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ABSTRACT

Spot welding has been used to join steel sheet rakitethe past during automotive manufacturingeTh
increasing use of aluminum and mixed materials to achieve continuallysimagdael economy standards requires
mechanical joining methods to providdequate impact performance. One such mechanical joining proces$s is sel
pierce riveting (SPR). Seffierce riveting has grown in popularity in recent years due to fast tigoks, high static
strengthand fatigue performance as well as the ability to joany different sheet material combinations.

Self-pierce rivet utilization has become limited due to the matpr@erties of the rivet in two main areas:
the joining of highstrength sheet material and joining of multiple stmeaterial combinations urgy a single rivet
geometry, referred to as commonization. Two specific case stuaiesbeen developed to assess the failures that
occur and evaluate potential solutions: joining of ptemsiened steel (PHS) to Al6111 and improved
commonization abilityusing a two layer aluminum joint that is currently joined with a spieeid rivet.

Riveting trials have been performed on each ofwedase studies using cold forged rivets produoeah f
10B37 steel that has been h&atated through a quench and temp®cess to a range of hardness levels to evaluate
the failures that occur within the rivet. The failures occur with two differentsidalickling of the rivet at hardness
values below 550 HV when joining PHS and Al6111 and fractures that octw fivét tail at hardness values
above 550 HV during joining in each of the case studies wndgduation. The fractures have been attributed to a
high degree of hoop strain that forms when the rivets are flared beyoddsiga specifications.

A method to reptate the rivet flaring procedure under laboratory conditions has bgeloded by flaring
the rivets through various strain paths to induce a hoop strain and thentefsatttures. The flaring method shows
the ability to replicate the types of fractardat were observed during joining attempts while itooing applied
force, crosshead displacement and strain at the pbfracture at the rivet tail using digital imagerelation.

Alternative alloys including 4130, 4340 and 5160 wevaluated alorgjde 10B37 for improved
performance after quenching and tempering, austemperingfemteing intentionally decarburized to varying
degrees. The he#aiteatments were evaluated through microscopy, fractography, rivegfamioh joining attempts for
each case study and alloy under investigation.

All of the alternative alloys showed no significaetrformance gains after being quenched and tempered
austempered. However, hoop strain to failure during flariag iwcreased betweerm after the rivets hadeen
intentionally decarburized. The intentionally decarburized rivets wereatedlthrough joining trials and provided
successful joining for each of the case studies undestigation using 10B37 rivets. Rivets produced from0434
and 5160 also showlénstances of success during joining attempts.

The Cockroft and Latham failure criterion was evaddah regards to rivet flaring through the
development of finite element simulations using Abaqus. The Cockroftathdin failure criterion was able to
swccessfully predict the location of riveting fractures throughtiple strain paths, rivet geometries and
microstructures. Cockroft and Latham values from teriests of 10B37 wire led to an underestimate efstinain to
failure when compared to the eiflaring process for quenched and tempered rivets but wasiwgtsr to the

strain predicted for rivets that had been intentilyrdécarburized.
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Bottom view of extracted rivets from the prdsrdened st case study comparing (a)
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Bottom view of extracted rivets from the commoniaatcag study comparing (a)
10B37 nondecarburized rivet and (b) 10B8vet decarburizedor 60 minutes.
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Crosssections from the predsardened steel case study camipg (a) 434
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Bottom view of extracted rivets from the prdsrdenedted case study comparing
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Mechanical conicadlie flaring curves for 5160 1.00 mm.Q39 in) shank

thickness rivetsempered at 35;C, 400;C and 4% jCfor 30 minutes............ccevvvvvrvrernnnnnnn.

Bottom views of fractured 5160 rivets after beffeged: (a) 350 jC 30 minutes,
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Mechanical conical die flaring curves for 5160 186 (0.039 in) shank thickness
rivetstempered at 20(C for 30 minutes and rivets that had béstentionally
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Photographs of 5160 cold forged 1 mm (0.039 irsttgnkthickness rivets flared to
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deformation, (bPDecarburized for 120 minutes showing a single largetfire with
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Joining results from the pressardened steel case study using 5160 rivets decarburized
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Bottom view of extracted rivets from the commoniaatcase study comparing
(a) 5160nondecarburized rivet and (b) 5160 rivet decarburized for 120 minutes.
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data shows good agreement with DIC data for the corresponding rivet ggamet

QST LU (=T= 10 4 L= PO N

Results from Abaqus finite element simulations gianchedind tempered
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Figure4.70 Results from Abaqus finite element simulations deaarlirized 1.00 mm
(0.039 in) shankhickness rivet flared over a 120onical die. Images taken
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120j conical die, (¢) 1.00 mm (0.038ch) shankthicknesgivet with 4.763 mm
(0.1875 in) ball bearingnd(d) 1.00 mm(0.039inch) shankthicknesgivet with and
12.7 mm (0.5 in) diameter ball DEAIING.........ccooee e 78.....

Figure4.75 Scanning electron micrographs for a 1.25 mm (0iéf@nd1.00 mm (0.039 inch)
shankthicknesgivet flared to 95 pct maximum load. Fractures itiitig at the outer
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Figure4.76 Fracture locations predicted using the Cockroft laatham &ilure criterion finite
elementamulations for the flaring of decarburizedlf-pierce riwets. (a) 1.25 mm
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Figure4.77 Photographs of fracture surfaces for (a) 1.25 m®4@®@in) shankthicknessivet
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Figure5.1 A schematic oftte hoop strain that develops during the flaring of the rivet that
promotes thdractures observed in each case study under inatistig (a) Rivet
crosssection prior to joininghowing the initial diameter (P (b) Rivet crossection
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occurs around the rivet tail where the strain is the highest...............ccc e, 82..

Figure5.2 Results from Abaqus finite element simulations gianchedind tempered
1.00 mm (0.039 inyhank thicknesevet flared over a 120conical die. Images
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Comparison of (a) maximum principal stress and' ¢b)n MPa forflaring of a
1.00 mm (0.039 in¥hank thickness rivet quenched and tempered aiQ®6r

30 minutes. The magnitudes dodations ofthe maximum values are similar
and indicate fractures Wform as a result of the hoggiress at the location where
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Surface shear stress as a function of surface shraar curvedor 10B37 wire
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Threepoint bend testing apparatus for performing bend testing of decagtur
10B37 wire sampled.he sample is placed betwettie bottom span as the preload
is applied. The test iséim conducteavith the cosshead moving down while load
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CHAPTER ONE
INTRODUCTION

Self-pierce rivets (SPR) have been in use for automotive applicatioresthimearly 19900s due to the
increased usef lightweight aluminum alloyas well as sheet metal joints consisting of mixed materiadh, &I
aluminum andnild steel Theuse of aluminum alloys and joint stacks utilizing dissimilar makeis motivated by
an effort to reduce weight and achieve incoming CAFE standaridsrease vehicléuel efficiency [1]. Due to the
difficulties in welding thesaluminum and mixed material joints, mechanig@hing method havebeen employed
widely for automotive productioin recent years.

Two case studies have been developed to addresficspezas where the implementation of the SPR
process has been limited by timaterial properties of the rivets: joining messhardened steel (PH&hd Al6111
and improved commonization of high volume rivet geometries.

Sheet metal combinations featuring high strengtél sted aluminum are highly desirable for automotive
use dudo the ability to reduce weight while maintaining crashworthin@s& such material combination that is
limited by the mechanical properties of the SPR is the joinimyexshardened steelnd Al6111 Efforts to develop
a rivetand proceduréo join PHS and 5000 series aluminum have proven succesdftidve resulted ifailures
when integrating higher strength aluminum alloys Watlver ductility, resulting in either sheet metalrimet
fractures

In addition, limitations in material properties of ttieets have necessitated the usenahydifferent rivet
geometries in a single vehidie join the high number of sheet metal combinatidie increased number of unique
joints has led to complexity during vehicle desgmwell as increased cost and time to manufactire ability to
use a single rivet and die combination to jagnmanysheet metatombinations as possibie referred to as

commonization and is highly desirable during the automotiggth and manufacturing process

1.1 Research Objectives

The objectives for this research are derived froengiteviously mentioned issues surrounding SPR use
during vehicle manufacture. Fulfillment of these objectives wildiiyefacilitate the sucasful joining ofadvanced
material combinations, such as PHS and Al61n addition, successful development of an improveg SRoy or
processing method has the potentightovide improved commonization abiliduring vehicle productioandyield

a rediction in bothcost and manufacturing time.

The research objectives for this body of researeldefined as the following:
¥ Understand the impact ofvet mechanical properties, stress stata microstructure on SPR performance
and failure in demanding joining scenarios.
¥ Modify SPR alloying and/or processingddow the joining of new automotive sheet metal combinations

that are not currently possible



¥ Improve the mechanical propertiesrivet alloysto allow greater robustness and versatility during joining
and facilitate a reduction in unique rivets required when produan automobile.
¥ Determine a robust failure criterion for the rivietring process that may be included in futureténi

element simulations of the riveting process

1.2 Thesis Overview

Chapter 2 consists of a review of the current SPRni@logy as well as a comparison between alternative
spot joining methods currently employed in automogiveduction. An overview adhe SPR production method and
testing methodologies to evaluate joint strengtffissussed as welh comparisorof 10B37 and the alternative
alloys utilized in this works presented along with the associated microstructures and altenatoessing rathods
to yield increased strength andfoughness. The mechanism and effects of decarburizatoalsaliscussed.
Published work concerning the finite element simatabf the SPR process to define the strains incuryeithe
rivet during joining as wll as a discussion of failure criteria and their udageiveting andanalogous metal
forming processeis presented.

The experimental approaches used in this reseaggprasented in Chapter 3. The alloys and processing
methods utilized for the production of prototypefgeérce rivetaarediscussed in detail. The methodology used to
perform initial joining trials of demanding automotive sheet metallioations and the subsequent joinattemps
with prototype rivets produced witlternative alloys and prossing methodis defined.Themechanical testing
methods taleterminethe mechanicaproperties of 10B37 steel wire for integration into finite elementiations
are describedl'he motivation, design and implementation of a labany test to define SPR performance through
compressed flaring of rivets over a die until failigedescribed as well as the use of digital image correlation (DIC)
during these tests to further defitee strain state during rivet flaring for later validation of the finite element
simulations constructed in Abaqus. Finally, a descniptifthefailure criteriaevaluationfor the SPR flaring process
is discussed.

Chapter 4 consisbf the results from the previously mentioned experimental mettioelsesults are
discussedn Chapter Swith the goal of defining the specific material peofiesthatdictate succes of a SPR during
riveting of demanding joining scenarioEhe strain state of the rivet, degd through both DIC and finite element
simulationsis presented and compartafailuresincurredduring flaring and riveting trials to determine the failure
mechanisnof the rivet and the relation to the microstructure and mechanmpégres of theivet. The DIC
measurement@recompared to the finite element simulations to justify theafigke simulations inhe evaluation
of a failure criteriorto predict the location of the riveting failures.

The conclusions from the experiments performetath rivets and wire of multiple alloys and processing
method arepresented in Chaptenith the aim of defining a specific set of matepabperties and microstructures
that are capable of providing the required combinatitstrength and ductilityo allow successful joining of sheet
metal in demanding scenarios. The ability to appilrfe criteria to the rivet flaring process to piedailuresis

alsopresentedThe conclusions can be used to define any poteftiale work, presented in Chaptér



CHAPTERTWO
LITERATURE REVIEW

This chapter discussprior work performed on the SPR process in terms of the productseifgfierce
rivets (SPR)along with the formation and evaluation of joints performmad/arious sheet metal combinations.
Finite element simulations of the riveting procasspresented to define the stress and strain state of the rivet during
flaring and thé relation to riveting failures described in the resuftthes researchAlloying contributionsusedfor
medium cabon martensitic steandtheir effect m strengtharediscussed to frame the selection of alternative alloys
for rivets Additionally, themicrostructures currently in user the SPR procesd alternative microstructures
produced through alternativedtdreatment processesediscussedThe mechanism and effects of decarburization
arediscussed in order to frame the motivation for Hesdtments discussed in later chapters of this document.
Finally, the applicability of failurecriteriato predict failures in analogous deformation processgsh as he-

expansion in sheet materia presented.

2.1Self-Pierce Rivet Process Overview

The selfpiercerivetsutilized in this investigatiomare produced from 10B37, a mediwarbon steel with
boron additions to improve hardenabilaiong with mild solid solution strengthening additis@smprove strength
and allow the rivet to penetrate the sheet metal without bucHIimg composition of 10B37 is given in TableThe
stee wire is spheroidizedefore beingut into a blank with the ends ground parghiebr to a4-8 hit cold forging
process where the rivehankis back extruded to the final length. The rivet head is then forged inetyvafi
shapes, dependent upon fimal placement in the vehigla schematic of the colibrging process is shown in
Figure 2.12]. The rivets are then austenitized in an inert atmosphere to prevent dizedidnioefore beingil
guenched to a fully martensitic microstructufenally, the rivets are tempered varying temperaturds yield a
range of hardness values dependent upon final afiptic@he rivets under investigation in this reseaaoh the
highestautomotive hardness level and have a hardness aof 8B%V. Rivets carbe coated per customer
specifications to reduce corrosion potential and s@raablative lubricant during insertitmough a mechanical
plating process where the rivets are milled with fine tin padiantil a coating of sufficient thickness is developed.
Due to the variety of materials and joint stackase in the automotive industry, selkrce rivets are commercially
available inmany differentdliameters, lengths, geometries, and hardness levels

The rivet is inserted by a servo electric purtddt telivers force based on the desired punch velogitya
maximum setting force of 8N and maximum setting velocity of 400 mm/s. denitubular steel rivet is driven
through the top sheet(s) and is flared with the aid of a rigid die into the bsttehwithout penetration; the
riveting procedure is shown in Figug2ac. A mechanical interlock is formed betwetne rivet and the bottom
sheetfas the rivet flares under influence of the forming drevidingjoint integrity. The mechanical interldé¢
shown in Figure 2.1provides higher strength in both static and fatigue loading than competing tgiespsuch
as clinching oresistancepotwelding [3. The rivet is set withipredefinedlushness specifications to a nominal
head height in relain to the top sheetyhich is dependent upon riveeadgeometry and joint lo¢eon within the

vehicle.



10B37 has been the only alloy widely used in automa@p@icationsspecialized stainless steel rivets and
aluminum rivets have been used in spedafises but show lower performance in joint testing than rpretduced
from heattreated 10B37 steel [4]. Typically, when a new sheet metal combination is caliedtie design of an
automobile new rivet geometriesetting parameters and forming dleapesre developed to accommodate the
demands, as opposed to changingriviet material or mechanical properties [5].eltlevelopment of new rivet
shapes has led to dozens of rivet, sheet raathforming die combinatiorthat arerequired forautomotive
production The high number of unique joints results ilaeye degree of complexity in terms of equipment and
processg during vehicle construction. Thievelopment of a rivet with improved mechanical propertiag lead
to the successful joining of new material combinatiwhfe using existing rivet geometriesd die combinationt®

provide improved versatilityhigher joint strengtland a subsequent reduction in complexity during manufacture.

Table 2.1:.Composition of 10B37 Boron Stedked to Produce Commercial Sdtierce Rivets

wtpct C Mn Si Ni Cr Mo Ti V Al B S P Cu
10B37 0.37 0.76 0.08 0.02 0.28 0.01 0.03 0.01 0.04 0.004 0.008 0.015 0.01

\
\J
\! 5
(a) (b)
Figure2.1 A schematic of the cold forging of a setnbularself-pierce rivet(a) Wire rod is formed into a

blank and inserted prior to forging. (b) The rigbankis extruded by a punch. (c) The rivet he¢
is forged. (d) The rivet is ejected from the forging proceks [2

Setting Velocity

Head —>*
‘/ Rivet
Shank—> I_n;erlock Head
. Height
Tail—>
Top Sheet _¢\
Bottom Sheet

@) (b) (©)

Figure2.2 A cross sectioschematiof the insertion of a selfierce rivet into a twesheet stack. (a) The
setup prior to riveting. (b) The rivet pierces thp sheet. (c) The rivet is flared by the die into

bottom sheetresulting in a nominal head height with significarterlock and no perforation of
the bottom substrate



2.2 SeltPierce Rivet Joining and Evaluation

Self-pierce rivets are mainly employed to join aluminum joint stacks arddmaterial joints consisting
of mild steel and aluminuniRivetsmustalsoperform well dwing an impact scenario. As a result, several test
methods to evaluate joint strength have been degdlapd utilized in the automotive industry to justlie use of
SPR joining where sheet metal was previously joinedither resistance spot welding (RSW) or mechanical
clinching.The three main testing methods & shear, coach peel and crtassion testing. The three tests are
depicted in Figure 2&cusing two sheet thickness (2T) joints. These test mettexdgncompass most joint
orientation and impact deformation scenarios encountered duriagicle impacénd can give a general indication

of thetoughness of a riveted jointhe standard specimen geometdes summarized by Chrysanthou and Sun [6]

(@) T (b)

Figure2.3 Representative photos of the three main rivet jslirength evaluation tests. (a) Lap shear testi
where two sheet metals are pulled in tension unitit jiailure (b) Coach peel testing, where the
sheet metal is bent at @@grees prior to being pulled in tension. (¢) Ciesssion, where the
sheets are situated orthogonally and pulled apaenisian [6].

The thregest methods yield characteristic curves firavidethe maximum pull out force for the rivet
along withan indication of joint toughness by calculatthg area under the load/displacement cufhese tests
indicatethat SPR joints outperform both RSW and mechanical clinching in static joingtesiimg identical sheet
metal combinations [3]. In additionrosstension testindnas identified that initial rivet length is well correlated
with joint strength where ahger rivet, if able to perform a successful joint without fracturngerforation of the
bottom sheet, provides a greater interlock distance and a resulpngviement in total joint strength and energy
absorbed dailure [6].

Rivets have been succesitf used to join various aluminum alloj/g-9] as well as aluminum to mild steel
[10-12] and alumnum to carbon fiber compositEk3]. Joining attempts between aluminum alloys and-sigéngth
steel sheets (up to 1000 MPa UTS) have had limitedessdtiough modification of dishape and joining
parameters [1415]. A specialized rivet geometry, developed by Henrah Ljprovide successful joining of
22MnB5 presshardenedteel(PHS)sheet to 5000 series aluminum through the use of bdtadm diethat
provides a small degree of rivet flarimgnen compared to a die with a contoured piperivet and die combination

did not translate teuccessfujoining of PHSto 6000 series aluminum due to tieeluced ductility of 6000 series



aluminum when compared to 5000 series aluminlime. reduced substrate ductility has resuitesheet metal
failures, shown in Figure 2.4. As a result, alteirreatechniques have been developed to facilitatgaineng of
22MnB5 sheet to various aluminum alloys, such aszwie processing and local induction conditioribg, 17].

Soft zone processing is an operation that occurisgltine prestiardening process where the cooling rate is reduced
through the application of heat at selected locations in the die to preeentttensitic phase transformation and
leave a portion of the final part with a microstructure consisting of ferritgpaadite. The location(s) with altered
cooling rate and the resultant microstructures allow rivetgiggustandard rivet geometriegedto lower hardness at
the riveting sites. The local induction conditioning procedure is similar tezeoft processing with the goal to alter
the microstructure at the rivet sites but is achieved through post procefsiegpoesshardened part. Théveting
locations are subjected to an austenitization step and controlled coolingnaenttemperature to achieve a
ferrite/pearlite microstructure using small induantiooils to provide a localized reduction in hardnéshe local
induction conditiomg process is schematically shown in Figure 2.5 along with the misctstes achieved

through the induction he#teatment.

i
(b)
Figure2.4 Joining results using specialized rivets produced toRp#s and aluminum. (a) Successful joir
attempts of PHS and 5000 series aluminum using a flatrbatte. (b) Unsuccessful joining

attempts of PHS and 6000 series aluminum, resulting irufieebf the bottom aluminum sheet
(circled).

Figure2.5 Local inductionconditioning process. (a) Induction coil placed on rivetitgyt® perform heat
treatment. (b) Ferrite/pearlite microstructure at conditioned site with redaceddss.
(c) Martensite/bainite surrounding microstructure [17].



2.3 Finite Element Modeling of the Self-Pierce Riveting Process

The automotive industry is faced with many differeheet metal combinations and thus, many different
scenams where SPR may come into usezeR diameter, rivet length, die shape and setting forcelarently
chosen through a trial and error method where the sheet meta gidik joined are compared to historical results
and thgoining parametermodified until the joint adheres to the automotivedfications Evaluations are based
on rivet cra@s sections to determine interlock distance and possiklefailure along with joint testing to determine
maximum pull out force and energpsorbedhrough the previously mentioned joint testing procedduris.trial
and erromethodologyfor evaluatiig new sheet material combinations can be time consuming, requiringtesisy
to formally validate a specific rivet and die combination for final use duringufaaturing. As a result, significant
effort has been put forth in recent years to develop felément simulations that will allow faster and less costly
evaluation of both crossectionsand final joint strengtlfior proposed jointsloints that provide either successful
joining [10, 1§ or predictable failurefl4, 1§ are chosen to hayeint crosssectionscompared between
experimental results argimulations to determine tlaecuracyof the simulatiorpredictions Smulations focus on
the sheematerial or joint properties [89-22] and not hat of the rivet. In most caseébe simulationglo not
integrate a failure criterion fdhe rivet to predictivet fracturesas the joints being simulated are known to be
successful. However, a study has been completed tis&rigousselieductie void initiation criterion [23, the
details of whichwill be discussed in section 2, attempt to predidtilures of the rivetluringjoining with limited
success when simulating a 2T aluminum jewth a single rivet geometry [24This study accurately predicted the
location of void nucleation duringvet flaring but due to surface defects acting asmed and giving a variation of
failure strainsthe modeivas not able to predict failure during the rivetoperation Multiple studies have been
performed which allow analysis of the stress and strain stale ofvet during flaring and hawshown a high
degreeof Von Misesstress aneffectivestrain at the tail of the rivet where tAmountof flaring is highest when
joining sheet materigk5, 2G. Theevolution ofVon Misesstress at the tadf the rivet for two rivet geometrigs
shown in Figure 2& and bThehigh degree o$tress over 2000MPa, can resulin cracks that propagate vertically
up theshankof the rivet and have been notasthe dominant failure mode that occurs when attempting to join sheet
stacks that call for a high degreerivet flaring. An exampleof a rivet that hagailedin this manner is shown in
Figure 2.Aaalong with the Rousser failure criteria distribution predicting failure along the interior of the rivet

shankand the outer circumference of the rivet taiFigure 2.7b
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Figure2.6 Effective stress distribution during riveting. (aYétitive stress as a futi@n of stroke time during
riveting of a 2T aluminum joint stack on the locatid the rivet marked by the arro\b) Effective
stress distribution of the rivet afterifjing of a 2T aluminum joint [25, 36
|
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(b)
Figure2.7 (a) Failed rivetshowing fracture proceeding up the rivet shdok to flaring during joining. (b)

Rousselier ductile void initiation criterion for &et during joining of 2T aluminum joint stack
showing a maximum oreé interior of the riveshank marked with arrowgdarker colors
correspond to larger criterion valuga].

2.4 Ductile Failure Criterion

During many metaforming processeshe limitation of flow during a single operation is the formation of
ductile fractures within the work piece. The formation of theaetfires habeen approachatiroughthe initiation,
growth and coalescence of ductile voids or throughstimation ototal energy of the work piece during forming.
A failure criteriondealing with the formation of ductile voids has been defined by Rousi&sjesnd applied to the
SPR procesghe Rousslier criterionis shown in Equation 2:xhere! , is the Von Misestress], is the
hydrostatic stres is the actual yield streds,is the volume faction of voids, ang is a material parameter
identified as the Rousselier constafte equation is iterated until the critical void fractibnjs reachednd the
stiffness(! ! goes to zero to identify a fractufdore generalized cteria proposed by McClintock [27, 28] and
Oyane [29 also deal with the initiation and coalescence of voids to foagtdres The aforementioned failure
criteria assume thaitiation of voids at inclusioner second phase particl#stgrow in size until a fracture is



formed.As a result, these criter@ssumesome initial volume fraction of voids or a void iaition criterion along

with void spacing. The failure criterios achieved when the edges of the voids intersect, figraniductile fracture.
These criteria may provide a high degree of accubatyequire definition of material properties bagidhat of the
stress ad strain state during forming and can have conaldervariation depending upon the void size and growth
rate which are normally varied so that the criteria atelyr@redicts failure of a specific deformation process

N(RINRINIEN ..]T' Lorrrr rr /ety (2.1)

An alternative approach, utilized by Cockrand Latham [30], Brozzo [31Freudenthal [3Ramong
others provides a more simplified approach that focuses on the integral stréfss components resulting from the
deformation over the effective strain frdahe start of deformation until the initiation of fractuféwe Cockroft and
Latham failure criterion is shown in equation &igere! , is the maximum principal stredsjs the effective strain,
andT, is the equivalent plastic strain at failure. Tdnierion is satisfied when the constant, C, eqtlasenergy
consumed by the test piece at failuFee equation can also be normalized by C such that when fracture thecurs
equation equals Most of theseriteria are defined through a uniaxial téasest, during which the effective stress
and effective strain can be easily defingxto the ultimate tensile strengthd from the reduction in area at failure
The application of failure criteria to a uniaxiahs#e testallows the energy to failure to be applied to more complex
metal forming applications to estate the formation of fractures. Depending upon the mode ofifesiatthe
deformation process under investigatibeing surface or subsurface initiated, theliaption ofuniaxial tensile

testing data may not accuratglsedictthe fracture formation.

