniaxial cyclic displacement, applied to the one end of the rod, is given

as below:
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00 0 "YQ& (5-4)

where the value ad is assumed to be 0.0002 mm.

A linear tractionseparation law Eq. (5-5), is considered as the joint
constitutive model, and it is assumed that the maximum traction never reaches the

cohesve strength.

Y Qp O (5-5)

In the analytical solution the axial stress in the jqds expressed in terms of

the joint separatioriy, as follows:

; (@) (5-6)
whereOi s Young okthemd.dul us

From the continuity requirement, the traction induced in the joint is equal to
the axial stress in the rodY( ,). Substituting Eg.(5-5) into Eq. (5-6), the

separation at thjoint is obtained as followg9]:

N Q0
Y 0T p 5 P 0 (57
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Using the above analytical solution, a MATLAB code is developed for cycle by

cycle analysis of this problem.

Figure 5-6 shows the axisymmetric FE model of the rod under uniaxial
loading. One end of the rod is fixed and the axial displacement is applied théhe o
end of the modelThe base metal anjdint regions are meshed lynode bilinear
axisymmetric quadrilateralontinuumelementg CAX4R) and4-node axisymmetric

cohesive elemea{COHAX4), respectively.

Continuum
elements Cohesive
elements

Figure 5-6- Axisymmetric FE model of the rod under uniaxial loading

Using the Python script, the joint traction and separation are taken from
output database of the FE analysis to calculate the damage evolution in each cycle.

Accumulatirg the damage variable, the stiffness of the cohesive elements are
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degraded accordingly and assigned to the modelfadysis of thenext cycle.
Figure5-7 shows the flowchart of the Python script developeddfonage analysis

for each cycleil.

Traction
Separation

A 4

Cyclic damage
evolutionlaw (O)

A\ 4

Damage accumulatign
0O ©O 0O

NO | Cohesive element
removal

Yes

Stiffness degradatio
T Qp O

Figure 5-7- Flowchart of the cyclic damage analysis
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The damage variablebtained from the FEM and analytical solution are
plotted anccompared irFigure5-8. It is observed that the damage evolves rapadly
the beginning and propagategh a lower rate during the last cycles until it reaches
the critical value ofL. The cyclic tractiorseparatn curves obtaineffom the FEM
and analytical solutionare plotted in Figure 5-9. The figure shows the gradual
degradation of the cohesive stiffneseothe number of cycle¥he good agreement
between the results of the FEM and analytical solution validates the accuracy of the
Python script developed for the cyclic FE analysis. This script will be used for

modelingFCGin the next section.
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Figure 5-8- Damage evolution over the number of cycles from the FEM and analytical solution

103



—e— Analytical
= FEM

Traction [MPa]

1 I 1 I
0.4 0.6 0.8 1

Separation [mm]

Figure 5-9- Cyclic traction-separation curves from the FEM and analyticalsolution

5.2.3 Calibration of the cyclic damageevolution law and modeling FCG

In this section fatigue crack growth in the brazed specimens is modeled using
the Python script developed ftire cyclic damage analysis in ABAQU&.7. Load
drop percentage isonsidered as an indication @dtigue crack growth in the
analysis. Thenitial crack lengthat the beginning of load drop éstimated by FEM
Then, cycle by cycle FE analysis performed to account for damage evolution and
cohesive element stiffness gtadation. Loss of load bearing capaciiy fully

damagedcohesive element@mulatedatigue crack propagation.
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1 Estimation of the initial fatigue crack length

In order to estimate the fatigue crack length at initiation of load,dhep
fatigue specimenvith different crack lengthsy is modeled in ABAQUS Figure
5-10. One rav of the cohesive element€OH2D4)is placed along the joint region.
The surrounding base metal regions are meshed-mydd quadrilaral bilinear
elements (CPS4R) the plane strescondition[4]. The same material properties are

definedfor thebaseand filler metal regions ggovidedin Chapter 4
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Figure 5-10- FE model of the fatigue specimen with an initial crack