T

fornnrror o ! ! ! (2.2)

Typically, during the simulation of a SPR joint, thés no failure criteria included for the rivetolever,
the sheet metal must have some sort of failure criteria applied to accuratgitsithe piercing of the top sheet(s)
and to predicpotentialperforation of the bottom sheet during the flaring of the rivet. Theifaetion of a valid
failure criterion for the rivet tte included during the simulation process will increase the usefudhésgsire SPR
simulations as well as provide an indication of the imaxn rivet length which can be utilized in any sheetal
stack to provide the highest degree of interlock thog the strongest joint.

At this point, the only failure criterion that hasdm applied to the SPR process is the Rousseiterion,
which predicts the formation of fractures at theiidr of the rivetshankduring flaring. This criterion has led &
degree of success but was not able to predict the fracturesrofat&ince the rivets used during tjoéning
attemptgdid not fractureconsistentlydue to surface defects acting as notciiég initiation sites of rivets that failed
under differenjoining circumstances were not defined [2A]somewhat analogous process to rivet flaring, -hole
expansion of sheet materilashad various failure criteria applig¢dataccurately predict the location of fracture
initiation as well as the total energyfracturein multiple sheet materials [R3The results from thos@odelsare
shown in Figure 2.8hereasingle sidedaxisymmetric simulation of a sheet that has been subjected to a
hole-expansion process is showAll criteria predicted fractures ocaurg around the regions with highest strain
with slight differences in location between the ingerface where the punch is in contact and outerdueface of

the sheet being expanded.
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Figure2.8 Distribution of fracturecriteria during a holexpansion experimenthere fractures developed &
the outer circumference of the ho(a) Effective strain, showing a maximum on the interior of
hole during expansion. (b) Oyane ductile failure criterion predictingimum damagat both the
inner and outer circumference of the hole. (c) Brozzo ductile failureioritand (J Cockroft and
Latham failure criterion both accurately predicted tocation of théinal fractures that formed
[33].

2.5 SelfPierce Rivet AlloyEffects

Self-pierce rivets for automotive use are currently produced from 10B37 thteelomposition of which
has been previously defined in Table 2.1. This steel was selectasefgince it satisfied all of the requirements for
producing a successftilet at a limited cost. For a SPR to be successfulist first be cold forged. 10B3iteel is
provided in coilsof wire after a spheroidize annéad heattreatment to reduce the yield strength to facilitate the
cold-heading operatioThe spheroidizedicrostructure allows the formation of the complexrgetries required
for various joining applications, especially 3T atildjoint stacls which require rivets up to 1200m (0.472 in)in
total length without damaging the ceflorging equipment.

Hardenabity is the measure of an alloy to achieve a martensiterostructureduring quenching at a
specific cooling ratel0B37 is readily hardenable through an oil quenching process and can achieveitta nom
hardness value of 555 HV required for automojoieing after tempering. Tempering at higher temperatures
produces rivets of lower hardness values and improved flaring abilityusdaewhen dealing with softer sheet
metal. The alloying of 10B3includesadditions ofB, Cr and Mn tgrovidehardenabilly and allow through

! 10



hardening of the rivet during the oil quenching process3[@34The effects of common alloying elements on
hardenability of steel are shown in Figure.B8ron is particularly potent in terms of increashagdenability
through the pisoning of ferrite nucleation sites.

The alternative alloys utilized in this study wel®sen to provide a variation in hardenability antlmn
strength through the modification of solid solutaioying and carbon content
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Figure2.9 Hardenability nultiplying factors for common alloying elements in steel. Manganese,

Molybdenum and Chromium showing the strongest effgttt Silicon and Nickl providing a
slight effect [36.

The high strength of the current rivets is mainlg dol the fully martensitic structure and carbonteahof
the steel. Strength and hardness of martensite is a function of carbant esrdeown in Figure 2.10, where
hardness increases with carbon eomtup to approximately 0.9 wt p&arbon occupies the octahedral interstitial
sitesin the austenite FCC lattice, which provides distortion of the unit cell to yield a bothregtetragonal lattice
after a diffusionless phase transformation ocddte to the lack of macroscopigstortion within the martensite
habit plane, the shear components are accommodated by internally slippes @through the formation of
twins [37]. As the carbon content increasin® shear component of distortion also increases, causing a higher
frequency of twins or slipped planes to be reggiito maintain the habit plane. The addition of twins amgbst
planes increases théstbcation density within the materiahd contributes to an increase in strength as carbon

content increases.
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Figure2.10 Hardness as a function of carbon content for diffemeartensitic steel compositions showing t

increase ohardness with carbon content. Tleeluction in hardness at high carbon levela
result ofretained austenit@8].

Typically, medium carbon steel that has been quahthenartensite is not used in theqagenched
condition due to the potential for brittleacture and low toughnedsow temperature tempering of martensite
(below 250 {C) provides benefits in yield strengthatetiongation and reduction of area, as shown inrgigul1.
Tempering allows théormation of fine transition carbides to reduce thebonsupersaturation of the martensite,
leading to a decreasédrdness but also increasing the mobility of the remaining dislocatiggrevide an increase
in elongation and toughness [38empering can reduce the hardness d6BR, which can hinder the capability of
the rivet to pierce hardened steel sheet, batiges an increase in toughness, allowing the rivetdoe to a higher

degree without fracturing and provide a larger interlock distance and highiestrength.
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Figure2.11 Impact of lowtemperature tenging of martensite on tensile mechanicaerties; ultimate

tensile strength (UTS), yield strength (YS), reduction of area (RA) and totajation (etel).
Yield strength, reduction of area and total elorgatncrease during tempering below 250 |C
[38].

In order to improve the mechanical pesties of rives, additional strengthening techniques must be
employed. A technique that has been employed in the developmigghastrength steels is the addition of
substitutionakolid solution strengthening elements, which can Hg flitsolved in the parent austenite structure
prior to transformation into martensite. The addition of alloying efgsneauses distortion within the lattice as a
result of atomic size differencesdathe formation of strain fields that interact with mobile distmees, causing an
increase in strength. The strength contributions from substitutional elemesigrficantly less than that of
interstitial carbon but are still appreciable. The eftdatarious solid solution strengtheniegmenton strengths
shown in Figure 2.12n addition to an increase in strenggbme substitutional alloying elements also affect the
hardenability of steel by increasing the stability of the austeniteephathe case of rivets, sufficient hardenability

is necessary to provide a fully martensiticcrostructuren the rivet after quenching in oil

! 13



TEMPERATURE, °C

~200 -100 0 100 200 300 400 500
28 T T T T T T T T
~175
24}
150
20
r— —125
16
i 1100
~ 12~ i
"
% 8F 50
£ g
2 4 —25
0 0
-4 —-25
-8 -1-50
—=75
-2 -
-16 I ! ] ! ] 1 ] -100
0 100 200 300 400 500 600 700 800
TEMPERATURE, K
Figure2.12 Solid solution strengthening contribution of varioren base alloys at 1.5 atomic percalbying.

Nickel, manganese and silicon all contribute todseblution strengthenin[37].

2.6 Alternative Self-Pierce Rivet Microstructures

Almost every SPR currently in use for the productibautomobiles is a fully martensitic microstrugtu
with few exceptionssuch as stainless steel rivets utilized in special casesllaasvienited use of aluminum rivets
[39, 40] Martenstic rivetsare usednainly due to the high hardness attained througheach and temper treatment
and therange of hardres values that can be achieved through modificatidheofempering parametesss
previously mentioned, if a particular rivet is not capable of joiniaglected set of sheet material, alternative rivet
geometries are chosen or specifically develope@g&ch material combination. As a result, microstructural
modification to improve strength and toughness hadeenthoroughly investigated but may provide performance
improvements while using currently produced rivet geometries and alloys.

It has beeshown that producing bain#@artensite microstructures with-P5 pct lowerbainitein
medium carbon steels can provide improeets in strength, ductility [41], impact energy [42] aratfure
toughness [413 These effects are shown in Figure2ukingAlSI 4340 steel. These microstructures are achiéyed
an isothermal hold abowhe martensite start temperatukégf to allow lower bainite to form a specific volume

fractionbefore quenching to room temperaturgrgmsform the remaining volume toartensite

! 14
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Figure2.13 Impact of the integration of 25 pct lower bainite witl quenched and tempered martensitic microstructure

using 4340 steekolid lines for the bainite/martensite mixture and dashed lines for martéas#plot of tensile
strain to failure as a function of temperatureAt®1 4340austempered to include 25 pct lower baimibel with
fully martensitic microstructurpt2]. (b) Charpy Unotch impact energgs a function of temperatufer AlSI
4340 with 25pct lower bainiteand in a fully martensitic microstructuf43]. Both strain at failure and impact
energy were improved at room temperature through the integiat@mpct lower bainite within the
microstructure.

These improvemenis strength and toughnease thought to relate to the partitioning of austenite grains
by bainite laths during the austempering process, leading to a refimsghgii@ packet size in the final
microstructure after genching to roomemperature [4]1 Also, regions of bainitenayact as crack arrest points and
provide a stress relief effect, contributing to higher fractowghness and impact energy [4Bhere may also be
the potential for carbon to be consumed during the formation of lower hagsiting to a reduction in the
formation of carbide films on prior austenite grairubdaries which can contribute to lower toughnessuiench
and temper steels, asdqnench embrittled martensite [38 he effects of including approximately 25 volume pct of
lower banite within a martensitic microstructure will be investigatedhiter chapters to determine the positive

effects, if any, on critical SPR performance parameters.

2.7 Decarburization Process and Effects

Decarburization of steel can occur under varyingosiphere conditions during the austenitization and
tempering process as carbon atoms diffuse through the matrix to reatievithinace atmosphere, resulting in a
reduction of carbon at the surfgdd]. Typically, the reactions occur when the carbon pedsedown a
concentration gradient from the bulk of the steel part toulface where interaction with an oxidizing atmosphere
occurs the carbon reacts with the oxygen present to form a gaseous pf@Qy€0,). Oxygen caralsoreact with
Fe to forma variant of iron oxide (FeO, K@s, Fg0,4). Oxidation can also occur through interactions ofddudon
in solution with eithelCO, or H,O in the furnace atmosphere to form CO or CO apdébpectivel\j45]. The
depletion of carbon can result in a reduction in surface hardnesg@adteching to martensite andsamecases, a

reduction in hardenability such that the surface efgteel component is unable to achieve a fully maitie



microstructurg44]. If the carbon at the surface is reduced significamly the austenitization temperature is low, a
portion of the surface may formtercriticalferrite during austenitizatiohe extent of decarburization is
determined through either light opticaktallographyto identify ferrite formation or through hardness testing to
assess the reduction in hardness that has resultedHfeodecarburization process [4B1 most cases,
decarburization is detrimental to mechanical propertiestlgnm scenariosvhere wear [4fand fatgue [4§ are of
concernHowever, in certain caseshereductility is of concern [4P specifically with surfacénitiated fractures
[50], total performance can be increased significahtlgugh the addition of a decarburized layer at the serfd
the steel parResults from a series of thepeint bending experiments performed on 300M steel that had been
intentionally decarburized to varying degrees are shown in Figure 2.5 Iitiecseen that the stebkets that were
decarburized for longer periods of time providaduchhigher degree of displacement to failure while maintaining
similar strength levels as steel that had not been biegaed.

The concepbf intentional decarburization hast been applied to the SPR joining process as of yet but
may provide an improvement in flaring performance asstirface of the rivet experiences the highestegegf
strain and fractures are predicted to initiate atstiméaceduring SPR joining simlations The effects of intentional
decarburization of rivets will be investigatadd discussenh Chapters 4 and 5.
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Figure2.14 Force/width as a function of crosshead displacerfter800M steel that had been decarburizec
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CHAPTER THREE
EXPERIMENTAL METHODOLOGY

This chapter details the materials and processastasevaluate the failures that are occurring waiitinie
selfpierce rivet during joining of advanced material combinations along wittefelopment of a laboratory
testing method to define the mechatiproperties of interest. Various heésgatments have been performed to
attempt to improve the relevant mechanical properties of theaivBtereevaluated via the laboratory testing
method along with riveting trials on two specificsesstudies wherde performance of the SPR process has been
limited by failures of the rivet. Analysis techniques have been employedite die¢ strain state of the rivet through
measurement of surface strains and the constructiariinite element model to providetlzorough understanding
of the deformation occurring within the rivet during tihvet flaring process with the goal of assessihgability of
the Cockroft and Latham failure criterido predict rivet fractures.

3.1 Experimental Materials

The 10B37 wie and forged rivets used in this investigation were provigeldenrob Corporation UK and
consisted of 5.5 mm diameter 10B37 wire andoaged rivets in two different geometrieBhe tvo rivet geometries
under investigatiogonsist of &.50 mm (0.295 in) long, 5.50 mm (0.217 in)rdigter rivet witha1.25 mm
(0.049in) thick shankand a 8.00 mm (0.316 in) long, 5.80n (0.209 in) diameter rivet wit1.00 mm (0.039 in)
thick shank Cross sections of teerivet geometries are shown kigure 3.1.

The sheet metal stacks under investigation resut fwo case studies that have resulted in failaféke
rivet: joining presshardened steel to Al6111 and improved commonization using a longer than optanafine
presshardened ste@lase study was developbdsed on a potential futurefllar assemblyand consists of a three
thickness (3T) joint consisting of a 0.9 mm (0.035 in) thick Al6451 top sheed,rarth (0.062 in) thick 22MnB5
center sheet, and a 3.2 mm (0.125 in) thick Albbtittom sheefThe 1.25 mm (0.04M) shankthickness rivets
were used to join PHS and Al611lhe commonization case study consists of atiwckness (2T) joint consisting
of a 2.0 mm (0.078 in) thick Al6111 top sheet and a 3.2 mm (0.125 in) théklAlbottormsheetusing the 1.00
mm (0.039 inxhankthickness rivet.

Wire material from 41304340 and 516@lloys wasutilized for the production of coltbrged rivetsThe
4130 and 4340 wirerasdrawn from 9.25 mm (0.364 )irto the required 5.5 mm (0.21§) and 5.25 mm (0.20i®)
diametes by Special Metals prior to a spheroidized annealing treatmeuleun controlled atmosphere by Bekaert
USA. The5160 wire was drawn from 11.50 mm (0.452 in) to the 5.5 mm (0.216 in) and 5.Z8.2086 in)
required diameters for cold forging trials prior to a sphitzed annealing treatment by Bekaert Brazil. The
compositions of 10B37 and the alternative alloys are showalite 2.1 The different alloys were chosen based
upon comparable ultimate tensile strength and &tegation combinations to 10B37 while providing a variation in

hardenability and carbon content.



Table 3.1- Composition of 10B37 Steel and Alternate Higtrength Alloys Used to Produce Prototype Rivets

wtpct C Mn Si Ni Cr Mo Ti \% Al B S P Cu

10B37 0.37 0.76 0.08 0.02 0.28 0.01 0.03 0.01 0.04 0.004 0.008 0.015 0.01
4130 0.30 0.44 0.21 0.07 0.88 0.16 - 0.004 0.028 - 0.016 0.005 0.11
4340 0.41 0.73 029 175 0.84 0.25 0.002 0.02 0.03 - 0.001 0.006 0.12
5160 058 085 0.25 0.25 0.80 0.06 - - 0.025 - 0.015 0.030 0.35

2mm W
(a) (b)
Figure3.1 Cross sections of each rivet geometry under invatstig. (a) 1.25mm (0.049n) shankthickness

rivet utilized in the PHSAI6111 study. (b) 1.00nm (0.039n) shankthickness rivet used fo
commaizationjoining attempts.

3.2 Experimental Heat-Treatment

Initial heattreatmentof 10B37 wire and rivetaiere performed to replicate commercial processing of
rivetsby austenitizing at 900; C for 25 minutes under argon atmosphere to prevariiuteation, prior to being
oil quenched and tempered at varying temperatures for a set amoume of kie rivets were first placed in a
stainless steel heseating bag with several small pieces of titanium to act as an oxygen getteagehwdre
purged with argomgas at a low flow rate for-8 minutes to allow the argon to slowly replace the atmosphere in the
bag. The excess argon was squeezed out of the bag to prevent excessis®exjidahe bag in the furnagand the
top was sealed shut by folding over thtieges and the creases were set by pounding with a hammer. The top
corners of the bag were folded over at 45 to prevent the bagudnfolding as the gas expands during the-heat
treatment process. After austenitizing, the bag was removed from thedanthquickly cut open to allow the
rivets and/or wire to be poured from the bag intoabitatedquench oil. The rivets and/or wire were removed from
the oil and cleaned by sonicating in acetone. The rivets were then placedumaceefat 200¢, 250;C, or300;C
for 30 minutes to yield a range of hardness vallibe 4340 rivets were processed imidentical quench and
temper process to the 10B37 rivelbe 4130 rivets were austenitized under the saméitboms as 10B37 rivets but
tempering was peofmed at 100C, 150; C, and 20 C to attempt to achieve the required hardness levels.
Processing of 5160 rivets was modified by austangiat 850;C to reduceaustenite grain coarsenimgile still

achieving a fully martensitic microstructure after quenching @iltfo1]. 5160 rivets were tempered 350;C,



400; C and 450{C for 30 minutego promote ductility during flaring. All other processing procedfoeshe 5160
rivetswere idetical to the 10B37 and 4340 rivets.

4340 rivets were prepared using an austempering process to achieve apetpX@aolume pcof lower
bainite in an attempt to improve both strength and toughfmgssaustempering process was perforimed
austenitizéion using a salt pot furnaeg 900;C followed by quenching ta different salt pot furnace 820 jC and
holding for 4 minutes before being quenched to room tempenasirg oil The 4340 austempering hdatatment
was based upon the work performedybylomita to improve the mechanical properties o4@grough the
inclusion of a portion of lower lpaite within the martensitimicrostructure [2]. Therivets were then tempered at
200 jC for 30 minutes prior to flaringp evaluate the impact of the dified microstructure.

In order to replicate the mixed microstructure of lowenti@iand martensite with the 10B37 rivets,
dilatometry was performed to define the martensite staftt@hperature. Hollowydindrical samples were
machined from 10B37 wireith a diameter of 5.hm (0.20 in) and a length of 7n0m (0.28in) with a 1.25mm
(0.05in) wall thickness. Samples were subjected to austenitization €@ 2 minutes before being cooled to
25iC at 80jC per minuteto allow martensite to form.he My was determined with simplified version of the
methodology proposelly H.S. Yand52]. Theslope generated during cooling from austewiés definecand
extrapolatedintil a difference of 1 um was achieved between the dilatomet®iadd the slope of the cooling
curve an example is shown in Figure 3.2h@attreatment was then developed by quenching to 10 degrees above
Ms (350iC) and holding for a period of time ranging fron88 seconds to allow lower bainite to form.
Metallographyandimage analysisvas performed on the dilatometry samples to detegrivareapct of lower
bainite that had formed during the austempering process by etching wititiarsof 1 part 4 pct picral and 1 part
of 1 pctagueous sodium metabisulfite. The austemperingtheatments that achieved the desired amount of lower
bainite were applied to 10B3@nsile samples and rivets followed by tempering atjZ0fdor 30 minutes.

Additional heattreatments were performed @AB37, 4340 and 5160 rivets to intentionally induce
decarburization to modify the mechanical properties at the surfahe a¥et. Decarburization processing was
performed by austenitizing in a salt pot furnace ati&6or times ranging from 2@40 minutes prior to being oil
guenched and tempered at 380for the 5160 rivets and 200 jC for the 10B37 andGBvets. Decarburization
processing was also performed on 10B37 wire samples to be used in éordidmeepoint bendesting through an
identical processing method allowing 20 and 60 minutes for decadiion at 86QC.
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3.3 Riveting Equipment and Procedure

Riveting trials were performed at the Ford Reseanthlanovation Centeutilizing a serveelectric
riveting machine developed by Henrob Ltd. The rivetimachine consists of a rigid-ftame where the top portion
contains a steel punch and fixture into which the rivet isdda@he punch operates based on a target velocitisand
powered by a flywheel to provide energy storage that engages the punch tbelrivet through the sheet material.
The punch speeds utilized in the PHS to Al6111 amdroonizationcase studies were 400m/s (15.75n/s) and
365mm/s (14.37n/s), respectively. The setting speeds were chosen to achievtartet head heights of 0.25 mm
(0.010 in) for the PHS to AlBL1 joint and 0.0 mm (0.0 in) (full flusfiyr the commonization joint. The bottom
portion of the Gframe consists of a base with a fixéuo hold the 101.60m (4.0 inch) by 25.4nm (1.0 inch)
coupons of the sheet metal that are arranged according to each casé@lstusheet metal is placed over the riveting
die to form the ObuttonO of the joint and promote flaring of the rivetdi€s utilized for the two case studies are
specified based on depth and diameter and inclugg@®ahich protrudes up the center to impose a héghee of
flare to the rivet and reduce the probability of OgovnO fractures in the bottom shedere fractves form around
the circumference of the interface between the bottom sheet and.thiéeligie used for hPHS to Al6111 joint
was 11.0mm (0.43 in) deep with 225 mm(0.88 in) diameterand the die used for the commonization joint was
11.0 mm (0.43 in) deep with a 20.0 mm (0.79 in) diam@&ten. rivets of each geometry were utilized for thaijg
trials; 1-3 rivets were used to determine the appropriate punch velocity to athéstaget head height while the

remaining rivets were set at the prescribed punch \gléai further analysis.



Joints for each case study were formed and examinddhftiures of the sheet material with photographs
taken of tle bottom ObuttonO portion. Three joints \getected for analysis and the centerline of the rixset
marked. The joint was themosssectioned using a wet abrasive cutoff searthe centerlinend ground flaand
to the point of the centerlingsingan upright belt sander with 4@f¥it silicon carbide grinding papefhecross
sections were then photographed to locate any pateiet fractures. Interlock distance was measuredyusia
cross section photos by defining the distance that the ttikafivet flares beyond the hole formed in the top
sheet(s) of each joint stack. Due to the low volumthefrivet sampled by examination of the crsestionsiwo
rivets were also extracted from the joints by making owts with the wet abrasive cutoff saw from oppogsitgs
of thejoint. The joint was then placed in a vice and the simtél components were broken away to allow the rivet
to be extracted from the joint. Extracted rivets were photographed frattcabview, looking down the bore of the

rivet, as well as a profileiew to identifyany fractures.

3.4 Mechanical Flaring Apparatus and Procedure

In order to more accurately define the limits of rivetpegformance, a test method to flare the rivets over a
die in compression was developed. There were several iteratithms miechanical flaring procedure with most
modifications being made to improve the alignmeemd allow a high degree of flaring to occur along a similairstr
path to that developed during joininbhe test was developed to give an indication of treerhain properties that
dictate success during the SPR process, column strength and flgraiglioa The column strength is required to
allow the rivet to pierce the top sheets of the joint statile the flaring capability allows the formation tbie
interlock that provides joint integrityAt least 3 rivets of each microstructure under itigasion were flared until
failure and representativairves are presented in Chapter 4

The first iteration of the rivet flaring process s@ted ofa standard compression arrangemesing an
Instrumet screw driven load frame an8000N (20 kip) load cell. o platens were mounted onto the crosshead
and load cell along with a leveling device to attempt to progidgment Small pieces of tool steel werdiréd to
the top platen and the leveling device to prevent damage to the platérgthe compression process. The rivet
head wagenteredn the bottom portion of the setup with the leveling device and a 4.7625 mm (1 &B2100
ball bearing was placed into the rivet bore to impose flaring. Alalyier of Molykote assembly paste was applied at
the bearing/rivet interface prior to the flaring process. To assess tleeddédlaring during the test, a MTS
diametral extensometer was positioned to monitor the outer circemafiof the rivet as the test proceeded. A
crosshead speed 040 mm/min (0.01én/min) was chosen based upon theTABstandard for compression testing
of metallic material$o achieve a strain rate of approximately 0.005hiased on the average height of the two
rivet geometriesg3]. The test was initiated and stopped when a load df@pct occurred, indicatintpe
formation of fractures within the riveA photograph of the testing setugppgrovided in Figure 328

In an attempt to better replicate the rivet flaring thaturs during the actual SPR process, the mechanical
flaring apparatus was modified to inde a 12.0nm (0.47in) long by 7mm (0.28in) diameter 120j conical die
manufactured from O1 tool steel that was Hesdted to a hardnes$ 60 HRC.The conical die was chosen to

provide a consistent flare as the rivet is compressed compaltesilhaltbearing where the flaring angle decreased



as the rivet contact moved from the apex of the bearing to thedeentTesting was performed on an Instron screw
driven load frame using a 90,000(20kip) load cell that was located at the Ford ResearchHraralation Center.
The setup was further modified in an attempt to mnpraligyment by using a modified IITRIllinois Institute of
Technology Research Institut@ture [54]. The IITRI fixture was developed for compression tesf composite
materiak which require plane parallel compressialignmentis provided by vertical rods placed at the four corners
of the bottom portion of the fixture while the top portion has four holeseNimerarbearings are placed &dlow the
fixture to freely move veically while the two portions maintain plane parallel alignment. The conical die was
centered on the bottom portion of the IITRI fixture andritiet was placed on tgphe interface was lubricated with
Molykote assembly paste as in the first iteratibthe testing method. A threaded rod was fixed totdipeportion of
the IITRI fixture onto which a small piece of tool steel was affixed to preventde. The test was performed at the
same crosshead speed as the previous testing métdBdnm/min (0.01én/min), until a load drop of 2 pct was
reached. The MTS diametral extensometer could nosed in this testing method duetke inability to accurately
record rivet strain during the flaring processthe conical die impacted the extensometer causing unstable
measurements during flarings a result, load and crosshead displacement were used for analygi®sedoto load
and diametral strairRhotographs of the modified mechanical flaripgparats are shown in Figuses.3b and 3.8.

As the experimental he&teatments progressed with 10B37 and the alternative alloys under intiestiga
larger diameter die was required to facilitate the high degree of flaring teathieto be achievethe integration
of the larger conical dieed to the finalteration of the mechanical flagnprocedure, shown in Figure 3.3d. Testing
was once again performed on an Instrumet screw dtpaghframe using a 90,000 (20 kip) load cell. A mounting
bracket wasffixed to the top crossheaahd athreaded rod with a 7.81 mm (0.3075 in) diameter recess machined
into one end of the rodas threaded through. The rod was hardened $teaitizing at 1000; C anguenching into
oil beforetempering at 200¢ for 30 mindes The head of the rivet fits tightly into the recess in the threadetbrod
provide alignment during the testing procedure. To accommodate a higher defigeag, a second 12@}ie was
manufactured with a 12imm (0.50 in) diameter and height aB6mm (0.25 in). D2 tool stesVas chosen for the
updated die due to wear occurring on @tkdie used in the previous iteration of the flaring apparatus. Thewagt
placed upon the die, again using Molykote to lubricate the interfacehanliefrivet assembly was moved such that
the rivet head slotted into the recessed rod in the crosshgaedload of 445 N (100 Ibs) was applied three tinmes i
succession to allow the die to center along the bogtiaten prior to beginning the test. The tg@as performed a
crosshead speed 040 mm/min (0.01én/min) until a load drop of 2 pct was deted. In addition to the conical
die, two E52100ball bearings of differing diameters, 4.763 mm (0.1875 in) and 12.7 mm (0,5@are utilized to
provide alternative strain paths to assess any impact on the ferifigmance provided by the experimérteat
treatmentsThe updated flaring apparatus with the ball beariagbown in Figure3.3e and 3.3f

In addition to flaring rivets until failure, quench atrnper rivets with no decarburization were utilized for
interrupted tests to determine timétiation points of the fractures. Twenty rivets were flared datilire with both
geometries under investigation using the same methods previously desthbederage maximum load for each
set of rivets was determined. A load limit was apptiedbat the test at 95 pct of the maximum lpadd five rivets



were flared to the load limit and then removed fithi@ apparatus. Examination of the rivets was peréoronsing

scanning electron microscopy (SEM) to determinddhation of thefractureinitiation points

(d) (e)

Figure3.3 The various iterations of the mechanical flaringapgus that have been utilized to assess riv:
flaring performance. (a) Flaring with ball bearinglaxtensometer. (b) Flaring using modified
IITRI apparatusgircled regiorexpandedn (c). (d) Final aparatus using conical die, ball beari
iterations shown in (e) and (f).

3.5 Digital Image Correlation

Three dimensional digital image correlati@ C) studies were performed during rivet flaring for each
geometry under investigation in both the fully martensitic condition, tesdpetr200 ;C for 30 minuteandthe
intentionally decarburized for 20 minute (PHS/AI6111) and 60 minute (amization) conditions to assess the
impact of processing and surface microstructure on strain develbpomamg flaring. A speckle pattern was applied
to the rivet through lightly spraying white RtSteum protective enamel spray paint onto the surfiace
approximately800 mm(12 in) away from the rivetDual Baumer TGX50i cameras with 20 mm lens extensions and
Xenoplan 2.8/50 lenses equipped with polarizingrlieere used in a stereoscopicangement for the analysis.
Two external lights were positioned to illuminate the specimen fraoh camera angland the polarizers were
positioned to reduce any glare on the surface of the fivet cameras and lights were mounted on a rail such that
the proper intrabcular distancef 50.8 mm (2.0 inand angl€26;) could bedefined.A photograph of the camera
assembly is shown in Figure4d The camera assembly was then positioned 205 mm i{8.@7 front of the rivet.
The speckled rivets were compressetdil failure using the mechanical flaring apparadusthe test parameters
previously describedhile 20 photographs per second were taken and esethélysis. ARAMIS software package
was used to analyze the images and speckle patteletérmine both the axial and hoop strain evotugibthe rivet
tail as the rivetwasflared.An area of analysis was definagproximately 1.0 mm (0.0393 in) from the tail of the

! 23



rivet to most accurately determitige strairevolution to be compared to finite element simulatidie tests were
performed using a 15x13 mm.@@x0.51 in) area witB00-1000 total facets per rivet, an exampfevhich is shown
in Figure 3.4. The facets are discrete areas within which the d&dtion is tracked based upon tfistortion of the
speckle pattern during deformation of the riidte number of facets is related to the resolutiothefstrain
measurementslividing the measurement area by the number of facets provided aifacef 0.0420.052 mni. A
single10B37rivet of each heatreatment was tested using DI@itial calibraion of the facet size was performed
with photographs of an nesleformed rivet and indicated a deviation of less than 0.1 pct straathrthe axial and

hoop directions.

(b)

Figure3.4 Photographs of the digital image correlation setapDual Baumer TGX50i cameras and light:
affixed to mounting rail, (b) rivet and conical die with sdegkattern, measurement area, and
facets applied to surface of specimen.

3.6 Hardness Testing

Hardness testing was performed on rivets ofredirostructuregnd alloysunder investigation with the
most attention paid to rivets that had been intewatly decarburizedAll hardness testing was performed on rivet
samples that were mounted in Bakelite or LECO thdynzaitivated epoxypowder angolishedto 1 um using
standard metallographic procedumesccordance with ASTM E38%5]. Testing was performed using a LECO
MHT Series 200 manual Vickers hardness tester, aQ. B®IH 43 automatic Vickers hardness testera LECO
AMH 55 automatic Vickes. Cornerstone software package was utilized for arslygh the automated hardness
testersBulk hardness tests were performed on either thed bka vertically mounted rivet or the web of asso
sectioned ~et using 9 point grids and 5@¥am loadsvith a 10 second dwell timé&n average of the 9 points was
used for reporting. Decarburized rivets were analyzed usisgpB grids (5 points by 10 points) at the tail of the
rivet crosssection. Spacing was defined based on the minimummbasdat the surface from preliminary single
indents that were placed the standard 2.5 diagonal idéstahce from the surface of the rivet. The grids were
positioned at the outer diameter of the tail of the rivet just atievehamfer with the 1point portion of the grid
penetrating into the bulk of the rivehank A 50-gram load and X8econd dwell time were used for the fxdint
grids to provide a higher resolution of the hardness decay derived fronctrbulézation procesé schematic of
the indent locatios for bulk hardness in the rivet is shown in Figure 3abd a schematic of the indent locations

across the riveshankis shown in Figure 3.5b.
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Figure3.5 Schematic locations of Vickers hardness indentssadtee rivet fofa) bulk hardness and
(b) hardness variation from the surface to the bulk. Indents are not¢o sca

3.7 Tensile Testing

Tensile testing of 10B37 wire was carried out usingTS screw driven load frame equipped with a
90,000N (20kip) load cell and manually actuated vgip jaw faces. Wire was straightened prior to tensile testing
by first passing it through a roller type wire straightener then pu@g cm (10 in) sections in tension to a
displacement of 10.00 mm (0.397 to attain straight wire samples. Portions of the wire that were in the tensile
grips were then removednd the samples were bisected to yield two tensile specimens arickhéad taachieve
the various microstructures under investigation. Testing waged out according to ASTM E8 standards for full
thickness round specimerisd]. As per the standard, a small portion of mategegscribed to be more than
0.25mm (0.010 in) in length, was removed from a 50.8 mm J@aye section to encourage fadwrithin the
extensometer. The reduction was produced by mounting theetspsitimen into a drill press with the free end
braced such that pressure can be applied to the specimen without @enysbending. The sample was rotated and
ground using grinding paper with the continuous application of water. Grindingexf@smed in two steps; the first
being in the spheroidized condition prior to hardening with coarse grinding (24880 grit) and the second
being after heatreatment with fine grindingaper (8001200 grit). The twestep arrangement was chosen to
provide the fastest material removal while also providing an adegudgee finish for testing. A variation of no
more than 1 pct of the diameismpermitted along the gage section priotasting and was verified through 5
diametemeasurements with a micromet8amples that did not meet the criterion were ndeteSests were
performed at a crosshead speed of 0.16@4/min (0.006n/min) to yield a strain rate of f&s*. A 25.4mm (1in)
Shepic extensometer was utilized for all tensiléstaad only samples that broke within the gage welected for

analysis. At least 3 samples of each hesdtment were tested and representative curves were chosen fgisanaly

3.8 Compression Testing and Friction Determination

Compression testing was performed to provide aceuratterial properties to be integrated into finite

element simulations of the rivet flaring process at the-Btghins that occur during flaring of rivets. Compression



testswereperformed on aseceived spheroidized 10B37 wire samples as well B8 1Wvire samples that had been
hardened through the previously described-treattment process and tempered atZD€r 30 minutes. Testing
was performed on 5.5mm (0.216 m)lindrical samples of varying heights ranging from appratety 2.54mm
(0.10in) to 7.62 mm (0.30)p4-5 different heights were utilized for each test with two cylindessed at each
height levelto produce variation of the diameter/height rati@dow the extrapolation to a zero diameter condition
to remove any effects of frictiomhe ends of the cylinders were ground plane parafigb a 9 um surface finish
using silicon carbide grinding paper and a grinding fixture developed to producddllEMD2 tool steel platens
with a diameter of 12.7 mm (0.50 in) were ground wlia same method and placed on the top and bottom
compression platen to prevent damage to the fixture. Testithg df0B37 quench and temper samples was
performed utilizing 45,000 N (100 kip) MTS hydraulic load frame at a crosshead speed of 0.40imm/
(0.016in/min) up to a load of approximately 178,000 N (40)kiigher loadsesultedn fracture of the D2 tool

steel platens. Testing of the-wxeived spheroidized sameplwas performed on an Instrumet screw driven load
frame with a 90,000 N (20 kip) load cell with thereaD?2 tool steel platens to prevent damage to ahgpcession
platens. Testing was performed with the same crosshead speed wind/ddn (0.016n/min) until a load of
80,000N (18 kips) was delivered to the sample. A light cogitof Molykote assembly paste was applied to each
platen face for all compression trials to replicate the iaterfriction occurring during the rivet flaring experiments.
Compression testing data for each material conditi@reconverted to true stress/true strain and representative
curves were used to develop the finite element simulations deddritbater sections of this chapter.

Compression testing was also performeddtermine the coefficient of friction between the tool steel
platens and the 10B37 material with Molykote assembly paste by conmgreissjs to varying degrees and
measuring the final height, inner diametard outer diameter of the ring. Rings were prepared usingfratd® of
outer diameter, inner diameter and height. Rings were produceafiordersof straigltened 5.5mm (0.21i&)
diameter 10B37 wire and drilling a 2a7m (0.107in) hole throughhe centerOnly drill bits of 2.8 mm (0.11()
and 2.7 mm (0.108) diameter were availahlso the 2.7 mm (0.10@) was chosen and dmirring was performed
to achieve the 2.7Bm hole diameter. The cylinders were then sectioned)wuslowspeed diamond saw and
ground to the prescribed height of rfdm (0.361in) to achieve the 6:3:1 ratio to be used to determine the friction
coefficient. The rings were compressed using the same Instrareet driven load frame and procedure that was
used in the previously described compression testing procedure. Molykotgppliesl to the D2 tool steel platens
and three rings were subjected to loads of 21010 kip), 66,720 N (15 kip) and 80,000 N (18 kipyteld rings
of varying inner diameter, outer diameter and height ratios. Measutsrof the final ring height and outer digter
were taken with a micrometeand the inner diameteras measurely taking photos of the rings using a
stereoscope with a scale slide aveteanalyzed usig ImageJ by taking the average of five inner diameter
measurementd.hefinal height, outer diameter and inner diameter vikes input into the ORing Test with BulgeO
program developed by Dr. Van Tyne and FiSktel and plotted against curves develope@vitzur [57] to
determine the interface friction factor between 10BB@ D2 tool steel using Molykote assembly pable
cylinder compression is plotted as decrease of ID as a fundttbe ceduction in height of the cylinders along with

curves forinterface friction factorsf 0.1, 0.15 and 0.2 in Figure 3.6.
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Figure 3.6 Friction coefficient data from the compression ofdeed 10B37 rings against D2 tool steel u

Molykote assembly paste as lubricant. The data painown are derived from compression of
cylinders to varying final heights, and a friction dagént of 0.15 is the best fit to the data.

3.9 Finite Element Modeling

To accurately determine the strains evolved dufiiegrivet flaring process and determine the abditany
failure criterion to accurately predict failures, mité element simulation was created of the riveirflaprocess
using both geometries of rivet and the three different die shapeasereitilized in the flaring experiments.

The simulations were created using Abaqus 6.14 CAfisyfnmetric models of each rivet geometry under
investigation were produced from measurements taken from mouossssections. The rivets were treated as
deformable partwith the elastic material properties manually deditg true stress/true strain data gathered during
tensile testing and plastic material properties defined by true stress/truelateagathereduring compression
testing of wire sample§ he elastic portion of the compression data was subtracted from thebefove being
manually input into the simulation softwadmalytically rigid axisymmetric models of the 120j conical die as well
as the 463 mm (0.187%n) and 12.7 mm (0.50 in) ball bearings were creatitkin Abaqus to replicate the
mechanical flaring testdhe assemblies for each rivet and die combinatiateumvestigatn are shown in Figures
3.7ad.

The surface of the rivetgsasseeded with 2Dinear triangular mesh seef@AX3) and allowed tgopulate
the bulk of the rivet. The rivet geometry used in the commonization case studyned 2632 elementshile the
rivet geometry used to join PHS contained 3053 elésnBoundary onditions were imposed where the head of the
rivet was held at a constant location in three dirnmarsswhile also eliminating any twisting (encastre)le/the die
was allowed to translate up into the rivetistance of 0 mm (0.157 in), based ¢ime maximum displacement
achieved during all of the mechanical flariegs.



Rivet models were also created which included tloadmirized surface layefFhe material properties for
the surface werdefined through a similar procedure of manual input based on true stress/tinelateagathered
from spheroidized 10B37 wire samples in tension@mdpression. These material properties were imposed
surface layer that was 0.03m (0.012 in)for the rivetused inboththe commonization study and the préssdened
steel study. The standard rivet model was reduceddkrtéss slightly such that the addition of the decazledr
layer returned the rivet to the previously defined dimensions. The suffltedecarburized layer was also
populated with 2D triangular mesh seeds and allowed to mesh automalibal rivet geometry used in the
commonization study contained 2498 elements in the bulk aheéléments to model the decarburized surface. The
rivet useal to join PHS contained 2963 elements in the bulk with 374 elements indhdodezed surface layeFhe
decarburized surface of the rivet was tied to the bulk by using a eelssface constraint where no delamination
was allowed to activate, providjra secure attachment during treirety of the flaringorocessNo variation in
properties was input between the bulk of the rivet in the surfaadinigto a discrete barrier between the two layers.

A friction coefficient was defined as 0.15 basedlm¢dompressed ring experiments to accurately model
the effect of the Molykote assembly paste applied during the mechanioa #xiperiments. Simulations were run
until completionand utilized a remeshing rule based on effective strain to atlewiimulations to proceed to the
high strains required for the decarburized rivets.

The axial and hoop strains at the surface of thet sixere gathered from the simulation output and
compared to results from DIC experiments. The effective saraiimaximum pringal stress were also determined
from the simulation output and utilized ¢alculateCockroft and Latham failure criterioraluesfor prediction of

rivet flaring failures using quench and tempered riveth no decarburizatian

a b © (d)

Figure3.7 Finite element models for each flaring study undgestigation. (a) 1.25 mm (0.049 ishank
thickness rivet and 120j conical die, (b) 1 mm (0.039 isti@nkthickness rivet with 120; conic
die, ()1 mm (0.039 inchyhankthickness rivetvith 12.7 mm (0.5 in) diameter ball bearing,
(d) 1 mm (0.039 inchyhankthickness rivet with 4.763 mm (0.1875 in) ball bearing.

L.
(

The appropriate mesh size was determined througimacgence study condect on the commonization
rivet geometry. The rivevas meshed with varying seed separation values rgtfigim 0.9mm (0.035n) to
0.025mm (0.001in), and the simulations were run to a die displacement of 4.00vit& {n). The axia(!,) and

hoop(!,) strains were extracted from the simulations usimggfirst element before the curve of the rivet dailthe



outside of the rivet shartk compare the impact of mesh saestrain evolution. Figure 3shows the axial
strain(!y) as a function of hoop stra(h,) during the flaring process for mesh sestances from 0.6hm (0.035n)
to 0.025mm (0.001 in Convergence is achieved as the mesh seed distance reaches 0.15 r@rim)@uifthus, a
mesh seed distance of 0.1 mm (0.004 in) was choggmovide accurate strain data while reducing the Kition
time as much as possible.
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Zez S'\ 0.05 mm

K7 0075mm
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Figure3.8 Axial strain(!,) as a function of hoop stra(h,) for mesh seed distances ranging fromr@réi
(0.035in) to 0.025mm (0.001 in). The simulation shows convergence after 0.15 mm (0.006
the curves showimilar strain evolutionsegardless of mesh size.

3.10 Failure Criterion Application

A failure criterionwasevaluated for tensile testing experiments performed on 10B&7that had been
hardened and tempered at 200; C for 30 minutes. The Cockroft and Lathamdgterion was evaluated based on
the integral of the maximum principal stress as a functiofffeéteve strain during the plastic deformation regiofe
the tensile testing curve up to the point of failure. True stress/true strairs eueve produced from
load/displacement data up to the UTS of the test specBased upon uniaxial nature of testiand the Von Mises
stress and strain equations, the maximum principal ssdke applied true stress while the effective straihgs t
true strainThe maximum principal stress and effective straifaétire were calculated based dwetequations
preented by Bridghan[58]. The equation for maximum principal stress is presetirt Equation 3.Where" ; is the
maximum principal stress ards the cross sectional area of the necked region after fractuzeffEctivestrain
was calculated using Equati®.2whereT| is the effective strain at fracturlg, is the starting radius of the sample
and! is the final radius of the fractured sample in the necked regf@maximum principal stress as a function of
effective strain curve was then extrapolatedhiecalculated values dilure using a Fench curvedo match the

slope of the curve during the plastic deformatiorimegup to the UTSwhile alsocrossingthe final pointat fracture



calculated from BridmanOs equations. The curve was then digitized aetbstic strains were removed to isolate
the plastic deformation during the test to the point of fracfline region was fit using@ower law fit based on the
Holloman equation anthe curve was integted from 0 to the effective strain at failduoeyield the Cockroft and

Latham value, C

R Equation 3.1

o () Equation 3.2

The evaluation of the Cockroft and Latham failurgecion for therivet flaring processvas performed
using the output values from the Abaqus simulations. The maximum pristipss and effective strain were
extracted from the output of the simulation file up the pofrfailure as dictated by the axial and hoop strains
defined through DIC experimentation through crosshead displacement based upon the flaring tests performed
through alternative strain pathiBhe maximum principal stress and effective strain were plotted and a Resunan
calculation was perfoned to integrate thieinctions and yieldite Cockroft and Latham values for a series of
elements at the tail of the rivet where fractures were observexttio during flaring experiments.

For rivets that had not been decarburized the elevarihe surface of the rivet tiibm the interior shank
surface to the outer shank surface were selected. Urhbar of elements differed by rivet geometry, resglin 25
to 30 elements being selected for each analysis. The Reimann sumslagegezhand ranked in descending order
then matched to the corresponding elements within the model. &ag around the rivet tail where the highest
values occurred were determined to be the locations where faibuie wost likely occur. The failure locations
were compared to those determirietbugh SEM analysis of interrupted flaring tests to 95 pct maximum load to
compare the initiation sites of the fractures to those predigtédde simulations and the application of the Cockroft
and Latham criterionThe resultant values were also complaieethose calculated based upon tensile testing to
assess the validity of the failure criterion to predict thairstat failure.

Rivets that were decarburized were analyzed inghttji different manner. The entirety of the riveaak
near the tail was selected and the maximum principal stressffactive strainvereextracted for each element.
Between 250 and 300 elements weetected for the analysis. The Reimann sums were ceddulathe same
manner to those for the natecarburized rivets. The Reimann sums were then ranked in descendingnak tee
top 30 elements were used to define an area where fracture was mggbliketur. The defined area consisted of
approximately 60 elements from which all of the Cockroft aatham values were extracted. The negative values
were removed and an average was taken to yield thes/that were compared to those generated frem th
integration of the tensile curves.

A similar analysis was performed with simplified fagicriteria; maximum principal stress and maximum
principal strain to compare to the experimentally obtained resultelhas the location and failure energy

calcuated through the Cockroft and Latham criterion.



CHAPTERFOUR
RESULTS

This chaptepresentshe results gained through the experimental procedumgsimulationslescribedn
ChapterThree. Initial joining attempts were performed tplieate currently available commercial technology t
identify the failues that occur during riveting in demanding joiningneg@s for automotive use. The development
of the flaring procedwris presented and has been utilized to compare alternative allogsattrgatments using
prototype rivetsDigital image correlation results are shown and caegbavith lesults from finite element
simulations created using Abaqus to determine the strekstrain evolution of the rivets during flariagd the
accuracy of the simulationEinally, resultsare presented from applying the Cockroft and Latham failure ioritéo

predict rivetfractures that occuduringflaring using multiple rivet geomees heattreatments and strain paths.

4.1 Commercial Riveting Failures During Joining

Riveting was performed for each of the two caseietudnder investigation to determine the types of
failures that occur within the rivet once the jomiparameterbave been optimized to avoid sheet metal failures.
The results of the joining attempts are presente®eiction 4.1.1 and 4.1.2 for the préssdened steel to Al6111
case study and commonization case study, respectively. In add&totion 4.1.3 showdeztron micrographsf
fractured rivetgo determine the characteristics of the rivet failures that developed dunirgyjattempts.

4.1.1 Press Hardened Steel to Al6111

Riveting was performed on the joint stack contairtimg PHS and Al6111 using 10B&vYetsthat had been
heattreated through a quench and temper process to the minimum (535 HWaaimdum (585 HV) of the highest
commercially available hardness level with a nominal hardnesssafi¥5(H6). The minimum hardness rivets
appear to buckle @hcompress significantlyvhile the maximum hardness rivets form fracturesglihe periphery
of the rivet tailas the rivet flares into the bottom substrdtee joint crossections prepared from joining attempts
are shown in Fjure 4.1a and 4.1b alomgth a bottom view photograph of fractures that depel during joining

with the maximum hardness rivet in 4.1c.

4.1.2 Commonization

Riveting was also performed on the 2T joint stackdufor the commonizatiostudy using two rivets: the
standard rivet used during current production as aged rivet that was 1 mm (0.039 in) longer in lerggit had a
thicker web. Crossections from the joining trials are shown in FiguZzafor the rivet currently in use @4.2b for
the longer rivet used to commonize the joint; a bottom view of an extractedaroration rivet is shown in 4.2c.
Utilization of the longer rivet led to fractures deping at the tail of the rivet during joining ettpts Thefractures

are circled in Figures 4.2b and 4.2c.
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Figure4.1 Failures that developed during joining attempts oSRtthd Al6111 using rivets that were heat
treated to the minimum (a) and maximum (b) of the H6 hardness level. Buokling rivet shan
is marked with an arrow ita) while fractures developed in the circled region in Bottom view
photograph of a fractured maximum hardness rivet is shown in (c).

Figure4.2 Failure that developed during commonization attep{adross section dhitial joint using the
standard rivet(b) joining attempt using the longer commonization rivet widtfures circled,
(c) bottom view of an extractetbmmonizatiorrivet with tal crack circled.

4.1.3 Rivet Joining Failures

Electron microscopy was performed on fractured sitetdetermine the fracture characteristics. Electro
micrographs of rivet fractures along the outer aimégrence of the rivet tail that occurred durjoming of PHS and
Al6111 are shown in Figure 4.3a andhkl.3he fracture features appear to show ductile void nucleation and
coalescence, indicating that the ductility of the rivetlesn exceeded during flaring of the rivietactures were
also observe on the rivet chamfer after rivets were extracted from th® &t Al6111 jointSurfacefractures on
the rivet chamfer are shown in Figure 4lhe surface fractures indicaaehigh degree of strain at the surface of the
rivet during flaring that is séitient to nucleatéractures.



(b)
Figure4.3 Scanning electron micrographs of fractures that &atrat the rivet tail during joining attempts ¢
PHS and Al6111(a) A large fracture at the tail of the rivet with thectgd region. (b) Expandec

view of the circled region in (a) showing ductile void nucleation on tlegiartof the fracture
along with debris from the joining process.