One end of the specimen is fixed and axisplacement is applied to the
other end of the modeRpplying the same amountf axial displacemenb the FE
models with different crack lengththe correspondingxial load levels are obtained.
The load drop percentage is calculatedpe&t to the lod level in an intactnodel

and plotted with respect téhe cracklength, as showm Figure 5-11. This figure
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shows that the load drop starts at the crack length of 0.1 mm. Hentlee purpose
of fatigue crack growth simulatioan initial crack with the length of 0.1 mm is

created irthe model
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Figure 5-11- Load drop percentage versus the crack lengthbreated in the FE model

1 Damagelaw parameter determination and nodeling of fatigue crack

growth

As described in the previous sectidhe cyclic damage evolution law wa
implemented into thecohesive elementonstitutive model using the developed
Pythonscript. Fatigue crack growth is simulated by successive degradatidimeof

cohesive elements the FE modelThe 10-mm gage section dhe fatigue specimen
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with the initial crack length of 0.1 mns modeled, ashown inFigure 5-12. The
axial deformation which is experimentally measubgdhe extensometeis applied

as the boundary conditiaf the model.

7

Gage section 1 Fig.5-12(c)

Fig.5-12(b)

(@) ®) |

(©) T

Figure 5-12- FE model of the fatigue specimen with an initial crack

The cohesive element size in the FE model is selected based on the criterion
proposed by McClung and Sehitodll04]. According to this criterionat least 10

elementshave tobe included in the crack tip plastic zottehave accurate results

Using McClungbs <criter i o(RPZ)otme lehgtheof ther act ur e

cohesive elementd ;; ,is selected such that:
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0 T#p0 (5-8)

where0d is thelength of the fracture process zdbd].

The length of th&FPZcan bee st i mat ed based on | rwinods

zone sizeln the plane stress conditighis estimation is madey Eq.(5-9):

I©

(5-9)

0
‘ "Y

, e (5-10)
L PP U W

where, s thefar field axial stress andis the crack lengtfb4,95].

In order to obtain the maximuaillowable length of the cohesive elements, a
minimum value of thestress intensity factpwhich corresponds tthe initial crack
length of 0.1 mm anthe strain amplitude 00.10% is calculatedn Table5-3. The
value of theCZM fatigue endurance limit)Y, is taken equal t6Y 1@ y 5
[37]. According to this d&ble the length of the FPZ and the maximum size of the
cohesive elements are obtained equal to 0.3920 mm and 0.0392 mm, respectively.
Therefore, the selected length oDD5 mm for the cohesive elements in the FE

model satisfieélc Cl ungdés <criterion.
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Table 5-3 Calculation of the maximum size of thecohesive elemerst

E_ P a 4|+ oo Ll s 4 4 4, puoo diu000

0.10 198 0.1000 3.5095 100 0.3920 0.0392

The parameten, which controls the damage rate, affects the number of
cohesive elements in the FPZ. Thus, this parameter is calibrated such that the length

of the FPZobtained from the HEA matches that of the analytical solutiéwcording

toRoe and Siegmundds damagedi— aMQie,the exponert

value of the parametér in Eq. (5-1), is set equal to 137]. Using the parameters
listed inTable5-4, cycle by cycle FE analysis is performied the strain amplitude
of 0.15% Figure5-13 shows thdar field stress and tractiodistributionobtainedfor
the crack length of 0.1 mrAs described ilChapter 2thelength of the FPZ is taken
form the material crack tip to themathematicalcrack tip. The numerical and
analytical lengthk of the FPZfor different stages ahecrack propagatioare plotted
in Figure5-14. Theresults show thatisingthe value of 1.75or the parameted

providesnumerical resultthatare in good agreemenitiv the analytical solution.

Table 5-4 Parameters used inFCG analysis

= E'EHd | . Q.15 E'EH 4§ E'EH

1640 0.05 1 400 100
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Figure 5-13 Traction and far field stressalong the interface
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Figure 5-14- Analytical and numerical FPZ length with respect to the crack length fom=1.75

In order to calibrate the parameteof the cyclic damage evolutidaw, the

experimental rate of load drop percentageplottedfor the strain amplituds of
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0.12%, 0.15%and 0.2%, and compared with the FEmulation results, as shovim
Figure5-15. The value of the parameterfor each strain amplituds obtainedsuch
that the FE results best fit the corresponding experimental data. The values of the

parameted obtained for different strain amplitudes are liste@able5-5.
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Load drop [%]