Figure4.4 Scanning elelcon micrographs of fractures that formed on the surface of the rigatfeh during
joining attempts of PHS and Al6111. The photographkisridacing the rivet bore with the
fractures radiating from the interior to the extewbthe rivet shankThe lacation of the
micrograph is indicated with an inset of the rivat trosssection.

4.2 Experimental Heat-Treated Rivets

The following sectionsharacterize the rivets that were subjected t@iperimentaheattreatmentgor
evaluationthrough mechanical testing arideting experimentsSection 4.2.1 details the as forged microstructures
produced from spheroidized wirSections 4.2.2 through 4.2.4 detail theet characteristics aftexxperimental
heattreatmentghat weredevisedn an effort to improve the mechanical properties of the tivatlow successful

joining of the two case studies under investigation.



4.2.1 Prototype Rivets: As Received

Prototype rivets of 10B37, 4130, 4340 and 5160 weoeuced from wire that had beeolddrawn to the
appropriate diameter and spheroidized to facilitate the-footring operation. Optical micrographs of the as
received microstructurdaken on the rivet web and shaane shown in Figure 4.8.8for 10B37, 4130, 4340 and
5160, respectivelyThere were slightariations between each alloy after the cold forging operation and were
defined through measurements of rivet length and diameter alon¥iekérs hardness measuremetatsen on the
rivet webof the asreceived microstructurethe measurement results are shown in Tablekdg with the
calculated standard deviatiord! alloyshadequiaxederrite grains in the bulk dherivets with elongated grains
in the rivet shank as a result of the extrusion process. The 1tRBHe lovest hardness valuashile 5160 and
4130 were approximately equal after forging with the 4340 having the highest $sxdteges in the asrged
condition. All rivet dimensionshowed very slight variations asiftem the5160rivetshaving a slightly shorter
length than the other three allogfer cold forging

Table 4.1DbRivet Dimensions and Hardness After Forging

Allo Rivet Length Rivet Diameter As-Forged
y [mm (in)] [mm (in)] HardnesgHV]
8.024 + 0.0076 5.288+ 0.0025
10B37 (0.3160 £ 0.0008 (0.2082 + 0.0001 2214+ 137
8.012+ 0.0178 5.293+ 0.0101
4340 (0.3157 £ 0.000y (0.2084 + 0.0004 21912 7.7
7.938+ 0.0127 5.288+ 0.0025
5160 (0.3125 + 0.000p (0.2082 + 0.0001 2418132
4130 8.047+ 0.0076 5.28574+ 0.0025 2592+ 81

(0.3168 + 0.0008

(0.2081 + 0.0001L

Figure4.5

shown in the upper left corner.
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Optical micrographs, 2 pct nitatch. Taken from 10B37 rivets at: (a) rivet web, (b) rivet 1
arrow indicates extrusion direction. The micrograph with redjettte rivet orientation is
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Figure4.6 Optical micrographs, 2 pct nitatch. Taken from 4130 rivets at: (a) rivet web, (b) rivet tail

arrow indicates extrusion direction. The micrograph with redjpettte rivet orientation is
shown in the upper left corner.

Figured.7 Optical micrographs, 2 pct nitatch. Taken from 4340 rivets at: ((a) rivet web, (b) riaét t
arrow indicates extrusion directiohhe micrograph with respect to the rivet orientai®n
shown in the upper left corner.
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Figure4.8 Optical micrographs, 2 pct nitatch. Taken from 5160 rivets at: (a) rivet web, (b) rivet tail
arrow indicates extrusion direction. The micrograph with redjpettte rivet orientation is shov
in the upper left corner.
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4.2.2 Prototype Rivet Heat-Treatment: Quench and Temper

Prototype rivets of the four alloys under investigiatwvere heatreated through a quench and temper
process to form a fully martensitic microstructure. Opticarographs of each alloy in the as quenched condition
are shown in Figures 448.12for 10B37 4130, 4340 and 5160, respectively. Vickers hardness valoeg with
calculated standard deviatioimsthe as quenched condition at various locations across the rivesseism are
presented in Table 4.@&hile Vickers hardness values taken on ikietrweband tailfor each tempering condition
are given in Table 4.8long with the associated standard deviatidhg 5160 rivethadthe highest hardness values
in the asquenched condition while the 4130 rivets hiagl lowest hardness of just over timminal hardness level of
555 HV required for the joints under evaluation. Atemperingthe 10B37 and 434fvetshadhardness values in
excess of 555 HWwhile the 516Qivets weretempered at higher temperatures to reduce the potential for brittle
fractureas a result of quench embrittlemehhe microstructures appear to be consistent, witallalys achieving a
fully martensitic phas@ransformation during quenching. However, the 5160 risketsvedevidence of banding

throughout the miostructurethat was not observed with any of the other alloys.

Figure4.9 Optical micrograph, 2 pct nital etch. Taken frasiquenchetDB37 rivets at the rivet web
showing a fully martensitic microstructure. The miagaggh with respect to the rivet orientatiien
shown in the upper left corner.

2 " ; - : _ 3 u ¥
Figure4.10 Optical micrograph, 2 pct nital etch. Taken frasiquenched130 rivets at the rivet web showi

a fully martensitic microstructure. The micrograph with respethe rivet orientation is shown
theupper left corner.
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Figure4.11 Optical micrograph, 2 pct nital etch. Taken frasiquenched340 rivets at the rivet web
showing a fully martensitic microstructure. The miaeggh with respect to the rivet orientatic
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is shown in the upper leforner.
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Figure4.12 Optical micrograph, 2 pct nital etch. Taken frasiquenche8160 rivets at the rivet web
showing a fully martensitic microstructure and eviden€banding. The micrograph with
respect to the rivet orientation is shown in tipper left corner.

Table 4.2bVickers Hardness Values iait As-QuenchedPrototype Rivets

RivetWeb [HV] Tail Length [HV]
10B37 630.5+ 10.2 629.3 £ 10.9
4340 676.9+ 17.5 671.6 + 13.8
4130 554.6 + 12.3 540.7 £ 14.1
5160 773.1+12.9 769.7 £ 14.6




Table 4.3bVickers Hardness Values of Rivet Alloys after Tempering

200 jC 30 minutes 250 jC 30 minutes 300 jC 30 minutes
10B37 591.4+ 12.5HV 532.9 + 9.9 HV 489.4 + 7.1 HV
4340 608.0+ 12.5 HV 562.8 + 9.2 HV 533.2+ 7.3 HV

100 iC 30 minutes 150 jC 30 minutes 200 jC 30 minutes
4130 5363+ 10.5HV 544.8 + 6.3 HV 520.7 + 6.3 HV

350 jC 30 minutes 400 jC 30 minutes 450 jC 30 minutes
5160 548.0+ 11.2 HV 494.6 £ 10.6 HV 450.2 + 9.2 HV

4.2.3 Prototype Rivet Heat-Treatment: Lower Bainite and Martensite

Prototype 4340 and 10B37 rivets were heaated using an austempering process to produce mixed
microstructures ofower bainite and martensite an effort to improve toughnes9ptical nicrographs of 4340
rivets austempered at 320 for 2 minutes and 4ninutes are shown in Figure 4,1&hile optical micrographs of
10B37 rivets austempered at 3&Dfor 3 seconds andseconds are shown in Figure 4.VAckers hardness values
and phase fractions for condition are shown in Tablalbdgwith standard deviation&ustempering treatments
for 10B37 and 4340 achiegi¢he target amount of 25 pct lower banite after 7 seconds and 2 minutestivebpe
The hardness values for the 4340 rivets were apmately equal to those achieved durirgneentional quench and

temper processing while the 10B37 rivets showed a significant hardaesdtion of approximately 100 HV.

Figure4.13 Optical micrographs etched with 4 pct picral showimg mnicrostructure in the 4340 steel
austempered at 320 {C for (a) 2 minutes and (b) 4 minute¥ &ching regions are bainite whi
the white matrix is martensit®icrographs were taken from the rivet web in theotation
provided by the inset rivet crosgction.
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Figure4.14 Optical micrographs etched with 4 pct picral showimg microstructure in the 10B37 steel
austempered at 350 {C for (a) 3 seconds and (b) 7 secondsetblirkg regions are bainite whil
the white matrix is martensitdicrographs werg¢aken from the rivet web in the orientation
provided by the inset rivet cresgction.Surface of a wire specimen showing decarburization
induced ferrite that had formed on the surface after the austempeéstrgere.

Table 4.4bVickers Hardness Valuesd Lower BainitéAreaFractionof Austempered 10B37 and 4340 Rivets

Hardness Bainite vol. pct.
10B37- 350 {C 3 seconds 484.8+20.1 HV 21.6+1.3
10B37- 350 {C 7 seconds 434.1+10.4 HV 26.4+2.3
4340- 320 iC2 minutes 615.9+ 17.6HV 18.3x7.1
4340- 320 iC4 minutes  564.7+ 9.2HV 23.9+1.1

4.2.4 Prototype Rivet Heat-Treatment: Decarburization

Based orpublished simulations of the riveting process and the work of Roushialaon decarburized
300M steel during bendin®0], 10B37, 4340 and 516Wvetswere intentionally decarburized to improve the
ductility at the surfaceOptical micrographs of rivet crosectiongor 10B37 rivets that haldeen austenitized under
argon atmospher@ndintentionally decarburizedsing sakpot furancesare shown in Figus4.15-dfor a non
decarburized condition along with 20 minutes, 60 minutes and 90 minutes dfutézztion respectivelyAs the

decarburizatioms performega uniform layer of ferrite develops along the surface ofithet that increases with



decarburization time up to 60 minutes where additional decarburizatierdid not appear to provide an increased

ferrite thickness at the surface of the rivet.

Figure4.15 Optical micrographs etched with 2 pct nital of 10BR/&ts. (a)Rivet austenitized under argon
atmosphere for 25 minutes 900;C. Decarburized rivets austenitizatil860;C using molten sal
for (b) 20 minutes, (c) 60 minutes and (d) 90 misuteerriteis presentt the surface for each
decarburized rivet compared to a fully martensitic microstructfitee nondecarburized rivet.

The decarburization process was also applied to 4Bd(b160 rivets using the same methods utilized in
the heattreatment of 10B37 rivets. Optical microgragm®wing cross sections of 4340 rivets that had been
decarburized for 90 and 240 minutee show in Figure 4.16a and 4.hpwhile crosssections of 5160 rivethiat
had been decarburized for 90 and h@@utesare shown in Figure 4.17ac#d.1b. The decarburization of 4340 did
not result in a consistent surface layer of ferrite as was\adxsén 10B37 and 516@ consistent surface layer of
ferrite could not be achieved in the 4340 rivetsardtess oflecarburization time with intergranular oattbn
forming with rivets that had been decarburized fon8ifutes or moreThe 5160 rivets decarburized in a similar
manner as 10B37, resulting in a consistent suriager lof ferrite that increased with increasing diegezation
time. Decarburization time for the 5160 rivets was two to three tamésng as 10B37 to achieve the same ferrite

surface layer thicknes4340 and 5160 rivets that had beerstenitizedinder argoratmospherevere fully
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martensiticup to the surfacandshowedno appreciable decarburizationferrite at the surfacgith microstructures
approximately equivalent to tH®B37 rivets shown in Figure 4.15a.

Figure4.16 Optical micrographs etched with 2 pct nital of 43d4@1ts. Rivets were austenitizeding
molten salffor (a) 90 minutes and (b) 240 minut&ésergranular oxidation is visible in the
90 minute sampl@nd penetrates togaeaterdepth inthe 240 minute sample.

Figure4.17 Optical micrographs etched with 2 pct nitdI5160 rivets. Rivets were austernétd using
molten salt for (a) @ minutes and (b) 120 minutes. A thin layéferrite can be seen in the
60 minute sample with a higher surface layer thickneshé 120 minute sample.

Vickers hardness testing wasrformed across the rivehankfrom the surface to the bulk with 10B37,
4340 and 5160 decarburized rivets in selected-tneatment conditions. Thesults are shown in Figure 4.08he
three alloys under investigation all underwent a decrease in sirdadness of 20R50HV as the decarburization
process was applied while retaining consistent bulk hardness valuespfioimate depth of decarburization was
similar betweereach of the three alloys when using a 90 pct bulk hardnes$. dafirburizéion depths based

upon a 90 pct bulk hardness cutoff were 243 um, 227 um and 242 um for 10B37, 4340 amd<pEabiyvely.
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Figure4.18 Vickers hardness profiles from the surface of 10B3B40 and 5160 rivets in the standard que
and temper condition with no decarburization and after decarboriZati 60, 90 and 120
minutes, respectely. A decrease in hardness at the surface of approximately 25@ihvecseer
for each alloy in the decarburized condition.

4.3 Evaluation of 10B37 Wire and Rivets

Mechanical tests includingniaxial tension and flaring of rivets were performed on 10B37 wird rivets
that had been tempered to varying hardness leVaks results from tensile experiments are presemegerction
4.3.1, while mechanical flang experiments of 10B37 rivets with various microstructurespaesented in Sections
4.3.2 through 4.3.6. Section 4.3.7 shows the results obtained through digitalconegjation (DIC) analysis of the
rivet flaring process tdeterminesurface strainsloining results are presented in Sections 4.38 and #:3e&ach of
the case studies under investigation.

4.3.1 Tensile Testing of 10B37 Wire

Tensile testing of 10B37 wire was carried out toniifg the differences developed during different
temperingconditions as well as the impact of integrating lower bainiteimthe martensitic microstructure. The
results from tensile testing experiments are showrgarg 4.1%or 10B37 in the quenched and teengd
conditions as well as wire that had been auptered to include a portion of lower bainite. A sumynafrthe tensile
propertieds provided in Table 4.along with standard deviation&ll of the tempered conditions showed similar
elongation values with reduced UTS ajield strength as the temperitgmperature increased. The austempered
conditions showed reduced elongation and strength as austegnirenwas increased and the afreation of
lower bainite increased with the 7 second sample showing significantlyeedlicS yield strengthand elmgation

when compared to the samples that had been queackde#mperedlhe 10B37 sample austempered at 350or
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3 secondsind tenpered at 20 {C for 30 minutesshowed a UTS and yield strength that Weager than that

observed in 10B37 samples quenched tempered at PQC for 30 minutes. The decreasestrengthand ductility

does not correspond to the conclusions drawn by Tomita in regards to austgmpp&riding an incease in

strength and toughnep®]. The reductions in strength and elongatoa most likely caused by decarburization

that had occurred during austenitization while submerged in molten salt, léadimgduction in carbon near the

surface of theest specimens

Table4.5B85elected TensilerBperties of 10B3Quenched and Temped (Q&T) and Austemepred (AT) Wire

10B37

Yield Strength
[MPa (KSI)

Ultimate Tensile
Strength
[MPa (KSI)

Total Elongation

[pct]

Q&T: As-Quenched
Q&T: 200iC 30 min
Q&T: 250iC 30 min

Q&T: 300iC 30 min
AT: 350iC 3 sec

1210.03 9.10
(175.50+ 1.32)

1513.95+ 29.78
(219.58+ 4.31)
1455.62+ 19.71
(211.12+ 2.86)
1441.76+ 8.27

(209.11+ 1.20)

1444.25 (209.47)

1089.58 (158.03)

1998.44+ 117.83
(289.85 + 17.0p
1989.34+ 11.58
(288.53 + 1.6B
1810.90+ 11.03
(262.65 + 1.6p
1652.88+ 3.10
(239.73 + 0.45

1894.45 (274.77)

1522.02 (220.75)

6.10 + 4.41

12.82 + 0.16

12.02 + 0.25

12.20 + 0.36

11.03

7.79
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Engineering Stress [KSI]

Uniaxial tensile curves for 10B37 wire in the quertthed tempered at 200, 250 and 36G&and

after austempering at 35Q for 3 and 7 seconds followed by tempering at ZD@or 30 minutes.
Total elongation remains approximately constangieenched antempered samples with streng
decreasing as tempering temperature increases.
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4.3.2 10B37 Quench and Temper Rivet Flaring: Ball Bearing
The first iteration of the rivet flaring procedurglized a4.763mm (0.1875 in) E52100 ball bearing to

impose dlare on the rivet during compression. The test magitored with load and diametral strain using an
extensometeranda photograph of the procedure is shown in Figure 3.3a.d3udts from flaring of th&0B37
1.25mm (0.049n) shankthickness rivet dung flaringareshown in Figure 4.2€r four hardness levels ranging
from approximately490HYV to 590HV. Figure 422 shows the flaring results using the 1.00 mm (0.039 iahkh
thickness rivets hedteated to the same range of hardnessl¢eashose shown in Figure 4.20he diametral strain

increases with tempering temperatwgile the maximum force decreades each of the two rivet geometries
under investigation.
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Figure4.20 Mechanicaball bearingflaring curves for 10B37 1.25 mm (0.049 shankthickness rivets heat
treated to a range of hardness levBliemetral strain to failure increases as hardness levels
decrease. Maximum column strength decreases along with hardness.

Photographs of thizactures that developed during flaring are showhigures 4.21al and 4.23al for the
1.25 mm (0.049n) shank thickness rivets used to join PHS and Al6111 and the 1.00 mr@ {{©)@Bank thickness
rivets used in the commonization study, respectivklgingle large fracture was noted in the 1.25 mm49if)
shank thickness rivets and the 1.00 mm (0.039 in) stiackness rivets with hardness values in excess of 550 HV.
1.00 mm (0.039 in) shank thickness rivets below 550 HV show multiple fesctwurring at the outer
circumference of the rivet shank. The fractures differ from thosed during joining attempts in Figure 4.2c.
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Figure4.21 Photos of failed 10B37 1.25 mm (0.049 shank thickness rivets after being flaresing the
4.763mm (0.1875 in) ball bearing in compressia); As quenche®05 HV, (b) 200;C 30
minutes590 HYV, (c) 250;C 30 minutes550 HV, (d) 300;C 30 minutes500 HV. Large single
fractures can be seen on all htaitments, differing from fractusenoted during riveting trials.
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Figure4.22 Mechanical ball bearing flaring curves for 10B37 1.00 mm (0.03%hgnkthickness rivets heat
treated to a range of hardness levels. Diamstrain to failure increases as hardness levels
decrease. Maximum column strength decreases along with hardness.
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Figure4.23 Photos of failed 10B37 1.00 mm (0.039 #ankthickness rivets after being flared using the
4.763mm (0.1875 in) ball bearing in compressia)y As quenche®05 HV, (b) 200;{C 30
minutes590 HYV, (c) 250;C 30 minutes550 HV, (d) 300;C 30 minutes500 HV. Large single
fractures can be seen on thegasnched and 20 30 minuterivets while the 26 jC 30 minute
and 30 jC 30 minuteshow multiple fractures forming on the exterior rivetll.




4.3.3 10B37 Quench and Temper Rivet Flaring: 120; Conical Die

Flaring using the 463 mm (0.1875 in) ball bearing did not replicate fractures that weeé doiring
riveting trials Conical die faring results for 10B37 1.25 mm (0.049 shank thikness rivets and 1.00 mm
(0.039in) shank thickness rivets that were hratited to the same hardness rangeassutilized in the previous
flaring study are shown in Figes 4.24 and 4.25, respectively.

Trends observed during flaring using t20j conical die were similar to those during flaring using the
0.763 mm (0.1875 in) ball bearing where crosshead dispkceincreases witimcreasing tempering temperature.
The maximum force applied reached a peak after tengat 250; C for 30 minutes fothe 1.25 mm (0.04f)
shank thickness rivets and 28D for 30 minutes for the 1.00 mm (0.039 in) sharnikkihess ivets
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Figure4.24 Mechanical conical die flaring curves for 10B37 126 (0.049n) shank thickness rivets heat
treated to a range of hardness levels. Crosshead displacement te firrmiesses as hardness
decreases.

(b) ' ©) ' (d)

Figure4.26 Bottom views of failed 1.25 mm (0.048) shank thickness during conical die flarirtg) As
guenched 605 HYV, (b)tempered a200;C for 30 minutes 590 HV, (c)tempered a250;C for
30 minutes- 550 HV, (d)tempered aB00;C for 30 minues- 500 HV. Multiple fractures can be
seen around the circumference of the rivet tailiohecase.



Figure4.25

20000

15000 f

Force [N]

5000 f

Crosshead Displacement [in]
0.03 0.04 0.05

10000 r

200 {C 30 minutes

250 iC 30 minutes

0.5 1 15 2
Crosshead Displacement [mm]

Mechanical conical die flaring curves for 10B37 1Bt (0.039 inshankthickness rivets
tempered at@0 {C, 250;C and 30 jCfor 30 minutes

Rivet fractures observed from the use of 128 conical die were more consistent with those observed

during riveting trials with each case study, where multiple frastformed around the periphery of the rivet tail.
Bottom views of fractured rivets are shown in Figude26ad and 4.27al for the 1.25 mm (0.04i@) shank
thickness rivets used to join PHS and AlI6111 and the 1.00 mm (0.039 ik)thickmess rivets used in the

commonization study, respectively. The rivet failures whenguia120; conical die were similar to thoskeat

developed during flaring trials with multiple fractures developing arounththef the rivet at the point of highest

strain.

Figure4.27

(a)

(b)

(©

Bottom views offractured 10B37 rivets after being flargd) 200 jC 30 minutes, (b) 250 jC 30
minutes, (cB00 jC 30 minuteg-ractures can be noted on the outer circumferentieeafvet tail.
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4.3.4 10B37 Mixed Microstructure Rivet Flaring: 120 Conical Die

Rivets with a mixed microstructure of lower bairdted martensitevere investigated through flaring using
the120j conical die to determini¢ an alternative microstructure with higher toughness could provide any
improvements10B37 rivets were austempered at 3680for 3 seconds and 7 seconds to give varying arsafnt
lower bainite within the martensit€he flaring curves for the 10B37 1.25 mm (0.0dPand 1.00 mm (0.039 in)
shankthickness rivets comparirriyets that had beequencledand temperetb rivets that had been austempered at
350 C are shown in Figre 428 and 4.29, respectivelJhe austempered 10B37 rivets outperformed every
tempering condition for conventionally processed rivets in terms oftadsdisplacement. The high degree of
ductility observed in the 10B37 austempered rivets caused thetovidse to the point where the tail of the rivet
surpassed the maximum circumference of the formingTdie tests were aborted after the rivets flared beyioa
outer circumference of the diesulting in asymmetric flaring.

Since theaustempered0B37 rivetsdid not fail during flaring, even larger increases in performance should
be possible if a larger die was employad a result, aie with a larger diameter to accommodate the large degree
of hoop strain during the flaring test was manufaaduo allow an evaluation of the crosshead displacement to
failure of additional heatreatments.
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Figure4.28 Mechanical conical die flaring curves for 10B37 126 (0.049n) shankthickness rivets
tempered at 200, 250, and®BC for 30 minutes and rivets that had been austemzrgd0;C
for 3 seconds plus tempering al02& for 30 minutes. The austempered rivets did not fracsunc
flared beyond the maximum circumference of the diasitey the test to be aborted
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Figure4.29 Mechanical conical die flaring curves for 20BBD0 mm (0.039 in¥hankthickness rivets

tempered at 200, 250, and®BC for 30 minutes and rivets that had been austemzrgd0;C
for 3 seconds plus tempering al02f& for 30 minutes. Thaustempered rivets did not fracture
flared beyond the maximum circumference of the diasitey the test to be aborted.

4.3.5 10B37 Decarburized Rivet Flaring: 120; Conical Die

10B37rivets were intentionally decarburized for varying tinegipds during auenitization prior to being
guenched and tempered at 3@for 30 minutedased upon the highest degree of UTS and total elongation defined
during tensile testing of 10B37 wir€he intentionally decarburized rivets were flarethgsa12.7mm (0.5 in)
diameter die. The results from flaring experiments usitentionally decarburizd 10B37 1.2%nm (0.049n) and
1.00 mm (0.039 iny¥hankthickness rivetare shown in Figures.80and 4.3 respectively Significant
improvements in maximum load and crosshead displacement to failure saeibin each rivet geometry under
investigation as the decarburization process was performed. The inits&lspbiathe flaring curves indicate a slight
decrease in column strength as decarburization time is increagsatliZ) minutesThe decreasecblumnstrength
manifests irthe slope of the curvdseingreduceddue to increased compliance within the riwdten compared to

rivets that had been guched and tempered at 2D for 30 minutesvith no decarburizatian
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Figure4.30 Mechanical conical die flaring curves for 10B37 126 (0.049n) shankthickness rivets
tempered at 20(C for 30 minutes and rivets that had been intentigrddicarburized for 20 and
60 minutes prior to tempering at 200 for 30 minutes. Significant gains in crosshead
displacement to failure can be seen in the decarburized rivétdittlt compromise in total
column strength.
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Figure4.31 Mechanical conical die flaring curves for 10B37 1Bt (0.039 inshankthickness rivets
tempered at 200C for 30 minutes and rivets that had been intentigrddicarburized for 20, 60
and 90 minutes prior to temyeg at 200; C for 30 minutes. Significant gains in crosshead
displacement to failure can be seen up to 60 minutes of decarburization.



Bottom view photographs of 10B37 1.25 mm (0.@#Gand 1.00 mm (0.039 ifjacturedrivets are shown
in Figures4.32 and 4.33A large improvement in flaring performance is gained through the integiation
decarburized surface layleased on the high degree of hoop strain ¢batdbe accommodated by each of thest

geometriesfter decarburizatianThe fractures that developed in rd@carburized rivetaeredistributed around

the outer circumference of the rivet taithile the decarburized rivets shown in Figures 4.82th 4.33b showed a

single fracture propagating up the skhaf the rivet. Strain localization around the rivet tgdlsalso noted in the

1.00 mm (0.039 in) shank thickness rivets that had been decarbimizZminutes.

Figure4.32

Figure4.33

S

5mm

i —— i
(a) (b)

Images of 10B37 1.25 mm (0.049 imall thicknesgivets flaredto failure using a 120; conical
die. (2) Nondecarburized rivet showing multiple fractures and small degrearaidl (b) Rivet
decarburized for 60 minutes showing a single large fracture witHfisgmtiincreasen the degree
of flaring.

P—

5mm

(a)
Photographs of 10B37 1 mm (0.039 inshpnkthickness rivets flared to failure using a 120;j
conical die. (a) No decarburization showing multiple fractured@ndlegree of hoop straib)
decarburized for 60 minutes showing a single fracture, multiple neskacthe circumference
and a significant improvement lroop strain to failurenonruniform deformation indicated with
an arrow.

4.3.6 10B37 Decarburized Rivet Flaring: Alternative Strain Paths
10B37 1 mm (0.039 inchghankthicknessquenched and tempered rivets with no decarburizationherse
that had beemtentionally decarburized were also flared usifg&3 mm (0.1875 in) ball bearing and 12.7 mm
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(0.50 in) ball bearindgo determine the influence of alternative strain paththerdecarburized rivet§igure4.34
shows mechanical flaring curves for 10B37 1 mm (0.i688) shankhickness rivets flared by the73mm
(0.1875 in) ball bearingvhile Figure 4.35showsmechanical flaring curves for 10B37 1 mm (0.039 irsttgnk
thickness rivets flared by the 12.7 mm (0.50 in) ball beaifiihg trends noted in the flaring using &0 conical
die carried through to the alternative strain paths provided by theediiffesized ball bearings.

The4.763 mm (0.1875 injiameterball bearingprovided a strong indication of column strengththe
decarburized rivets showed a redustape during the first phase of flaring and reducedi &ter the initial linear
region of he flaring curveThe bearingvas able to fully penetrate the bore of the rivett had ben decarburized
for 60 minutesFull bore penetration resultéd a load jump once th@latencompressing the ball bearing interacted
with the rivet The load jumgs marked by an arrown the flaring curveNo fractures were noted during flaring of
the decarburized rivetssing the 4.763 mm (0.1875 idlametemall bearing

The 12.7mm (0.50 in) ball bearing provided a high degree of straithé rivet tail and mvided similar
results to those gained with th20; conical die where the decarburized rivet showed a higher degree slfieads
displacement to failure than the rivets that had not been decarburmedame type diehaviorthat was observed
during flaring using the 120; conical die wabservedn terms ofapproximately equivalent maximum force and an
improvement in crosshead displacemtenfiailure after decarburization was applied
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Figure4.34 Mechanical flaring curves for 10B37 cold forged 1 0039 inch)shankthickness rivets using
4.763 mm (0.1875 in) ball bearinghe arrow indicates full envelopment of the ballfreginto
the rivet bore and a load spike as the crosshead comes méztcwith the rivet shank.
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Mechanical flaring curves for 10B37 cold forged 1 0039 inch)shankthickness rivets using

12.7 mm (0.50 in) ball bearing. Improvements in both crosshead displacandgeiotid to failure
from decarburizatin are observed.

Bottom view photographs dfared10B37 1 mm (0.039 inctghankthicknesgivets in the

nortdecarburized and intentionally decarburized conditions that were flareglaigd.763nm (0.1875 in) ball

bearing and 12.7 mi®.50 in) ball beang are shown in Figures 4.36 and 4.8%pectivelyThe impact of

decarburization can be clearly seen as the 10B37 rivets that had badiudeed provided largerdegreeof hoop

strain during the flaring process with each strain pater investigaon.

Figure4.36

1

(a)
Photographs of 10B37 1 mm (0.039 inshpnkthickness rivets flared to failure usiagt.763mm

s m.

(b)

(0.1875 in) ball bearinga) No decarburization showirgsingle large fracturé€b) decarburized
for 60 minuteghe ballbearing being fully set into the rivet bore and unable to be removed a
with no visible fractures
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Figure4.37 Photographs of 10B37 1 mm (0.039 inshpnkthickness rivets flared to failure usind2.7 mm
(0.50 in) ball bearinga) No decarburization showing multiple fractuaesund the rivet
circumferencdb) decarburized for 60 minutes showimgingle large fracture and higher degre
of flaring.

4.3.7 Digital Image Correlation: 10B37 Decarburized Rivet Flaring

Digital image correlation studies were performed on 1.25 mm (Gr)4hank thicknesgvets after being
guenched and tempered at 3@for 30 minutesand after being decarburized 20 minutesquencheand
tempered at 200C. 1.00 mm (0.039 inyhank thicknesgvetsthat werequenched and tempered at 2@and
decarburized for 60 minuteguenchednd tempered at 2QC were also utilized for DIC analysi®hotographs of
the fractured rivets and the associated strain staiéise hoop(! ;) and axial(!) strainare presenteth
Figures4.38a and 4.38for the nondecarburized 1.25 mm (0.049 shankthickness rivets The hoof!,) and
axial (!y) strains during flaring ofhe decarburized.25 mm (0.049n) shank thickness rivets are presented in Figure
4.39a and 4.39Photographs showing the ho@ig) and axial(!y) strain development in 1.00 mm (0.039 in) shank
thickness rivets are shown in FigutdOa and 4.40br the nondecarburized condition with the hoop and axial
decarburizedivets being showin Figure 4.41a and 4.41b

The large improvements in terms of hoop strain torfa after the decarburization process was applad
be seen in each rivet geometry where the maximum hoop strain atethiif increases from 15 pct in the
guenched and tempered rivets to 30 pct for the 1.25 mm (hP4Bank thickness rivets decarburized for 20
minutes and 60 pct for the 1.00 mm (0.039 in) shaidktiess rivetshat had been decarburized for 60 minufdse
axial strain at the rivet tail increasdayhtly after decarburization was applied to the 1.25 mm (Ou@¥Shank
thickness rivets due to the high degree of column strength during the ffaoiogss. The 1.00 mm (0.039 in) shank
thickness rivets had a larger increase in axial strain at the rivastairesult of the rivet shank deforming so that a

large portion of the interior of the rivet was in contact with the die.
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Figure4.38 Photographs of.25 mm (0.049n) shankthicknessivetsquenched and tempered at 3@for
30 minutesflared to failure using a 120; conical digth DIC measurements superimposed.
(a) Hoop strain(! ;) at the point of failure with a maximum of 15 p@t) Axial strain(!) at failure
with a maximum of20 pct.

30% 0%

0% -25%
(a) (b)
Figure4.39 Photographs of 1.25 mm (0.049 shankthickness rivets decarburized for 20 minygpsenched
and tempered at 2Q@ for 30minutesflared to failure using a 120 conical digth DIC

measurements superimposéal) Hoop strain(! ;) at the point of failurevith a maximum of 30 pc
(b) Axial strain(!,) at failure with a maximum of25 pct.
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Figure4.40 Photographs of 1.00 mm (0.039 ishankthickness rivets quenched and tempered atj 20f@r
30 minutesflared to failure using a 12@onical diewith DIC measurements superimposée.

Hoop strain(! ;) at the point of failure with a maximum of 15 pct. fjial strain(!,) at failure
with a maximum of18 pct.

60% 0%

0% -45%
(@) (b)

Figure4.41 Photographs of 1.00 mm (0.039 st)ankthickness rivets decarburized for 60 minypsenched
and tempered at 2Q@ for 30minutesflared to failure using a 120 conical digth DIC
measurements superimposéa) Hoop strain(! ;) at the poim of failure with a maximum of @ pct.
(b) Axial strain (!,) at failure with a maximum o#5 pct.

Axial strain () and hoop straifl ;) for each rivet geometry were extracted from the DIC nreasents on
the rivetshankabove the point of fracture. The axial stréiy) &s a function of hoop stra{h,) for each rivet
conditionis plotted and shown iRigure 4.42Thehoop strain to failure increassignificantly for each rivet
geometry under investigation after being decarburizéd.1.25 mm (0.04B) shank thickness rivets showed
approximately equal rates of axi&)(strain and hoop! §) strain development. The equal strain evolution rate

indicates the column strength was approximately equal between treparburized and darburized rivets. The



strain evolution rates differed more for the 1.00 @939 in) shank thickness rivets, indicating a reaunctin
column strengtiin the decarburized rivets a given hoop straih,} resulted in a higher degree of axig)) (strain
The increased axial strain may be a result of tgheri proportion of ferritén the 1.00 mm (0.039 in) shank
thickness rivets that had been decarburfpe 60 minutes compared to the 1.25 mm (0.0 Shank thickness
rivets with 20 minutes of decarburization.
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Figure4.42 Axial strain () as a function of hoop strafh,) during rivet flaring using 420; conical digor

1.25 mm (0.049n) shankthickness rivets with no decarburization and after being decarbu
for 20 minutes along with 1.00 mm (0.039 ghjankthickness rivets with no decarburization
and after being decarburized for 60 minutes. Significant incréasemp strain to failure are

noted for each decarburized condition.

4.3.8 10B37 Joining Trials: Press Hardened Steel to Al6111
Joining trials wee performed for th®HS to Al6111case study usingOB37rivetsthat had been

conventionally processed by quenching and tempering at@®dr 30 minutes as well as 10B8&vets that had

been intentionally decarburizgdior to quenching antempering aR00;C for 30 minutesCrosssections

comparing the 10B37 neteecarburized rivets and rivets that had been decarburized are shoguare¥i43a and
4.43, while bottom view photographs of extracted rivetshef same catitions are shown in Figure 4.44ad

4.44b. Thedecarburized rivets were able to resist buckling and provide adequatedktdistances while also
avoiding fractures at the tail that occurred when using the ctiomafly processed rivets. The interlock distance for
the nondecarburied rivets was 0.59 + 0.04 mm, while the rivets which had Heearburized for 20 minutesda

an interlock distance of 0.420.03 mmEach rivet heatreatment provided interlock distances beyond the 0.2 mm

threshold required for automotive productidihe averageshankthickness of th@ondecarburized rivets was 1.43



+ 0.06 mm compared to 1.460.08mm for the rivets decarburized for 20 minufése approximately equal shank

thickness indicates the column strength was not significantly reduced aftirctrburization process was applied.

Figure4.43 Crosssections from the predsmrdened steel case study comparing (a}denarburized rivet an
(b) rivet decarburized for 20 minutes. No obvious bugkbifithe rivetshanks was observéu
either case; howevgthe decarburized rivets did exhibit a reduced interlock distance.

Figure4.44 Bottom view of extracted rivets from the prdsrdened st case study comparing (a)
nortdecarburized rivet and (b) rivet decarburifed20 minutesFractures were evident in
nortdecarburized rivets while none were apparent in the decarburized rivet

4.3.9 10B37 Joining Trials: Commonization

Joining attempts using the commonizatjomt stack and associated rivet geometry were cagigdising
10B37 rivetsafter beingquencledand tempered at 2Q@ for 30 minutess well as rivets that had been
intentionally decarburized for 60 minutes prior to tempering atj 20fdr 30 minutesCrosssection photographs of
nontdecarburizedivets are shown in Figure 4.d3vhile the decarburized rivets are showrFigure 4.4%. Bottom
view photographs of extracted rivets are also presented for theewanburized rivets and daburized rivetsn
Figures 4.46a and 4.B6respectively. An average interlock distance of 0.84 * futGvas observed for the 10B37
rivets in the decarburized conditisrhile also avoiding any fractures at the rivet ta#t were noted in the



non-decarburized rivets. The high degree of interlock, ability to achfevéarget head heigtegnd absence of

fractures indicateajoint that would pass all specifications for automotige.u
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(a) (b)
Figure 4.45 Crosssections from the commonizatiease study comparing (a) 10B37 raecarburized rivet

showing asymmetrical flaring and (b) 10B37 rivet dbogized for 60 minutes showing a
successful joining attempt.

(b)

Figure4.46 Bottom view of extracted rivets from the commoniaattase study comparing (a) 10B37
nontdecarburized rivet and (b) 10B37 rivet decarburized for 60 minutesuFgaatere avoided
by integration of a decarburized ferrite skin.

4.4 Alternative Alloy Investigation

Alternative alloys and microstructures wémgestigated through flaring trials using th20; conical die as
well as joining trials. Section 4.4.1 details thsulés of 4130 quenched and tempered prototypesriafer flaring
using the 120¢onical die. Results from flaring and joining experitsemsing 4340 prototype rivets of various
microstructures are presented in Sections 4.4.2itjird.4.6. Flaring and joining experiments were aksidormed
on 5160 prototype rivets after being quenched and tempered and intentionally deedrénd are shown in
Sections 4.4.7 through 4.4.10. A summary of thelte$tom the joining case studiespresented in Section 4.4.11
for the PHS/AI6111 case study and 4.4.12 for the conipation case study.



4.4.1 4130 Quench and Temper Rivet Flaring: 120j Conical Die

The results for the flaring of 1.00 mm (0.039 inask thickness rivets colfibrged from 4130 steel
guenched and tempered at 10Q i60;C and D0 jC for 30 minutes are shown in Figutel7while bottom view
photographs of the fractureivets are shown in Figure 4.48aBased upon data from the flaring test and the
associated rivet fracturgs appears as though 4130 provides approximately equal performatecensiof
maximum load and crosshead displacement to failure teftgperingat 100 jC for 30 minutesas 10B37 rivets that
had been tempered at 28D for 30 minutesAfter tempering at 15¢C and 20 jCfor 30 minutesthe maximum
load is lower than thatbserved with the 10B37 rivets while the fractures that formed swexi&arin appearance.
The lower maximum loa an indicator thabuckling may be a concern during joiniagiempts with 4130 rivets
Due to theobservedow column strength, 4130 rivets were not evaluated with joining trials as rigklimg was
expected whenteempting to join PHS and Al6111.
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Figure4.47 Mechanical conical die flaring curves for 4130 196 (0.039 in) shank thickness rivets
tempered at@0 {C, 150;C and 20 jCfor 30 minutes.

-

(b) (c)

Figure4.48 Bottom views of fractured 130 rivets after being flared: (a) 100 jC 30 minutes, (b) 150 jC
minutes, (c) 20 jC 30 minutes4130 rivets tempered at 100 jC show a single large fractu
propagating down the entirety of the rivet shank.



4.4.2 4340 Quench and Temper Rivet Flaring: 120j Conical Die

The results for the flaring of 1.00 mm (0.039 inask thickness rivets colfibrged from 4340 steel
guenched and tempered at 20Q 260;C and 3® ;C for 30 minutes are shown in Figu#e49while bottom view
photographs of the fracturevets are shown in Figure 4.5@aThe 4340 rivets showed very similar restdis
10B37in terms of maximum load and crosshead displacement to failure durimg ftasts after tempering at
250iC for 30 minutes. The similar maximum force and croaslisplacement indicates340 as a potential
alternative to 10B37. Higher maximum loads were achieved afteretémypat 200 C for 30 minutes but resulted in
fractures where portions of the rivet shank compjeteparated from the head of the rivesomecasesThe large
fractures that developeaday be due to defects that occurred during the foolging of the wire since they appeared
to occur randomly and were noted through most of the alloys under irat&stiguring the various flaring
experimentsThe fractures that occurred at 2&Dand 300;C were very similar to those noted in 10B37 rivets

tempered to approximately equal hardness levels
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Figure4.49 Mechanical conical die flaring curves for 4340 1Bf (0.039 in) shank thickness rivets
tempered at 200 jC250{C and 30 jCfor 30 minutes.

(b) (c)

Figure4.50 Bottom views of fractured 4340 rivets after beiraydld (a) 200 jC 30 minutes, (b) 250 it
30 minutes, (c) 300 {C 30 minutet340 rivets tempered at 200 ghibited fractures that
resulted inlargeportions of the rivet shank being completely removed.



4.4.3 4340 Mixed Microstructure Rivet Flaring: 120; Conical Die

Results from flaring experiments using 1.00 mm (0.08 shank thicknes4340 rivetsaustempered at
320;C for 2 and 4 minutes compared to quench and terdpk340 rivets tempered at 250 for 30minutes are
shown in Figure 4.5IThe 4340 rivets austapered for 2 minutes provided a smaiprovement in crosshead
displacement to failure agell as maximum force during the flaring tegten compared to 4340 rivets quenched
and tempered at 25@ for 30 minutesThe 4340 rivetsaustemperetbr 4 minutes showed slightimprovement in
crosshead displacement to failure while achievingsttreeapproximate maximum force as the 4340 rivets that had
been quenched and tempered atj250or 30 minutesThe improvements provided by the austempering psoces
using 4340 rivets may not be statistically significathen using a larger sample size.
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Figure4.51 Mechanical conical die flaring curves for 4340 1B (0.039 in) shank thickness rivets
tempered at 25;C for 30 minutes and rivets that had been austemprgd0;C for 2 minutes
and 4 minutes showing slight improvements in crosshegatbdimment to failure for the
austempered rivets.

(@) (b)

Figure4.52 Scanning electron micrographs of fractured 4340isivi@) Quenched and tempered at 250ivet
showingmany small surface fractures on the rivet chamferaaltiple fractures on the rivet tail
circumference. (bAustempered 4340 showing larger fractures on theigiference of the rivet tail
with no observable surface fractures on the rivander.



Scaming electron micrographs of fractured 43#ts are shown in Figure 4.82or the quented and
tempered rivets and 4.62or the austempered rivets. Rivets that had been quenched and tesmmsved many
small fractures at the circumference of the rivith superficial surface fractures on the rivet cfiermThe
austempered rivets showeeB2arger fractures distributed around the circumference of thetaiwetith no
evidence of the smaller surface fractures on the chamfer that weremttedquenched and tempered rivdtse
differences in fracture appearance and distribution may be a oésl@itarburizationhat occurrediuring the

austemperingpeattreatments performed using sptit furnaces.

4.4.4 4340 Decarburized Rivet Flaring: 120j Conical Die
Intentionally decarburized 1.00 mm (0.039 in) shankkitéss 4340 rivets were flared using 1129;

conical die to determine the impact of alloy differences duriegltarburization process. The flgricurves are
shown in Figure 4.53long with bottom views dfactured rivets in Figure 4.5Zhe effects of decarburization were
positive in terms of maximum load and crosshead displacement tefafter 90 and 120 minutes of
decarburization when compared to 4340 rivets that had been quenched and temnp@ded for 30 minutes with

no decarburizatiorHHowever, the effect of decarburization was much lesaqunced with 4340 than was observed
with the 10B37 rivetsThe maximum load degrades through additional decendttion time toa lower value than
was observed using the 4340 rivets that had beemched and tempered at 200 for 30 minutesThe positive
effects of decarburization can be seen in the bottom view photeymaf-igure 4.54a and 4.54b where the hoop
strain to failue increaseafter decarburization is performethe fractures differ between the decarburized rivets
and those that had been quenched and tempered g£20030 minutes. Quenched and tempered rivets sthowe
multiple fractures randomly distributed arouhe rivet circumference while the rivets that had been decarburized
showed a single large fracture that propagated furthehe shank of the rivet.
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Figure4.53 Mechanical conical die flaring curves for 4340 166 (0.039 in) shank thickness rivets
guenched andempered at 20§C for 30 minutes and rivets that had been intentignall
decarburized for 90, 120 and 240 minutes prior to quenchingeamuering at 20QC for
30 minutes.



(a) (b)

Figure4.54 Photographs of 4340 cold forged 1 mm (0.039 irsttgnkthickness rivets flared to failure usini
120j conical die. (a) No decarburization showing multiple smalldrastaround the rivet tail,
(b) Decarburized for 90 minutes showing a single largetire.

4.4.5 4340 Joining Trials: Press Hardened Steel to Al6111

Riveting crosssectiondrom 4340 rivets prepared via quenching and tempering at@d0r 30minutes
and rivets that had been decarburized fom®@utes are shown in Figure 4.55a and 4.8B8ing with bottom view
photographs of extracted rivets iretkame conditions in Figure 4.56a &¥6b.The average interlock distance for
the 4340non-decarburized rivets was 0.50 + 01®61 and 0.60 + 0.16m for the decarburized condition, which
wasapproximatelyequivalent to the 10B37 nesrecarburized conditiorshankthickness was also comparable
between the 10B37 netecarburized and the 4340 decarburized with an avefage thickness of 1.43 £+ 0.66n
and 1.42+ 0.09mm, respectivelyExtracted ivets showed no presence of fractures with the 4340 rivets that had
been decarburized for 90 minutegile multiple fractures were noted around the cirfeanence of the rivet tail
after being quenched and tempered atZD@or 30 minutes with no decarbzation. The fractures are indicated
with an arrow in Figure 4.56@he adequate interlock distance and ability to ataildractures indicate 4340 rivets

that have been decarburized may provide successful joining of thafHA$6111 sheet metal combination.

(@) (b)

Figure4.55 Crosssections from the predsgrdened steel case study comparing (a) 434&decarburized
rivet and (b) 4340 rivet decarburized for 90 minutes. igonicant buckling orshankthickening
is observed in the decarburized rivet, deeming it a sucekjssiit.



(@) (b)

Figure4.56 Bottom view of extracted rivets from the prdsrdened steel case study comparing (a) 4340
decarburized rivet and (b) 4340 rivet decarburized fam8lutes. Fractures evident in ron
decarburized rivets, none apparent in decarburized rivets.

4.4.6 4340 Joining Trials: Commonization

Cross sections from joints using 4340 in the-desarburized and decarburized cibiotis are show in
Figures 4.57a and.57h respectivelyBottom view photographs of extracted 4340 rivetsnghed and tempered at
200 C for 30 minutes and decarburized for 90 minutesrpgd tempering at 200C for 30 minutes are shown in
4.58a and 4.58[@ he same trends that were notedhe 10B37 rivets translate to the 4340 riyatdhough fractures
are not completely avoided in the decarburized condition witappearance of small fractures around the
circumference of the rivet tail that are indicated with an arrokignre 458h. The averageinterlock distancef the

4340 decarburized rivetas 0.78t 0.06 mm, the lowest of all decarburized conditions evadat

(@) (b)

Figure 4.57 Crosssections from the commonizatiease study comparing (a) 4340 raecarburized rivet ar
(b) 4340 rivet decarburized for 90 minutes. Obvious thindugctures are present in the non
decarburized conditions thatenot visible in the decarburized rivets.



(a) (b)

Figure4.58 Bottom view of extracted rivets from the commoniaatcase study comparing (a) 4340 xion
decarburized rivet and (b) 4340 rivet decarburized for 90 minutes. gih&hcturegmarked
with an arrow)are evident in the decarburized condition

4.4.7 5160 Quench and Temper Rivet Flaring: 120; Conical Die

The results for the flaring of 1.00 mm (0.039 inask thickness rivets colfbrged from 5160 steel
guenched and tempered at 350 400;C and 4® ;C for 30 minutes are shown in Figu#e59while bottom view
photographs of the fractureivets are shown in Figure 4.6@aThe 5160 rivets showed the lowest maximum force
and crosshead displacement to fracture of all the alloys evaludiedow performance of the 5160 rivetay be
due to quench embrittlemeathardness values over 550 Hvhe 5160 rivetgiuenched and tempered at 350fp€
30 minutes showed brittle fracture with very little plastic defation at the tail of the rivet and portions of the rivet
shank being completely sepamhfeom the rivet head after testinbempering at higher temperatures led to
increased ductilitghat providedncreased crosshead displacement to failure but a reduction in maxindiirelosv
that noted in 10B37 rivet3he high hardness achieved with 8160 rivets after a quench and temper heat
treatment may provide positive joining effects with hard materials, such @&skRitithe inability of the rivet to flare

to an appreciable degree at high hardness levels reduces the applicathilgyatdoy ina riveting application.

(@) (b) (c)

Figure4.60 Bottom views of fractured 5160 rivets after beirgydld: (a) 350 jC 30 minutes, (b) 400 ;C 30
minutes, (c) 46 jC 30 minutes.
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Figure4.59 Mechanical conical die flaring curves for 5160 1Bt (0.039 in) shank thickness rivets
tempered at 35;C, 400;C and 4% {C for 30 minutes.

4.4.8 5160 Decarburized Rivet Flaring: 120j Conical Die
Intentionally decarburized 1.00 mm (0.039 in) shankkiiéss 5160 rivets were flared using 1129;

conicd die tofurther define alloy differences during the decarbur@aprocess. The flaringurves are shown in
Figure 4.6lalong with bottom views of fracture@/ets in Figure 4.62a and 4.62bhe 5160 rivets behaved in a

very similar manner to the 10B3i¥ets after the decarburization heéegatments were applieshowing a single

large fracture that developed during flaring. Additional secondary fiexctleveloped with 5160 rivets that had been
decarburize@nd can be seen in Figure 4.62b. The 5160githett hadeen quenched and tempered at Z5@or

30 minutes showed brittle fractures, resulting in portions of the shatk separating completely. Both the
maximum load and crosshead displacement to failured&sed with increasing decarburizatignta 240 minutesf
decarburization timeThe rivets that were decarburized for 240 minutes showed reducsdtoadghout the

flaring curves when compared to the other fisgdtment conditions, indicating a reduction in column streagth

the thicknes®f the ferrite surface layer increasddhe grformanceof the rivets that had been decarburized for 90
and 120 minuteduringtheflaring testindicates that the bulk microstructure provides the required column strength
while the surface layer of ferrite increases tlaerig capability significantlyvhen compared tdvets that were

guenched and tempered at 3&Dwith no decarburization.
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Figure4.61 Mechanical conical die flaring curves for 5160 196 (0.039 in) shank thickness rivets
tempered at 20(C for 30 minutes and rivets that had been intentignddicarburized for 90, 12(
and 240 minutes prior to tempering at 3&0for 30 minués An improvement in strength and
hoop strain to failure is observed as decarburization time incrapgesl20 minutes.