Figure 5-15 Experimental and numerical load drop rate for different strain amplitudes

Table 5-5 Values of the parameter= obtained for different strain amplitudes

£ _abP =E'EHH |
0.12 0.009
0.15 0.0
0.20 0.080
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An average value for thearametep is calculatecbased on théeast square

methodasfollows:

Y o- of (5-11)

where the value dblis obtained such that to minimize tresidualfunction of'Y, as

bellow:
;_OF n (512)
oF BB O_' (5-13)

Using the equatio(b-13), the value oblis obtained equal to 0.037

Using the obtained parameters, fatigue crack growth is simulkigdre
5-16 showsthe contours of thdraction andstress perpendicular to the crack faces
(S22) for the strain amplitude of 0.1586 the selected number of cycles of 2, 500,

and 800
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Figure 5-16- Contours of axial stress (S22) around the crack tip fok_ _3
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The traction distributions from the initial crack tip along the joirerface
are shownin Figure 5-17. Furthermore, tie corresponding distributions of the
damage variableand the cohesive stiffnesge plotted inFigure 5-18 and Figure
5-19, respectively The results show thaat the beginning of the cyclic loadinthe
damage has slightlgvolvedthroughthe crack tipcohesive elementshichresults in
the traction decreasdncreasing the number of cyclethe damagepropagates
through the crack tipcohesive elementand the cohesive stiffness decreases
accordingly Oncethe damage variable reaches the critical value diel¢cahesive

elements are fully degraded and totally lose their load bearing capeicith

simulates crack propagation.
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Figure 5-17- Traction distribution salong the interface fore_ _z 8 b at different cycles
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Figure 5-20 shows the experimentalrain-FCG life curve in comparisoto
the results obtained from the characterized irreversible CZM. The predicted results
are in good agreemewith the experimentaines, which shows the applicability of

the CZM to fatigue analysis of brazed joints.
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Figure 5-20- Experimental strain-FCG life curve in compared to the CZM results

5.3 Summary

In this chapter, fatigue crack growth in brazed joints was modeled by an
irreversibleCZM. Fully reversed strain controlled fatigue tests were performed on
the brazed specimens. damage evolution law wastroduced andmplemented

into the constitutive equation of the cohesive elements to irreversibly degrade the
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cohesive zone stiffness over the number of cyclég fllowing conclusions are

drawn from this chapter:

1. Fatigue failure behavior of the brazed joints was atiarized by performing
fully reversed strain controlled cyclic tests. A fatigue crack was considered to
be initiated when the softening rate of the legdle curve accelerates. The
number of cycles to failure at 50% load drop was taken as the totalefatig
life. The strainlife curves in terms of fatigue crack growth and total lives

were obtained.

2. Developing aPythonscriptfor ABAQUS 6.7, acyclic damageevolution law
was coupled to the cohesive zone constitutive model to account for the joint
stiffness degradation. The accuracy of the cyclic damage analysis was
validated by comparing resultsf the FE modeling of aimple uniaxial

problem withthat ofthe corresponding analytical solution.

3. In order to have accurate results in FCG analysis, a properfagizine
cohesive el ements was selected based

process zone.

4. The damage evolution law parameters were calibratesed onl r wi n 0 s

analytical solution on the FPZnd theexperimental fatigue crack growth
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data The parameterx , which controls the damage rate, was calibrated such
that the length of the FPZ obtained from the FEM matches that of the
analytical solutionThe value of the parameteér for each strain amplitude
was calibratedsuch that the rate of loadajfr percentage obtained frotine

FE simulatios best fits the corresponding experimental data. An average
value for the paramete&r was calculated based on the least square method.
Using the characterized irreversible CZM, the fatigue crack growth for
different strain amplitudes was simulated. The agreement between the
predictedresultsand the experimentalata showsthe applicability of the

CZM to FCG life prediction of brazed joints.
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Chapter 6
Concluding Remarks and Future
Works

6.1 Summary and Conclusions

In this researchthe mechanical reliability of low carbon steel brazed joints
with copper filler metal has been investigated. The methodology for fracture analysis
of brazed joints under quasiatic loading using the CZM has beamesentedThis

method hadeensuccessfully applied to low carbon steel brajpats with copper
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