(a) (b)

Figure4.62 Photographs of 5160 cold forged 1 mm (0.039 irsttgnkthickness rivets flared to failure usin
120j conical die. (a) No decarburization showing no appreciable plasvicrdgion,
(b) Decarburized for 120 minutes showing a single largetfire with secondary fractures and
regions of localized necking anod the circumference of the rivet, noted with arrows.

4.4.9 5160 Joining Trials: Press Hardened Steel to Al6111
5160 rivets were not able to be cold forged using the rivet geometrytatidcethe PHS and Al6111 joint

due to repeated failures of die components when attempting to extrudleettehank. A a resu| 5160 1.25 mm

(0.049in) shank thickness rivets were instead machined for evaluatidisubjected to decarburization for

120minutes and tempering at 350 for 30 minutes based upon performa from the flaring trialsCrosssection
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and bottom view photographs of the decarburized 5i&@s are shown in Figure 4.63a and 4.6%spectively.

The 5160 rivets appear to buckle slightly with sfigraint shankthickening, resulting in the greatesterageshank
thickness of 1.54 £ 0.0Bm. Average interlock distance was the lowest oédlluated rivets as well with an
average distance of 0.37 £ 0./08n. However, this interlock is still beyond tBe2 mmthreshold value and the 5160
rivets were ale to avoid fractures, indicating potential foreting applicationsf the cold heading proceducan be

modified to successfully produce rivets.

(a) (b)

Figure4.63 Joining results from the pressardened steel case study using 5160 rivets decarburized for 12
minutes. (a)Crosssection showing no significant buckling of the riveasks, (b) bottom view
showing no apparent fractures.

4.4.10 5160 Joining Trials: Commonization

Cross sections and bottom views from joints using05ivet that had been quenched and tempered at
350 C for 30 minutes and decarburized for 120 minutdevi@d byquenching andempering at 35QC for
30 minutesare shown in Figures 4.64rand 4.65d®, respectively. The performance was very similar to that noted
in the 10B37 rivets in the decarburized conditidgth a significant amount of interlock and no fraets at the rivet
tail. 5160 rivets that had not been decarburized showetelrécture where portions of the rivet broke off
completely similar to the observations made during thejl&thical die flaring experiment5160 rivets showed
the largest average interlock distance with 1.13 + 0.12 mm. This led to instaboé®m substrate failure where
cracks developed around the rivet circumference; these fractangse avoided by alternative die selectiuring
vehicle production5160 decarburized rivets also exhibited a single, large fracture in oretefdlextracted rists

that may be related to tmeorebrittle bulk microstructure.



(@) (b)

Figure4.64 Crosssections from the commonizatiease study comparing (a) 5160 radecarburized rivet ar
(b) 5160 rivet decarburized for 120 minutes. Obvious firest in the nonlecarburized and
symmetrical flaring in the decarburized conditiomtt®m substrate failure circled.

(@) (b)

Figure4.65 Bottom view of extracted rivets from the commoniaatcase study comparing (a) 5160 fion
decarburized rivet and (b) 5160 rivet decarburized for 120 minuteseBrétture is evident in
the nondecarburized rivet while the decarburized risiebwed no obvious fractures.

4.5 Joining Summary: 10B37, 4340 AND 5160 Decarburized Rivets
A summary of the results from joining trials of PH®laAL6111is provided in Table 4.6 showing the

interlock distance, shank thickness and appearance of tail fraatangswith the associated standard deviations
Based upon the interlock distansbankthickness and presence of fracty3B837, 4340 and 5160 all provide
successful joining in the decarburized conditions withrlock distances over the minimuhreshold value of 0.2
mm and no evidence of tail fracturessggnificantrivet buckling. The 4340 rivets decarburized for 90 rtesuand
tempered at 200C for 30 minutes showed the highest degree of mtkrand lowesshankthickness while still

avoidng fractures.



Table 4.6DInterlock, Shank Thickness and Presence of Fractures@doining of PHS and Al6111

Interlock Distance [mm] Shank Thickness [mm Tail Fractures (Y/N)

10B37 nondecarburized 0.59+0.04 1.43 £ 0.06 Yes
10B37 decarburized0 min 0.42 £ 0.03 1.46+0.08 No
4340 nordecarburized 0.50 = 0.06 1.35 + 0.05 Yes
4340 decarburized 90 mir 0.60 £ 0.10 1.42 £ 0.09 No
5160 decarburized 120 mil 0.37 £ 0.06 1.54 £ 0.15 No

A summary of the results from joining trials for tbemmonization case study are provided in Table 4.7
showing the interlock distan@nd standard deviaticas well as thappearance of tail fractures. None of the rivets
evaluated showed any significasitankthickening or potential to buckle due to the Ibardness of the aluminum
sheets being joined. Based upon interlock distancehendbility to avoid tail fracturethe 10B37 and 5160 rivets
that had been decarburized showed successful joining attempts. Theekntstances are well beyond the
thresold value of 0.2 mm while still avoiding tail fractures. The 5160 sitkett had been decarburized showed the
largest degree dfaring, resulting in bottom substrate failures aaitifractures inl out of 2 of theextracted rivets
The substratéilures and potential for fracture may be avoidediigyselection or a reduced decarburized layer
thickness to provide higher rivet stiffness and reduced flaring duriniggp

Table 4.7- Interlock and Presence of Fractures During Commonizdtaring Attempts

Interlock Distance [mm] Tail Fractures (Y/N)

10B37 nordecarburized 1.11+0.15 Yes
10B37 decarburized 60 mir 0.84+0.10 No
4340nondecarburized 0.91+0.13 Yes
4340 decarburized 90 min 0.78+ 0.07 Yes
5160 Q&T nondecarburized 0.99+ 0.11 Yes
5160 decarburized 120 mir 1.13+0.12 No

Based upon the flaring and joining trial®B37 and 5160 are able to successfully join each case study
under investigation after being decarburized. Due to the inability tefordé 5160 rivets into th&.25 mm
(0.049in) shank thickness geometry required for the PHS/AI6111 joint the abititicanay be limited without
modification of the coldorging process. The difficulties associated with gnéding 5160 as an alternative rivet
alloy leave 10B37 as the alloy that provides the highest defmecess in riveting applications after the
dearburization process has been applied. The decarburized surface thictlkespotentialljpe modified based
upon the column strength and flaring requirements to allow a range pifraterial properties for specific joint

applications.

4.6 Finite Element Simulations: 10B37 Rivet Flaring

Finite element simulations of the rivet flaring pess were created to define the stresses and stinains

evolved during the flaring process aacevaluatethe Cockroft and Latham failure criterion for flaring ofeis.



Figure 4.66shows theDIC experimentally measuresirain evolution in the axial ) and hoop!() directionsfor
10B37 rivets with 1.25 mm (0.048) and 1.00 mm (0.039 in) shank thickness after being quenched aneréehnap
200 C for 30 minutesnd after being intentionally decarburizélge results areompared to the corresponding
Abaqus simulationsThereis good agreement in all cases with the largest deviations occurring with tharh.00
(0.039 in) shank thickness rivets that had been dedada for 60 minutes. The deviations may occur due to the

simulationnot replicatinghe necking that was observed in Figurel4hit was captured in the DIC analysis
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Figure4.66 Axial strain () as a function of hoop strafth,) during rivet flaring using 420; conical digor

1.25 mm (0.049n) shank thickness rivets with no decarburization and after being deizidb
for 20 minutesAxial strain () as a function of hoop stra{h,) during rivet flaring using 420j
conicaldie for 1.00 mm (0.039 in) shank thickness rivets with no decarburization and afte

being decarburized for 60 minut&3orresponding Abaqus simulations results are shown w
solid lines.

The Von Mises sess andnaximum principal stressa MPaalong wth theeffective strain are presented
for the 1.25 mm (0.04B) shankthickness rivejuenched and tempered at 3@for 30 minutes and flared using
the 12Q conical diein Figures 4.6&-, respectivelyA high degree of/on Mises stress, over 2000 M,
Figure4.67a develops through the entire length of the rivet shahke the maximwm principal stress in
Figure4.67b reachest@nsilemaximum at the outer circumference of the rivet taievehfractures occuwhile the
interior has a negative valughe effetive strain shown in Figure 4.6Feaches a maximum at the interior of the
rivet tail where the rivet contacts the die.

The same analysis was performed for the 1.25 mm90() shankthickness rivet after decarburization.
The Von Mises tsess ad maximum principal stressa MPaalong withthe effective strairare presented for the
1.25mm (0.049n) shankthickness rivet in theecarburizedjuenctedand tenpered condition in Figures 4.68¢
respectivelyAs observed during flaring of the nalecarburized the 1.25 mm (0.0#9 shank thickness rivetthe
Von Mises stresshown in Figure 4.68isabove 2000 MPthrough the entire rivet shank while the maximum

principal stress in Figure 4.68b is highesthat outer surface of the rivet shank near thentiil negative values
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occurring approximately halfway up the rivet shafike maximumneffective strain in Figure 4.68c is highest at the
interface of the rivet and die nethe rivet tail where contact isade.

(@) (b) (©

Figure4.67 Results from Abaqus finite element simulations gli@nched and tempered 1.25 mm (0.0%!
shank thickness rivet flared over a 120nical die. Images taken from the point of failure b

upon flaring trials showing (a) Von Mises stress, (b) maximum grahatress and (c)
equivalent strain.

@ (b) (©)

Results from AbaguBnite element simulations of a decarburized 1.25 (@r@49in) shankthickness
rivet flared over a 120conical die. Images taken from the point of failure based upang trials
showirg (a) Von Mises stresgb) maximum principal stress afa) equivalent stria.

Figure4.68



Results from finite element simulations of 1.00 089 in)shankthickness rivets quenched and
tempered at 200C for 30 minutesre shown in Figures 4.69a and 4.68bVon Mises stess and maximum
principal stress in MPwith theeffective strairshown in Figure 4.69dheVon Mises stresapproaches 2000 MPa
throughout the rivet shank while the maximum tengilacipal stress is highest at the tail of the rivet near therout
surface with egative values on the interjareating a strong gradient of principal stress through the shank of the
rivet. The effective strain in Figue6S reaches at maximum at the contact area of the rivet and die as was
observed in the 1.25 mm (0.049 shank thickness rivets in the ndaecarburized and decarburized condition.

The same analysis was performed for1t@ mm (0.039 inyhankthickness rivet after decarburization.
The Von Mises sess andnaximum principal stresa MPa along with theffective strain are presented for the
1.00mm (0.039 inxhankthickness rivets that had bedecarburized in Figures 4.8, respectivelyOnce again,
the Von Mises stress waser 2000 MPdhroughout the entire rivet shankhile the maximum principal stress
reached aensilemaximum at the outer surface of the rivet near thet tiil and negative values at the interior of
the rivet approximately halfway up the rivet shank. The effective straihedacmaximum at the die contact area

near the rivet tail as was observed in the 1.25 mm (Qr)4thank thickness that had been decarburized.

(@) (b) (€)

Figure4.69 Results from Abaqus finite element simulations glianched and tempered 1.00 mm (0.039 i
shank thickness rivet flared over a 120nical die. Images taken from the point of failure bas
upon flaring trials showing (a) Von Mises stress, (b) maximum grahatress and (c) equivalel
strain.



(a) (b) (c)

Figure4.70 Results from AbaguBnite element simulations of a decarburized 1.00 (@r@39 in) shank
thickness rivet flared over a 126onical die. Images taken from the point of failure based up
flaring trials showing (a) Von Mises stress, (b) maxm principal stress and (c) eqalent strain

Additional simulations were performed using the Infi@d (0.039 inshankthickness rivet geometry and
the ball bearings to assess alternative strain paths. The results are sh@uneis .7 &-cfor rivets that had been
guenched and tempered at 3@for 30 minutes and flared usingt& 63 mm (0.1875 inall bearing for Von
Mises stess, maximum principal stress arffketive strain The results were similar to those observed during flaring
of the 1.00 mm (0.039 in) shank thickness rivets using the d@tical die. Differences occur where the maximum
principal stress is highest at the outer surface of the shaatkopposite the contact area made by the die, which
may account for the differeas in fractures that can be seen in Figure 4.23 where the fracticteate at the outer
surface of the rivet as opposed to the tail of thetriluring joining experiments and flaring using ti2€jlconical
die

The reslts are shown in Figures 4.8 for 1.00 mm (0.039 in) shank thickne®gets that had been
guenched and tempered at 2@for 30minutes and flared usingl®2.7 mm (0.50 in) ball bearirfgr Von Mises
stress andnaximum principal stresa MPa as well as theffective strainThe resuli were very similar to those that
occurred during simulations of the 1.00 mm (0.039 in) shank thickness nietee@a 12 conical die. The
maximum principal stress occurs at the tail of thetrivhile the effective strain reaches a maximum att¢mead
area of the die and the 12 (0.50 in) ball bearing



@ (b) (©)

Figure4.71 Results from Abaqus finite element simulations glianched and tempered 1.00 mm (0.039 i
shank thickness rivet flared ov&763 mm (0.1875 iall bearing. Images taken from the poi
of failure based upon flaring trials showing (a) Von Mises stfe3snaximum principal stress

and (c) equivalent strain.

@) (b) ©)

Figure4.72 Results from AbaguBnite element simulations of a quenched and temp&r@d mm (0.039 in)
shankthickness rivet flared ovelr2.7 mm (0.50 in) ball bearingmages taken from the point of
failure based upon flaring trials showing (a) Von &tisstress, (b) aximum principaktress and

(c) equivalent strain



4.7 Cockroft and Latham Failure Criterion Evaluation

The Cockroft and Latham failure criterion was evadddor both tensile testing of 10B37 wire quenched
and tempered at 2Q@ for 30 minutes as well as flaring of 1.25 mm (®.09) shankthickness rivets that had been
guenched and tempered at 2@for 30 minutes and flared using the L20nical die. Additional evaluations were
performed on 1.00 mm (0.039 ishankthicknesgivets that had been quenched and tempered atQ@dr 30
minutes using the 12@onical die4.763 mm (0.1875 imhall bearingand12.7 mm (0.50 in) ball bearing

A plot of the maximum principal stress as a funcdreffective strairobtained froma tensile tesfor
10B37 wire is presented in Figure 4. aBngwith a Holloman equation provided in Equation.5TheHolloman
equationwas integrated from 0 to the effectistain at failure to yield a valueg 159 MPafor the Cockroft

Latham parameter

Ly b Equation 5.1
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Figure4.73 Maximum principal stresas a function of effective strain for the plastic region of iaxial

tensile test of 10B37 steel quenched and tempered gC2f@® 30 minutes. A power law fit to tt
datais also shown.

The Cockroft and Latham failure criterion was evadddior L0B37rivets by extracting the maximum
principal stress and effective strain from the Abaqus simulatoti®e point of failuralefined based on the
crosshead displacement at nmayim loadfrom flaring trialsand performing a Reimann sum calculation. The
maximum value calculated at the surface for 1.25 mmi@irQ shankthickness rivets flared using the 32@®nical
die was 403VIPa. The maximum value calculated at the surfac& fa® mm (0.039 in¥hankthickness rivets using
the 12Q conical die was 468 Pa. The maximum values calculated at the surfacé.@® mm (0.039 in¥hank
thickness rivets using the763 mm (0.1875 inall bearing and 12.7 mm (0.59 ball bearingvere 311IMPa and

422 MPa, respectively. It appears that all of the flgrétenarios predict mudbwer energies than what was



determined during tensile testing. However, when taking the valuedatalt along theivet surface and ranking

them in descetting order, it appears that the Cockroft and Latham failure atésiable to predict the location of

fracture formation with some degree of accuracy. [bbations of fracture prediction are shown in Figures&¥4

for the of 1.25 mm (0.04®) shankthickness rivets that had been flared using thg t@fical die, the 1.00 mm
(0.039 in)shankthickness rivets that had been flared using thg t@fical die4.763 mm (0.1875 inall bearing
and12.7 mm (0.50 in) ball bearingespectively.

Figure4.74

Fracture Prediction

(@) (b)

Fracture
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Fracture
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(c) (d)

Fracture locations predicted using the Cockroft leatham failure criterion finite element
simulations for the flaring of seffierce rivets. (a) 1.25 mm (0.049 shHankthickness rivewith
120j conical die(b) 1 mm (0.039 inch}hankthicknesgivet with 120j conical die, (¢) D0mm
(0.039inch) shankthicknesgivet with 4.763 mm (0.1875 in) ball bearirgnd (d)1.00 mm
(0.039inch) shankthicknesgivet with and12.7 mm (0.5 in) diameter ball bearing

Thepredicted locations of fracture can be compared to those determineadttinterrupted flaring
experiments using the 1.25 mm (0.04Pand 1.00 mm (0.039 irshankthickness rivets and the 126onical die.

Scanning electron micrographs of rivets frorterrupted flaringests are shown in Figures 4.75a and |4 fob the

1.25 mm (0.049n) and 1.00 mm (0.039 irshankthickness rivets, respectivelyractureucleate at the outer

circumference of the rivet tail where Cockroft and Latham critguiedlidion was the maximum value

The fracture locations predicted by the Cockroft hatham failure criterion for the 1.00 mm (0.0i8gh)

shank thickness rivets when using thé63 mm (0.1875 irdnd12.7 mm (0.5 inpall bearings can be related to the
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fractured rivets shown in Figures 4.36a and 4.3nd appear to correctly predict the fracture locations at the outer
surface of the rivet shank and the interior rivetrofea. The approximate magnitude of the Cockroft and Latham
values coincide with thogaredicted for flaring using the 1.25 mm (0.049shpankthickness rivend 1 mm

(0.039inch) shankthicknesgivet when being flared with thE20j conical die.

@) (b)

Figure4.75 Scanning electron micrographs fot. 25 mm (0.049) and1.00 mm (0.039 inchyhank
thicknesgivet flared to 95 pct maximum loaBractures initiating at the outer circumference ¢
the rivet tailin each case, the same region as predicted using the Cockroft and Laitbeen f
criterion. The location of each micrograph is indicated by thetidiagram.

The Cockroft and Lathar@ilure criterion was also applied to decarburize2bImm (0.049n) and
1.00mm (0.039 inxhankthickness 10B37 rivets during rivet flaring using the jl@nical die based upon the
maximum principal stress and effective strain exthétem the Abaqus simulations. The simulations indicatt
the regions most likely to form fractures lie beneath the decarburizetsualyer and near the bulk of theetiv
shankin both cases. The regions with the highest Cockroft and Latham valugsckee on the tail of the flared
rivetsfor the 1.25 mm (0.04B) and 1.00nm (0.039 inshankthickness rivets in Figure 4.76a and 4,76
respectivelyThe average valgecalculated for the 1.25 mm (0.0# and 1.00mm (0.039 in) shank thickness
rivets that had been decarburized were 1324 MPa arzl NI#@, respectively. The values calculated based th

simulations differ by 1415 pct from those calculatddhsed upothe tensile testing of 10B37 wire.



(a) (b)

Figure4.76 Fracture locations predicted using the Cockroft leatham failure criterion finite element
simulations for the flaring of decarburized sgiérce rivets. (a) 1.25 mm (0.049 and (b)
1.00mm (0.039 inchkhankthicknesgivets. The circled portions indicate the regions lit&
highest Cockroft and Latham failure criteriealues indicating subsurface fracture initiation.

Photographs were taken of fracture surfaces frondégarburized 10B37 1.25 mm (0.Gé9 and 1.00mm
(0.039 in)shankthickness 10B37 rivets after being flared using theg T2dical die andre shown in Figure 4.77a
and 4.71 for the 1.25 mm (0.04@) and 1.00mm (0.039 inshankthickness rivets, respectivelhe fractures
appear to show ductile void nucleation and growth througttémterline of the rivet shank with radial lines
propagating from the center to the interior and exterior surfacear. lgigecan be observed around the surface of the

fracture from the rivet tail extending up the riveaak on both the interior and exterior surfaces.

(a) (b)

Figure4.77 Photographs of fracture surfaces for (a) 1.25 m®4@in) shankthicknesgivet decarburized fo
20 minutes and ().00mm (0.039 inchkhankthicknesgivet decarburized for 6Minutes. Shee
lips are visible around the fracture along with radial lines emanating froneier ©f the rivet
shank



CHAPTER FIVE
DISCUSSION

This chapter discussthe results obtaineflom the experimentsand simulations presented in Chapter
Four. The failures that have occurred during joirattgmpts using rivets proded from 10B37 steel adefined
and a failure mechanisia proposedThe relation of riveting performance to mechanical tests, such as tensilg testin
and hardnesss presented along with the results of flaring experiments performedeis of various alloys and
microstructues. The impact of intentional decarburizatisdefinedusing results from flaring experiments, digital
image correlatiofDIC) studies and joining trials using decarburized rivetsfeach of the alloys under
investigation to determine the impact ofogihg and processing on joining performance. Finally, the results
obtained from finite element simulatioasediscussed in relation to the application of the Cockroft and Latham
failure criterion to predict riveting failureBotential reasonfor inconsstenciedetweertensile testingnd rivet

flaring arepresented to attempt to correlate the two methods of failuegioritevaluation.

5.1 10B37 Rivet Failures During Joining

The riveting failures that developed during joiningre comprised of twtypes both of which have been
defined duringhejoining of presshardened steel (PHS). Due to production variations during thereesment
process for selpierce rivetsa range of hardness values are deemed acceptable for each rivet harehess lev
Figures 4.1a and 4.1b show the two failure typesdbaeloped at the minimum (535 HV) and maximumb(58/)
of the H6 automotive hardness range with a nominal hardness of 555 H¥yhiflineum hardness rivets showed
buckling of the rivet shank based upon the cigession in Figure 4.1a, indicating the column strbraftthe rivet
had been exceeded during the piercing of the high hardness PHS sheet .rDateéng tensile testof 10B37 wire
it was determined that tempering at higher temperatures to achieve loweedsvalues contributed to reduced
yield strength and UTS when comparedvice tempered at 200 jC for 30 minutes. As the yield strength is reduced
along with hadness, buckling occurs when attempting to join the high hardness PHS.

As the hardness was increased to the maximum value for the H6 hardregdsuekling was avoided due
to increased column strength. However, fractures developed at theicuierfererce of the rivet tail, shown in
Figures 4.1b and 4.1c. The rivet geometry useditoR®IS and Al6111 was developed to join PHS and 5008sse
aluminum using a flat bottom die that provides a low degfewet flaring. Due to théow ductility of the Al6111,
an alternative die was selected to prevent fractartee bottomaluminum sheet. The alternative diesulted ina
higher degree of flaring dhe rivetand a largehoop strain at the outer circumference of the rivet Tdik
additional strairexceeded the available ductility of the rivet and resutdractures The failures may be related to
the tensile propertiesvhere the totayield strength and UTS were increased along with hardness lewals)ddo a
less compliant rivetAs the rivet olumn strength isncreasegdless buckling and shank thickening occurs, leading to
a higher degree of interlock. The high degree of interlock darigs to the development of a significant hoop strain
at the outer circumference of the rivet tail wherefthetures formed.

The failure mode observed during commonization jajrittempts developed as a result of the high degre

of flaring required by the longer rivet. As the rivet length is inseelafrom the initial rivet shown in Figure 4.2a to
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the longerivet used to commonize the joint in 4,2bhigher degree of rivet flaring is required to achieve the target
headheight without perforation of the bottom aluminum sheet. The failurésiévaeloped during the

commonization joining attempts are similarthose that were observed during joining attempts of PHS and Al6111
using the maximum hardness H6 rivet. Both rivets fracture asitt oé$laring beyond design specifications,
resulting in a high degree of hoop strain that excéeelswvailable ductily of 10B37 at the hardness levels required
to pierce the sheet material.

A schematic diagram of rivéaring during joiningis shown in Figure 5.1a and 5.1b to show the increase
in rivet tail diameter and the resultant hoop strAmthe rivet flaresthe circumference of the rivet tail expands
beyondthe initial diameter, resulting in a hoop strain that develops at the outer circnodferfethe rivet tailThe
two case studies under investigation impasegh degree of flaring to the two differentef geometries under
investigation, leading to the hoop strain exceeding the ductility at the rivet tail arairtagibn of radial ductile
fractures around the circumference of the rivet Tdike radial fractures at the rivet tail as a result of oairfyy are
the main limiting element in regards to joint developtrend commonizatiorProduction of a hard rivet that is
capable of piercing PHS and other high strength steel sheetaistem be accomplished through higher hardness
values gainethrough lowtempeature terpering for reduced time periods. However, a rivet produced in this

manner would not be able to provide sufficient iluek, i.e. flaringwithout the formation of fractures.

|
G ‘ -
— « >
DF

D

(a) (b)

Figure5.1 A schematic of the hoop strain that develops duttiregflaring of the rivet that promotes the
fractures observed in each case study under inatistig (a) Rivet crossection prior to joining
showing the initial diameter (P (b) Rivet crosssection after flaring showing a much larger fir
diameter (IR) along with a hoop strain that occurs around the taietvhere the strain is the
highest.

The fractures that developed, shown in Figures dri8b4.3happear to be ductile in nature amctur
throughmicrovoid nucleatiorand coalescence. The ductile fracturethe 10B37 rivetindicate that embrittlement
of the rivet is not the cause of the fractures that occur duririgdgland that the available ductility of the rivetsh
beenexce&ed during the joining process for each case study under investigationadtuees that form at the
surface of the rivet, shown in Figure 4.4, indicéite hoop strain is the highest at the surface of ttes ard that the
fractures nucleate at the surface and propagateéhatshank of the rivet as the hoop strain incredadsg flaring.

Publishedsimulationsof theriveting process confirm the highest stresses and strains evolve at theesurf

of the rivet where the fractures initiate during thve case studies under investigation. Figu@b shows the Von



Mises stress evolved during joining using a singl@ometry rivet to that utilized in the commonizaticase study.
The highest Von Mises stress occurs at the outeumiference of the riveail as the rivet flares into the bottom
sheet material under influence of the die. The stresksiton was also confirmed to be highest at theafihe rivet
based upon the work completed Byichao[25]. The Rousselier failure criteriois based upon ductile void
nucleation and coalescence and has been utilized by Eckstein to gueditacturesduring the joining process
[24]. Fractures were predicted to form at the outer circtenfge of the rivet tail and at the rivet chamfer, aswsh
in Figure 2.7b Fractures were noted in each of these locafiottse rivet used for joining PHS and Al6111 as
shown in Figures 4.3a and 4.4.

The fractures are deleterious due to the unpredejaimt strength that can be produced by fractureets
as well as the potential for reduced fatigue performance due tase rivet compliance and fretting. Rivets are
beginning to be integrated into safety critical automotive componentsasuattintrusion door beams,-Billars
and crash structures. The joimsist behave in a predictable manner in order foctimeponents to function
correctly through the entire lifecycle of the vehicle to presenatysahd impact performance while also allowing

the use of high strength steel and aluminum to reduce wanglstchievefuel economy targets.

5.2 10B37 Quench and Temper Rivet Flaring

The following sections will discuss the results frélaring experiments conducted on 10B37 rivets gisin

various die geometries in regards to the differences betweenesdicigmethod and the fractures that developed.

5.2.1 10B37 Flaring Die Comparison

The rivet flaring procedure described in Sectionv@ag developed to impose the same type of hoomstra
generated during the joining process to replicate the failures and peovaksessment of both the column strength
and maximum flaring capabilityhe rivet flaring procedure provides a characteristirve where the strain is
concentrated at the tail of the rivet and proceeds up the rivelt asahe test progresses to higher degrees of
crosshead displacementprogression of the flaring test ie@wvn in Figure 5.8-cwhere the Von Mises stress is
plotted for a 1 mm (0.039 inckhank thickness rivet as flaring proceeds usind #tg conical die.The linear
region at the first stage of the flaring curve is afidation of the rivet column strergivherethe rivet compresses
elastically after coming intoontact with the dias seen in Figure 5.2Rigure 5.2b shows the point where theld
stress of the rivet is exceeded in compressiansing theivet to begin to defornand causinghe curveto deviate
from linearity. The yield strength is met as the tail of the rivithwhe lowest crossectional areéirst and a larger
portion of the rivet begins to deform as the chamfer comes into covitadhe die, shown in Figure 5.ZEherivet
continues to yield as the die is forced up the bore to the point of maximumedfmad whereompliance is
increased as a result of the formation of fractures at the rivet tail, caudnog in loadThe point of failure is
shown in Figure 5.2dlhe mechanical flaring test was iterated throuiffierent die shapes to arrive at a testing

procedure that replicated the failures noted during joining experiments.
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Figure5.2 Results from AbaguBnite element simulations of a quenched and temp&r@d mm (0.039 in)
shank thickness rivet flared over a 120nical die. Images show Von Mises stresMPa at
(a)the initiation of the test, (b) the rivet compressing elastically prior to yiel@h@s the ret
tail begins to deform and Yavhere failure occurs based upon experimental results.

The first iteration of the flaring procedure using.a63mm (0.1875 in) ball bearing provided andication
of rivet column strength and hoop strairfadure usinga diametralextensometeto measure displacement
Although the flaring curves provided indicationstioé maximum applied force ardiametralstrain of the rivet
during flaring to failurethe failures that developed using the 4.763 (@rh875 in) ball bearing were not consistent
with those observed during joining experimemtEgonsistencies arose due to the ball bearing contacting the rivets at
the interior chamfer as opposed to the tail of the rivet that undergoes thsthigf@mation during the joining

procedure.



Deviations between flaring and joining were most nietér the 1.00 mm (0.039 in) shank thickness gvet
that had been tempered to hardness values below 55héivh in Figuret.23c and 4.23dRivets formed multiple
fractures that nucleated at the outer circumference of the rivet shank ag@ppdsose developed during joining
experiments with the fractures being distributed around tearofierence of the rivet taiRivets with a1.00 mm
(0.039 in) shank thicknessd hardness values in excess of 550 HV developed fracdurésy flaringthat were
similar to those observed during the commonizationifng experiments shown in Figure 4.Fcacturepropagated
much further up the shank of the rivet during flgrexpeimentswhen compared to joining attempBifferences
between fractures that developed during flaring experiments with the sm6®.1875 in) ball bearing and joining
experiments using the 1.25 mm (0.04Pshank thickness were also evident. Single fractures developed atethe riv
tail during flaring attemptacross all hardness levels under investigation where multi@fesrfractures were
observed during joining attempts with PHS and Al6111.

Due to the differences observed between the flagagith the 4.763nm (0.1875 in) ball bearingnd
joining experimentsan alternativelie geometry was developed to provide a continually increasing radius for the
rivet to be flared over in an effort to promote equinaleactures to those noted during flayimials.Based upon the
fractures observed during the previous flaring expenitsand published riveting simulationswas determined a
higher degree of flaring which focused on the tail of the rivet wasined to promote the types of failures that
occurred during joiningA 120j conical die was chosen to provide a high degree of flaring amd #ike die to
penetrate up the rivet bore without coming into contact with the rigbt Whis die produced the flaring cusie
Figures 4.24 and 4.25 for tie25 mm (0.04%9n) and 1.00 mm (0.03#&) shank thickness rivets, respectively. Due
to the diameter and shape of the, the diametral extensometer was unable to be used for the flaring exgsrimen
using the conical dieAs a result, crosshead displacetne@as utilized as an indicator of flaring performance.
Flaring using thé.20j conical die provided a strong indication of the rivet colutnength along with differences in
crosshead displacement to failure that are an indication of theedti@nthat wasable to be accommodated by
rivets at each tempering conditiorhe use of crosshead displacement as opposed tet@rstrain caused the
differences between each tempering condition to be reduced as theeabdssplacement capturde effects of
different yield strengths on the area near the rivet tail withalvest crosssectional areaA rivet that is tempered to
a lower hardness may exhibit lower yield strerfgased upon tensile testing resuléferencesin yield strength
may contrbuteto increased compliance at the tail of the rivet wherecthessectional are& the lowest. The
increased compliance as a result of reduced yield strength may prohigheadegree of hoop strain at a constant
crosshead displacement during the flaring procedinen compared to a rivet with a higher yield strerg#t will
deform elastically to higher load§he yield strength differencessultedin a small difference in terms of crosshead
displacement to failure between rivets with differentnass levels. The effect eéess pronounced with the
1.25mm (0.049n) shank thickness rivets used in the PHS to Al6111 study as the variati@s$sectional area
was less than that in the 1.00 mm (0.039 in) shhitkness rivets used for the comnization studyThe issues
could be avoided through DIC analysis of future flaring eixpents to record hoop strethrough a noftontact
method and compare different hésgatments and hardness levels.



5.2.2 10B37 Quench and Temper Rivet Fracture Behavior

The differences between the flaring tests usingitfié3 mm (0.1875 in) ball bearing and the riveting
process are attributed due to the different strain paths encountettezifbyet. Rivet flaring simulations shown in
Figures 2.6b and 2.7b provideantinual increasef the rivet tailcircumferences the sheet material fills the bore
of the rivet during the joining process. The strain path during rivetinfpeamompared to that developed during the
flaring simulations using the 4.763 mm (0.187phall bearing shown in Figures 4.7tavhere the die contacts the
interior of the rivet bore and has no contact with the outer tail of the rivet. Thiagona show that the die does
not come into contact with the tail of the rivet and the highest Vised/stress and effective strain occur at the
point of die contact on the interior of the rivet shank. A high degreeagimum principal stress develat the tail
of the rivet. However, thiargestmaximum principal stress occurs opposite the die coataa on the exterior of
the rivet shank where fractures were observed to have formed dlaring experiments using rivets with hardness
values below 550 HV. The Cockroft and Latham failure criterion predliatture on the outer bore of the rivet in
Figure 4.74c during flaring using the 4.763 mm (GA.&) ball bearing, which coincides with the fiagts observed
during flaring attempts shown in Figures 4.2Ba

The120j conical die flaring test produdeivet failures similar to those noted during joiningeatpts with
multiple fractures distributed around the rivet fail each of the two rivet geometries under invedian at all of
the hardness levels that were evaluated as can be seen in Figéaedahd 4.2a-c. Due to the consistency
between joining failures and those developed during flaring using thec@@@al die, this test method was chosen
to evaluatehealternative alloys and microstructuna@sder investigationThe integration of DIGnalysis intadhe
flaring procedurallowed the monitoring of hoop strain and axial strainrythe testing procedure, replacing the
diametral extensometer usedpirevious flaring attempts.

The differences between the two flaring methods werdirmedthrough the finite element simulations
shown in Figures 4.67b and 4.69b where the maximum principal stress is hagtiestail of the rivet where the
fractures were observed éacur during joining attempts. Tt@ockroft and Latham failure criteriomas applied to
flaring using the conical diandwas able t@orrectlypredictthe location of fracture at the rivet tail during flaring
with each rivet geometmynder investigation. The Cockroft and Latham predictions are shown in &&uda and
4.74b wlere the failures are predicted to form at the tail of the rivetrevfractures werebserved during joining
attempts. Photographs of interrupted flaring tests inreggd.75a and 4.75b also show fracture initiation at the site

predicted by the Cockroéind Latham criterion.

5.3 10B37 Austempered Rivet Flaring

10B37 rivets were austempered based on the procedures describedon $&avith the results shown in
Section 4.3.4The flaring performance when using th20; conical die flaring process wasarkedly different for
austempered0B37 rivets when compared 10B37 rivets that had been quenched and tempe@tedaustempered
rivets provided a significant increase in crossheaplali®ment when compared to quenched and temperesl. rivet
The differentshapes of the curves for each rivet geometry are # a#she die penetrating the rivet throutite

reduced crossection at the rivet tail and up into the full rigitank thicknes§ he degree of hoop strain



accommodation wdsarge enough that the 7.0 mm (0.276digmeterdie fully penetrated the rivet bofer each
geometryduring the test procedure. Die penetratiesultedn the tests being aborted before rivet fracture due to
asymmetrical flaringpccurring A larger dianeter 12( conical die was produced to accommodate the additional
flaring capacity of the austempered rivd8ased upon the results from austempering of 10B37#43440 it was
determined that the positive effects of austempering could have beedeattydecarburization that had occurred
during austenitization in the sgibt furnaces. Intentionalecarburization was perform@dsubsequent tests to

separate the effects of an austempered bulk microsteuahd decarburized surface.

5.4 10B37 Decarburized Rivet Flaring

The following sections will discuss the results fréaring trials performed on 10B37 decarburizedetss

in regards to the flaring performance, fracture initiation and applicatiore@dlckroft and Latham criterion

5.4.1 10B37 Decarburized Rivet Flaring Performance

Intentional decarburization of rivets was performed duthé¢ large differences in flaring behavior between
10B37 and 4340 rivets with approximately equivalent microstructures aftgrapering in an effort to isatathe
effects of austempering and decarburization from-treatments performed using sptit furnacesThe results
from decarburization hedteatments are described in Section 4.2.4 while the flaring results are shown in
Section4.3.5.As decarburizadn time increases, the hoop strain to failure increases signifidanthpth of the
rivet geometriesinder investigation. Rivets that had been decarburized for 90 minutes stealuedd column
strength and no further gains in hoop strain to failuhencompared to rivets that had been decarburized for 60
minutes. The reduction in column strength aftenfiQutes of decarburization may be due to a contimaddction
in carbon contemearthe surfaceAlthough the ferrite surface layer was similar besw@0B37 rivets decarburized
for 60 and 90 minutes, the carbon content of the ilyidg martensite may have been reduced to thetpdiere
the yield strength was affected and the column strength during flaringedased The dfferences between the 20
and 60minute sample show that the decarburized surfackeaptimized based upon the hoop strain requirements
for a specific joining scenari@hile retaining as much column strength as possitie ability to optimize hoop
strain and column strength based upon decarburizdépth may allow rivets to be specified by flaring @eipy as
opposed to the current commercial specifications based upon hardness level

The increase in hoop strain to failure can be qfiadtbased upon the DIC data collectedindg flaring
experiments of 10B37 rivets of each geometry under investigptesented in Section 4.3 Decarburizatiorcan
increase the hoop strain over 2x aftem@@utes of decarburizatioho appreciablaecreasén column strength
was observetbr the 1.25 mm (0.04B) shank thickness rivetsased upotthe curvesn Figure 4.4Zhatshow
equivalent rates of hoop, and axial {y) strain evolution between the decarburized anddwoarburized rivets.

The flaring performance is further incredsghen comparing the 1.00 mm (0.039 in) shank thickness rivets that had
been decarburized for 60 minutesrivets that had not been decarburiaeldere the hoop straiw failure increases
over 4x The column strength was reduced after 60 minutes of bi@dzation due to the thinner shank crasgtion

and increased ferrite surface layer thickness, leading to a highreled®gxial strain as a function of hoop strain



when the strain evolution was compared for each-tieatmentHowever, for the commazation case study
column strength is not as much of a concern as flaring capabtiie sheets to be joined have a much lower
hardness than the riveasd thehoop strain demands are much higher due to the large degree of flariigg that

necessary for trivet to achieve the target helagight with the increased rivet length.

5.4.2 10B37 Decarburized Rivet Fracture Behavior

Photographs of fractured rivets in the quenchedtemghered condition along with fractured decarbutize
rivets are shown in Figuse4.32 and 4.33 for the 1.25 mm (0.04Pand 1.00 mm (0.039 in) shank thickness rivets,
respectively. The rivets that had been intentiondélgarburized are able to accommodate a much higheredefyre
hoop strain prior to fracturing and form a singége fracture that propagates up the shank of the rivet toséte ri
head. The differences in fracture behavior may be a result afdtterfes in the decarburized rivets initiating below
the surface in the bulk martensite as opposed to being surface initiated abserved in the rivets that had not
been decarburized. The strain during flaring is highest at the sufftite outer circumference of the rivet tail with
a gradient that proceeds into the rivet. As a result of thengiradient and the ddional ductility of the ferrite at
the surface of the rivet, a higher degree of hoop strain is required to inictierés below the sfaice within the
bulk martensite where voids begin to form and coalesce to initfadetare through the entire ahk of the rivet as
opposed to small fractures occurring at the surfadditionally, rivets that hadot beerdecarburizeghowed
multiple fractures around the circumference of thretrtail that formed simultaneously compared to thelsi
fracture thaformed in the decarburized rivets. The cause of a single fracturesvatgtiple fractures may be a
result of the strain localizaticet multiplepointsaround the rivet circumferendeiringflaring of decarburized rivets
leading to a single fracture atpointwherea defect exists ithin the subsurface martensite or slight misalignment
during the flaring process as the localized deformation begins to foumdthe rivet tail.

The potential for subsurface fractures can be reiefth based upon the fracture surfaces from dedadualir
failed rivets shown in Figures 4.77a and 4.77b. ffaetures appear to show shear lips that surrouadréicture
surface from the rivet tail to ¢hinterior and exterior of the rivet shank. Radial lines areadservedrom the
center of the rivet shank to the interior and exterior surfatieeofivet approximately perpendicular to the surface.
The radial lines and shear lips indicate that thetfrres initiated along the centerline of the rivet shank and
propagated outward to the surface of the rivet. The fracture imitiahd propagation mode may account for the
decarburized rivets forming a single large fracture propagating umtinety o the rivet shank as opposed to
multiple fractures around the circumference of thretrtail as was observed in the rivets that hacdoeen
decarburized.

The transfer from surface initiated failures to sufsce fractures after decarburization can akso
observed through thénite element simulations defined in Section &Belocation and distribution of the
maximum principal stresses throughout the rixgiedwhen comparing the decarburized rivets to rivets taal
not been decarburized. Nalecaburized rivets showed the maximum principal stress mitguat the tail of the
rivet where fractures initiated during riveting and flgrinials. Rivets that had been decarburized showed a

transitionof the maximum principal strefm the tail of theivet to the aiter surface of the rivet shank for both of



the rivet geometriesnder investigation. Decarburized rivets showed negative values of Ki@uma principal

stress approximately halfway up the rivet shank whille-secarburized rivets showed radiye values at the point

of die contact on the interior of the rivet tdihe maximum values of effective strain during flgredso occurred at
the point of die contact for both the decarburized anddewarburized rivetd'he Cockroft and Latham criteon
predicts the occurrence of failures at locations with high valugggfmum principal stress and effective strain. As
the location of the mamum principal stress variesghile the location of maximum effective strain remsatonstant
at the area ofid contactthe regiorof the rivet that shows high values for both metrics shifts frontathef the

rivet to thecenter of the rivet shank after being decarburiféglures 4.76a and 4.76b show the location of fracture
prediction when the Cockroft athditham criterion is applied to decarburized rivetd appears to coincide with the

initiation points defined during fractography.

5.5 10B37 Mechanical Property and Rivet Flaring Correlation

Comparing the results from the flaring experimentthbse obtaed from tensile testing experiments of
10B37 wire tempered to the same range of hardness levels, shown i &ib@yrit appears as though thaejor
mechanical properties defined during tensile testirggnot a strong indicator of rivet flaring capeypi Ultimate
tensile strength and yield strength decreased with tempering temperatgevdto maximum force applied during
the rivet flaring experiments. However, the total elongation of the 10B37 tepedarsens was constant at
approximately 12 pct across all of the tempering conditiotedeslthough the hoop strain that results in the
riveting fractures is tensile in nature, the differenceted between tensile testing and rivet flaringdaté that
tensile elongatiomay not be the best india of riveting performance. The differences between the two testing
methods, uniaxial tension and rivet flaring, mayedse to the fracture behavior differing betweenttho tests.
During uniaxial tensile testing, the fractures natdein the centesf the specimen where the degree of triaxiality is
the highest while in rivet flaring experiments, the fractures nucleate at theewoffthe rivet and propagate up the
rivet shank in a modedrack opening manneflong with the location and mode of fractfoemation,the
guenched and tempered rivets that had been flared to failure did not eppaae any strain localization around the
sites where fractures formed. The absence of straitidatian, compared tovhat is observed in a tensile test of the
same conditions;ould account for the discrepancies when comparing total elondatroret flaring performance.

Since the total elongation did not appear to coteeldth rivet flaring performance, additionstamination
of tensile behavior was performed to defawrelations between the two testing methaélerk completed to
compare holexpangon ratio to tensile properties has shown correlations between yield strefgtfd post
uniform elongation [59, §0The yield strength/UTS ratio and post uniform elongation were calcdatd®B37
wire and did show similar trends to those noted during rieeinfy experimentgor each of the rivet geometries
investigatedA summary of yield strength/ UTi&tio andpost uniform elongation with diametral strain to failure
during flaringusing the 4.763 mm (0.1875 in) ball beararg shown in Table 5.1 for 10B37 rivets tempered at 200,
250 and 30QC for 30 minutes.



Table5.1byield Strength/UTS ratio and Post Unifo Elongation Compared to Diametral Strain at failurerdy
Flaring with a4.763 mm (0.1875 in) ball bearing

. Post Uniform Diametral Strain

10837 Yield Strength/UTS Elongation [pct] 1.00mm / 1.25mm
Q&T: 200iC 30 min 0.76 7.1 0.073 / 0.058
Q&T: 250iC 30 min 0.80 7.4 0.103 / 0.070
Q&T: 300iC 30 min 0.87 8.1 0.127 / 0.082

Vickers hardness testing was performed on the ribetswere flared andlsoprovided an ingtation of
flaring performance. As seen in Figure20, 4.22and Table 4.3rivets with a lower hardness showededuction in
themaximum applied force during flaringhile the hoop strain to failuiecreasedBased upon the consistent
variation in both maximum applied force and hoop strain to fadareardnesis reduced, bulk rivet hardnessgy
serve as &alid metric to define flaring performanckel.D. Taylor suggested that hardness would be a validienetr
to estimate strength of a material in instances where fractures were bditetbffaole expansion) arglobal
(tensile)[61]. Thecorrelation between rivet flaring capabilities and hardness furghaiorces the suggestipas

hardness is a better indicator of rivet flaring performance thanramigélongation determined during a tensile test.

5.6 10B37 Joining Attempts
The following sections will discuss the results adea from joining attempts of the two case studieder
investigation using 10B37 rivets that have been quenched and tempemgavilorivets that had been intentionally

decarburized.

5.6.1 Press Hardened Steel to Al6111

The results from joining experiments of 10B37 rivats shown in Section 4.3.8Bhe crosssection
photographs indicated that the rdecarburized and decarburized rivets showed successful joining wheirethe
did not appear to buckle while also providing interlock distances beyond thaumingpeification for automotive
use. However, extracted rivets showed fractures in theleoarburized rivets that were not present in the rivets that
had been decarburized for 20 minutes. The decarburization treatmeatldie the column strength of the rivets
causing aslightincrease in the average shank thickness after joining but not to the porethwit&ling of the rivets
became an issue. Based upon the absence ofifigiekid tail fractures along with sufficient interlock distances, the
decarburized 10B37 rivets provided successful joining of PHS and Al6111. Ehesrelatively low hoop strain
demands duringpining of PHS and Al6111 when compared to the commonizatase study, further optimization
of the ferrite surface layer thickness may be possible to providesised column strength to reduce the shank

thickening while continuing to avoid the development of fractures at the rivet tail.

5.6.2 Commonization

As sen in the PHS to Al6111 case study, the integration of a detaet surface layer was able to

improve the joining performance for each of the three alloys undestigadon. The results translated to the



commonization case study where the degree oplstrain the rivet must accommodate is much higher due to the
increased amount of flaring requiredachieve the target head heigimd not perforate the bottom shekte rivets
that had not been decarburized showed asymmetrical flaring in thesexiea photos, which is indicative of rivet
tail fractures that developed during joining. The tail fractures that developexhdecarburized rivets can be
clearly seen in the bottom view photographs of the rivets efteaction where multiple large fraces propagated
up the shank of the rivet to the head. No fractures were observe@@fitinutes of decarburization along with
symmetrical flaring and a high degree of interlodkhen comparing the rivet cresection in Figure 4.45b to the
initial joint in Figure 4.2a, the decarburized commonization rivet provides & higher degree of interlock. The
increased interlock distance indicates a higher strength joint and the gdteatibze a lower number of rivets in a
joining locationto achieve theequired strengthThe ability to reduce the number of unique rivets allows a
reducton in the number of rivet guns amabotic armghatcould lead to a reduction in both manufacturing cost and
time. The decarburization process provides many instancgnificant improvements to the SPR process for
automotive manufacturin@n increase in the versatility of the riveting process to enawegaints and reduce
complexity, an increase in joint strength to allow a redudtidhe use of consumables and better crash
performance, as well as reduced processing cost due to the potshiietion in the number of rivet gsimequired

for vehicle assembly. Cost savings may also occtinduhe production of the rivets as an inert atninesp would

not be requied during the austenitization process, as is currently employed.

5.7 4340 Rivet Flaring Joining Attempts
The following sections will discuss the results adea during flaring and joining experiments perfehn

on 4340 rivets that had been quenched and tempered, austempered and inted¢icadilyrized.

5.7.1 4340 Quench and Temper Rivet Flaring
Flaringresults from 4340 quenched and tempered rivets are bleddn Sectio®.4.2.The 4340 rivets

tempered at 250C for 30 minutes showed approximately equivalent dread displacement to failure as 10B37
rivets with an equivalent tempering treatment buhvigher maximum applied load. The fractures that developed
during flaring of 4340 rivets were similar to those observed with 10B3%rasde from rivets tempered at 2@

for 30 minutes which had multiple fractures propadhaéeentire length of thevet shank and portions of the rivet
separate from the rivet head completd@lge more catastrophic types of fractures were nimedll of the alloys
investigated in this study and seemed to occur randomly. The catastrojpiésfthat caused singlarfe fractures

or portions of the rivet shank separating from the head may be redteyitudinal defectémanganese sulfide
stringers)along the length of the rivet shank tiady occurduring the cold forging operatioRivets produced from
4340 may be a viable alternative to 10B37 rivets in applications thateeqhigh degree of column strength due to

the increased maximum applied force during flaring with equivalent @adstisplacement to failure.



5.7.2 4340 Austempered Rivet Flaring

Themicrostructures for austempered 4340 rivets are showigures 4.13a and 4.13b. The flaring curves
for 4340 rivets that were austempered at g2@or 2 and 4 minutes followed by tempering at 380for 30 minutes
are shown in Figuré.51. The austemped rivets showed slight performance improvements when compads40
rivets that had been quenched and tempered gt&¥F 30 minutes but were within the region of variatio
experienced during the flaring test. Scanning electron microgadhectured 4340 rivets produced through
guenching and tempering and austempering are shown in Figure 4.52 a and 4.52weTdeiferences noted in
terms of fracture appearance where the rivets that had been quanchietnpered showed many small fractures
distributed around the circumference of the rivet tail with surface fracturéiseochamfer of the rivet while the
austempered rivets showed a lower number of larger fracturesdateinvet tail circumference with no evidence
of surface fractures on thivet chamfer. The difference in fracture appearance may be a rethut lifjher
toughness provided by the integration of lower bainite resulting in a finéemsée packet size as the lower bainite
segmentshe austenite grains during the austempepiugess leading to a refined martensite structure after the
subsequent transformation as postulated by Tomita T4H.positive effects of austempering could also beaéla
to the decarburization that occurred during Hesdtment in the safiot furna@s as the rivets were not protected

from direct contactvith the molten salt.

5.7.3 4340 Decarburized Rivet Flaring

Decarburization was also performed on 1.00 mm (0i6B8hank thickness 4340 rivets with a much less
pronounced effedt longer timeshan was noted in the 10B37 rivets of the same geometry. Optical microgfaphs
the surface condition of 4340 rivets that had been decarburized fod28 minutes are shown in Figures 4.16a
and 4.16b. It appears as though the 4340 rivete not ableéo develop additiondlerrite at thesurface even after
240 minutes of decarburization due to the increased hardenability of 43d098fininutes there is evidence of
intergranulaioxidation that had occurred during austenitization, which led to surfdoeypit the rivets that had
been austenitized for 240 minutes.

The differences in surface microstructure betweed3¥0and 4340 may account for the different behavior
during flaring experiments. Flaring curves for 4340 rivets that had bearbdeizedfor 90-240 minutes are shown
in Figure 4.53. Although decarburization did provide a benefit when ceapar4340 rivets that had been
guenched and tempered with no decarburization, the effects are mauphdesunced than those noted with 10B37.
The differences in flaring performance may be due to the inability 0@ 484chieve a surface layer of ferrite
during the austenitization process as a result of the increaseddlailie provided by substitutional alloying
elements as opposed to the interstitial carbon and boronrthédig hardenability to 10B3T.he 4340 rivets
contained an intermediate amount of carbon when compared to #3160 and was unable to form ferrite even
after 24 times the decarburization time, indicating that the ferrite mad formed during an intercritical procebks.
addition, thantergranulamoxidation may affect the surface by producing notches and reducing the toughtiess of
4340 rivets. A fractured 4340 rivet that had been decarburized for 90 misigteswvn in kgure 4.54b along with a

fractured 4340 rivet that had not been decarbuiizéd54a. The hoop strain to failure increased ferrthiet that



had been decarburized when compared to thedecarburized rivet. The fractures that formed in decarburized
4340rivets were similar to those noted in 10B37 rivets tfeat been decarburized with a single large fracture
propagating up the shank of the rivet. However, the fractures forrmedcét lower degrees of hoop strain when
compared to 10B37 rivethat had bee decarburized. The fractures appeared to form at the surfaoe fet and

the increase in flaring performance may be attributed to the loss of camd@ubsequent reduction in hardness that
had occurred during decarburization.

Based upon the surfacgicrostructure of the 4340 rivets that had been iiecied and the performance
during flaring tests it appears as though decarburization does providefia tngndat the significant performance
increase noted in 10B37 rivets can be attributed taddlcarburization induced loss of hardenability at the surface of
the rivet. A loss of hardenability due to decarburization promoted the fom@fte surface layer of ferrite that was
consistent in thicknegtue to the carbon concentration grademdl pranoted ductility at the surface of the rivet
where fracture initiation was observed during rivgtéamd flaring experiments. In additidnfergranulamoxidation
was the most pronounced in the 4340 rivets thatleath decarburized for at least 90 minuldg intergranular
oxidation may lead to reduced fracture toughness at the surface duexidtiteon present at prior austenite grain

boundaries as well as the oxidation at the surface of the rivégers notches that act as stress concentrators.

5.7.4 4340 Joining Attempts: PHS to Al6111

Joining results using 4340 rivets that had been dedadaushowed similar positive effects as 10B37 mvhe
the rivets were decarburized and are described in Section B Sesults are very similar to those ob&al when
using 10B37 rivets where the rivets that had not been decarburizedblete produce crossections with no
buckling or visible fractures but rivet tail fractures were detcpon extraction. The fractures were avoided after
decarburization was applied while also retaining sufficient column strengthieoce the PHS without buckling. The
4340 rivets that had been decarburized did show higher shank thicknesses trardibearburized rivets but were
approximately equal to those obtained wiiB37 rivets that had not been decarburized as seen in Table 4.6. As
with 10B37 rivets, further optimization may be penfi@d using 4340 rivets to determine the optimaree®f
decarburization where as much column strength as possible can bedetéie also promoting surface ductility to
avoid the formation of tail fractures. Rivets produced fr@&#0tmay be an alternative to 10B37 rivets in future
cases where high column strength and hardness are requirecc®hzieder sheet material than the Rid8ently
under investigation.

5.7.5 4340 Joining Attempts: Commonization

The results from the commonization joining experitseare shown in Section 4.4.6. The trends were
similar to those observed in 10B37 rivets where rivieds had not been decarimed showed large fractures
propagating up the shank of the rivet and were evident in both-eeotisns and extracted rivets. The cresstion
photographs of decarburized rivatslicate successful joiningith symmetrical rivet flaring and a high degref
interlock. However, upon extraction, small fractures were noted in the rivet &34 decarburized rivets. The

4340 rivets were unable to achieve a surface layer of ferritehwhsulted in a reduction in crosshead displacement



to failure duringflaring tests when compared to 10B37 and 5160. férels noted during flaring translated through
to the joining trials where the 4340 rivets showed a reduction in the dedneemttrain that could be

accommodated without fractures and led to the direstobserved during joining attempts.

5.8 5160 Rivet Flaring and Joining Attempts

The following sections will discuss the results adea during flaring and joining experiments perfehn
on 5160rivets that had been quenched and temperednaetionally decarburized.

5.8.1 5160 Quench and Temper Rivet Flaring

The results from rivet flaring with 5160 quenched &&mpered rivets are described in Section 45180
rivets tempered to the hardness level specified fmmaotive use showed Itfe fracture with a sharp load drop and
portions of the rivet shank being separated from the rivet head. Aentipering temperature was increagbd
ductility was improved but both the maximum applied force and crossheadagdisgnt to failure wereduced
significantly when compared to 10B37 rivets. The pperformance of 5160 rivets during flaring indicatee alloy
is not applicable to the SPR process after beingtheated through a quenching and tempering process as there is a

high potentiafor quench embrittlement at the hardness levelsiredido pierce hard sheet material, such as PHS.

5.8.2 5160 Decarburized Rivet Flaring

Optical micrographs of the surface microstructur®180 rivetshat had been decarburized for 60 and
120 minutesare shown in Figure$.17a and 4.17b, respectively. Due to the increased carbon content of 5160 when
compared to 10B3Tonger time periods of decarburization were necessary to reducertlemability at the surface
and promote the formation of ferriteh@ flaring curves for 5160 rivets that had been decarburized 24@0
minutesfollowed by tempering at 35 for 30 minutesare shown in Figure 4.61. The decarburization process of
the 5160 rivets resulted in the most dramatic differeaossng thelloys investigated as the rivets that had been
guenched and tempered at 3&0for 30 minutes showed brittle failu(Eigure 4.62ayvith a maximum applied
force of less than 10,000 N and no appreciable dhycfilhe rivets that had been decarburized for d2Qutesand
tempered at 350C for 30 minutexontained the same bulk microstructure as the rivets that had faih brittle
manner but provided approximately equal performanderims of maximum applied force ahdop strairto failure
as 10B37 rivetshat had been decarburized for 60 mintggure 4.62b) The behavior of the 5160 rivets with no
decarburization and those that had been decarburized for 120 minutes prahieleifigication that the surface
microstructure of the rivet is the mastportant aspect in terms of flaring capability as the crosshead displadcemen
to failure was increased over 10x after the decarburization was apptiedfarrite surface layer was achievéde
results from the 5160 flaring experiments utilizing akbeiized rivets provide insight into potential further
development of rivets that can pierce hard sheet material, siRthS&dntegration of a high carbon rivet, such as
5160,thatis able to achiex hardness values in excess 00 &1V would promote the high degree of column strength

that is required to pierce hard materidlslization of a high hardness rivet that had be#erntionally decarburized



to improve the flaring performance may provide solutions to high hasdnaterials to be joined during fugur

vehicle design and production.

5.8.3 5160 Joining Attempts: PHS to Al6111

The results from joining attempts using machinedd&ieets that had been decarburized for 120 minutes
and tempered at 35C for 30 minutes show positive results but are naatly comparable to those obtained from
10B37 and 4340 due to differences in the rivet eeesdions as a result of the machining process. The miaghin
process resulted in a thinner web and longer shank for the 5160 rivetsavhpared to 10B37 and 434i@ets that
had been cold forged. The thinner web and longer shank may have had an impaaiwetihg process where the
5160 rivets were observed to buckle slightly in the esesgion shown in Figure 4.63a. The 5160 rivets wele tab
avoid tail fractures (Figure 4.63b) but resulted in the lauesrlock distance and highest degree of shank
thickening of all rivets evaluated (Table 4.6). These results indicate the $emfigee layer was thicker than
necessary and may be reduced to increasedflnenn strength to promote higher interlock and reduced shank
thickening while also avoiding rivet fractures if any additional riveting trialeweibe conducted. The applicability
of 5160 for this specific case is limited, not by the performantleesfvet during joining, but by the inability to
cold forge the 5160 into the required geometry without damgagf tooling. Modifications to the spheroidizing
processo further reduce the hardness prior to cold forging rlégviate the issueddodifications to the cold
forging process to operate at reduced loads witlatligtion of more forging steps may allow 5160 rivete
forged successfullyAdditionally, intermittent annealing during the famg processnay allow more complex
geometries to be formeRivets produced from 5160 that have been decarlwunmey be an alternative to 10B37 in
cases where high hardness and column strength are desirabledfctfierging issues were investigated and

solutions were developed to allow successful forgingromdustrial scale.

5.8.4 5160 Joining Attempts: Commonization

The 5160 rivetshowed the same type of increase in flaring behawitechduring thdlaring testsand
were able to provide successful joining of the comization case study. The cresstion photographs from
joining experiments are shown in Figures 4.64a andbatong with bottom views of extracted rivets in Fegur
4.65a and 4.65b. Flaring experiments indicated similar performanceria t€ column strength and hoop strain to
failure between 10B37 and 5160 riveted these trends were also observed during joining attenmptsat60
rivets that had been decarburized. As in the flarirastrihe rivets that had not been decarburized showittle
failure where portions of the rivetere completely separated from the rivet head whidediecarburized rivets were
able to accommodate the required degree of hoop strain to achigaegttehead height without the formation of
fractures at the rivet tail. The 5160 rivets showeslhighet interlock distance of all the rivets evaluated (€ab
4.7), which caused the bottom aluminum sheet to form fracturesnférock distance may be reduced through a
reduction in the decarburized surface layer thickiess increase in bulk hardneéesprovide increased column
strength and reduce the degree of flaring in arretifoavoid the sheet metal fractures. Additionadliye of the two

extracted decarburized rivets showed a large fracture, which may enthieatinderlying brittle microstructihas



an influence on the flaring performance of 5160 rivets. Algjtotine 5160 rivets were able to successfully join the
commonization joint stack, they showed the highest varialilitggards to rivet and sheet metal failures so further
optimization would need to be performed if this alloy andfregtment combination was to be utilized for vehicle
production. The variability produced within the 5160 rivets may be due to ttle bubsurface microstructure along
with the banding that was noted chgimicroscopy of the aguenched rivets producing regions of the rivet that are

susceptible to quench embrittlement.

5.9 Austempered Rivet Flaring: Summary

As the 4340 and 10B37 austemperieets showed approximately equivalent bulk microsurces after
being austempered, the differenae$laring performancevere attributed to the decarburizatitvat had occurred
during heattreatmentind the increased hardenability of 4340 when congpiaxrd 0B37

As molten salt remains at a high temperature aedpssed to the open atmosphere, the barium chloride
and sodium chloride within the sgdbt can oxidize and increase the concentration of oxygen within theosati a
degree that decarburization will ocauring austenitizatiof62]. Salt pot furnaces can be rectified through the
addition of carbon via a graphite rod or carbon containing@eeduce the oxygen concentration and prevent
decarburization during he&teatment. Theectification process is not routinely performed andshiés are left at
temperature while being exposed to the open atmospheieaving air bubbles introduced to the molten salt when

samples are inserteesulting in oxygen pickup and decarburizatomturring during the hedteatment process.

5.10 Decarburized Rivet Flaring: Summary

The conclusions drawn from the flaring trials andraination of the surface microstructures are furthe
reinforced by the Vickers hardreedata presented in Figurel. The trends between all three alloys are very
similar in that the surface hardnesdues of the decarburized samples were reduced b20®V when
compared to the nedecarburized rivets with similar decarburization depths. Althoughuttiece hardass was
approximately equivalent, the flaring capability of 4340 decazbdrrivets differed significantly from 10B37 and
5160 rivets that had been decarburized. The difference in flaring dapualitih similar surface hardness indicates
that the formatin of ferrite at the surface of the rivédsa significanfactorin regardgo the improvement of the
flaring performancehrough decarburizatiomhe ductile low carbon ferrite is able to strain to a much higher degree
without nucleation of surface fractures than thetersitic microstructuref the 4340rivets. Additionally, the
intergranulaoxidation noted inthe 4340 rivets may contribute to the nucleation and propagation of fractutes at
rivet tail due to thexidizedsuiface features acting as notclasllow toughness at prior austenite grain boundaries
where the oxidation occurred to the highest dedfesctures in 4340 rivets that had been degé&@bd appeared to
nucleate at the surface of the rivet tail in a similar matmeonrdecarburized rivets.

The differences in alloying between 10B37, 4340 &b80 account for the increased hardenability of0434
and the inability of the decarburized 43#@ets to achieve a consistent surface layer of feafiter quenching into
oil. Intergranular oxidation of alloying elements that previthrdenability has been shown to occur during gas

carburizing of steel to the point where amartensitic transformen products form duringquenching [63, 64 The



substitutional alloying elements that provide hardditabhat are shown in Figure 2.9 have varying @tidn
potential at 86QC based upon an Ellingham diagra#m Ellinghamdiagram with the alloying efeents that
promote hardenability in the alloys under istigation is shown in Figure 5.8i, Mn and Crare present in 10B37,
4340 and 5160 in differing qualities (Table 3.2). Mn and Cr are all more likely to form oxideti@n compared to
the oxidationpotential of carbon onreEllingham diagram if the atoms are able to diffuse to the surface where the
oxygen is preserar if oxygen is able to diffuse into the steel taaewith the alloying element3he oxidation of
alloying elements due to oxygerffdsion is the most likely cause of tirgergranulaoxidation that was noted in
the 4340 rivets that had been decarburized for over 90 minutes. Therloent@tion of Si and Cr in 10B37 could
account for the lack ahtergranulaioxidation that was olesved during decarburizati@nd the shortest time
periods to allow the formation of ferrit¢he 516Qdid show evidence ofhtergranulaoxidation after SEM analysis
but not to the extent observed with 434@wever, since 4340 was able to retain hardigibabp to the surface

with no visible formation of ferritea portion of the alloying elements that provide hardenalniitgt have been
retained during even the longest periods of decarbigizathen compared to the 516he differences in oxidation
patential of Ni and Mo may account for the ability of 4340 rivets to retain high énlbaglenability tallow the
formation of martensitap tothe surface during an oil quench compared to the 10B37 and 5160 ratehisitha loss
of hardenability at the surface that resulted in the ftionaof a ferrite surface layer. The loss of carthmm the
surface may explain gimilar reduction insurface hardness values between theensitic 4340 and ferritic 10B37
and 516Mfter decarburization was performed.
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Figure5.3 Ellingham diagram demonstrating the free energyuohftion as a function of temperature of

substitutional and interstitial elements that promatelanability in the steel alloys under
investigation. The red vertical line denotes 1133.15 K {890 Theonly elementshatare less
likely to oxidize than carboat 1133.15 K (86QC) are Nickel and Molybdenum.



5.11 Flaring and Riveting Similarities and Differences

The trends shown by 4340 and 10B37 rivets in regarflaring tests and joiningxperiments provide
evidence that the flaring procedure using thej X2ical die is representative of the riveting process and can be
used to draw generalizations of rivet performance and the effealenfative alloys and microstructures. Although
the trends between the flaring tests and riveting were simiféereiices can be noted between the flared rivets and
those used in riveting trials.

The failures that occurred during riveting of theSPtking rivets that had not been decarburized texbin
ahigher number of fractures than was developed during the flaring tbstslifferences between fracture size,
number and distribution between the flaring tests and riveting triajsba a result of the stress environment being
different at the rivetail. During joining, the sheet material providemstrainto the entire volume of the rivet that
is flaring into the bottom sheet which may result in less crack propagationaahtb lthe formation of a higher
number of smaller fracture¥headditiond force required to propagate a large fracture and displace a larganamo
of the sheet material to accommodate the fracture may inflibaaifference in fracture appearance between
flaring and rivetingDuring the flaring operation, there is no sheetterial and the rivets are flared with an
unconstrained surface that allows the fractures to propagate drezyinitiated.

During joining attempts of the commonization joitdck the velocity of the punch that performs the
riveting procedure was set to achieve the required heigiht. The rivets had hardness values that wereeongper
limit of the H6 hardness rangsuggesting lack of ductility. The lack of ductility combidewith a high degree of
strain imparted during the joining procedure resuitethe large fractures that formed in the rivetsmyjoining
compared to the smaller fractures that occurred during the flatiegpts. The flaring attempts were stopped once a
load drop occurred and the fractures formed, leading to the develbpfmaaltiple small fractures at the rivet tail.

If the flaring test were continued to run to higher degref crosshead displacemght failures would be more
consistentith those observed during riveting.

The fractures that developed during flaringl0B37decarburized rivets were not replicated as a result of
the additional strain accommodation provided by the ferrite surface ley@ding sufficient flaring performance to
join the material without fracturing. Despite the rivets matfuring in each surface condition, similarities can be
seen between the two testing meth@&tsain localizatiordeveloped at multiple points around the rivet tail in the
10B37 decarburized rivets used for the commonization joining atteRigtse 4.46b appears to show a small area
of post uniform elongation with a rivet that was used during joining atterfipe difference in the magnitude of
strain localizatiorbetween flaring tests and jairy trialsindicates thalegree of flaring during joining was less than
the maximum that was determined through the flaring festsOB37 decarburized rivet$he results from 10B37
rivets and 4340 rivets during commonization joiningiepts indicate # strain demands during the joining test
were larger than what was available for the 4340 sibet not high enough to promote fractures with I0B®@ets

The behavior of the rivets during flaring and joipiimdicates the potential to optimize the fersurface
layer thickness based upon a specific joining application. If finite elemeteling was performed to define the
degree of flaring required during joininte flaring test could be referenced to define a specific decarburization

time to allow the accommodation of the required strain while also providingiels column strength as possible to



allow piercing of a variety of material8.degree of optimizatiowas performed to allow successful joining of the
PHS and Al6111 case study. Initiallyyets that had been decarburized for 60 minutes were utilized due to the high
degree of flaring performance. After riveting, the decarburizedsrstgowed slight buckling and significant
thickening of the rivet shank. It was determined that the straimadésnduring joining of PHS were much less than
those required for the commonization case study. As a result, subsexjuieigt frials of PHS were conducted with
rivets that had been decarburized for 20 minutes idsi€&0, leading to a thinner ferritarface layer and a higher
crosssectional area of martensite. The rivets had a higbgree of column strength while still retaining thdity
to flare beyond conventionally process rivets. The rivets decarbude@® fminutes provided a successful joint
with reduced shank thickening, higher interlock ancevidence of buckling when compared to the ritteds had
been decadurized for 60 minutes.

Currently in industry, rivets are produced with aga of hardness levels based upon the piercing and
flaring requirements for a specific joint staEkiture joining efforts may employ 10B37 rivets watlhigh degree of
column strength from low temperature tempering with hardvalses approaching 600 HV and modifying the

decarburization time and resultdatrite surface layer to achieve the required degfdkaring.

5.12 Finite Element and Failure Criteria Evaluation

The simulations were calibrated by comparing thelastrain {y) as a function of hoop straff,)
generated during DIC analysis of ttieet flaring process to equivalent measurements extidcomfinite element
simulations. The strain evolutions for DIC measurememtssamulations are shown in Figure 4.66 and show good
agreement between each rivet geometry andtheatment with the largest deviations occurring in the a 1.00 mm
(0.039in) shank thickness rivets that had been decarburized. The initial portios sifthlations isomparable up
to approximately 30 pct hoop strain)(after which the deviation between the simulatiod BhC data begins to
grow. The deviations atbought to occur due to the inability of the 2D axisymmetric simulation to acturate
model the necking that was observed in fractureetsiand DIC analysiThe simulation was unable to account for
strain localization while the DIC was able to captilme localized regions. The hoop strdif) (s inflated in the DIC
data as a result, leading to a higher degree of hoop dtgpat & giveraxial strain [,) and with deviation growing
as the strain increases.

The maximum principal stress valuesculated from finite element simulatiowgresimilar in magnitude
and distributiorto the stressesalculated in the z directioh,,, at the location of fractunsucleation when the rivets
were flared to the point of failur&@he orientation of the z directiginto and out of the pag&)dicates a high degree
of tension around the circumference of the rivet, as would be expeaed bpon the hypothesis that a hoop strain
and resultant stress develajuring flaring.Figure 54a shows thenaximumprincipalstress anérigure 5.4 shows
the" ,, during flaring for the 1.00 mm (0.039 in) shank thickness rivet that had notdeearburizetbefore being
flared over theL20; conical die The orientation of th&,, and the affiliated maximum principal stress corresponds
with the fractures that were noted in flared anda®tad rivets where the fractufesmedon the surface of the

outer circumference of thiévet tail and propagateinto the shank ofite rivet via a modeémechanism at multiple



locations during the flaring procedghe trends in regards to maximum principal stresk'aywere similar across
all of the rivet geometries, strain patmicheattreatmentsealuated during simulations

The maximum value of effective stradietermined through finite element simulations occurs at the die
contact area on the interior of the rivet shank amwmsistent across each rivet geometry and-treatmenthat
was simlated.The maximum values of effective strain are a resiulhe die contact causing the highest degree of
deformation as the rivet slides over the die in compressioa distribution okffectivestrain is similar to that of
the strain calculated in thedirection,! ;.. A comparison of the equivalent strain dpgfor flaring for the 1.00 mm
(0.039 in) shank thickness rivet that had not beeanthecizeds shown in Figuréd.5a and 5.5bThe distribution of
I,-is consistent witlthe formation of fractures that occur at the surface of the rivet andgatepap the rivet shank
at the rivet tail where both the, and!,, show high valuesThe trends continued across @flithe strain paths
investigated during the simulations, iodiing that the tensile stress and tensile strain evolved atitloé the rivet

are the principal parameters promoting fractures during flaring.

(@) (b)

Figure5.4 Comparison of (a) maximum principal stress and' ¢b)n MPafor flaring of a 1.00 mm (0.03¢
in) shank thickness rivet quenched and tempered afQ®0r 30 minutesalculated from finite
element simulationsThe magnitudes and locations of the maximum values are similar anc
indicate fractures will form as a resoftthe hoop stress at the location where fractures wer:
observed during flaring and joining experiments.

Simulated flaring of nomecarburized rivets using the 4.7®8n (0.1875 inand12.7 mm (0.50 ipball
bearings follow the same trends as those noted for flaring using @d@i@al die described previously. The trends
noted when comparing the maximum principal stress distribution in Figuféb and 4.72b are similar where a
negative value occurs at the die contact area with maximum valuke opposing exterior surface of the rivet
shank. The effective strain shown in Figures 4.71cdaidc again shows a maximum occurring at the locatfon

die contact on the interior of the rivet shank. Utilizing the samek@ft and Latham fracture predictipnocedure
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for the ball bearing flaring simulations yields thregictions shown in Figures 4.74c and 4.74d fordf&3mm
(0.1875 in) and 12.im (0.50 in diameter bearings, respectively. These predictionsaptp be correct based
upon the fracture Figure 4.23a for the 4.763nm (0.1875 ij diameter bearing and Figure 4.37a for the
12.7mm (0.50in) diameter bearing.

(a) (b)

Figure 5.5 Comparison of (a) effective strain and [(p)for flaring of a 1.00 mm (0.039 in) shank thickne
rivet quenched and tempered at 2a0for 30 minutesalculated from finite element
simulations The maximum values occur at the tail of the rivet and indicate the highest dé
strain is concentrateinto and out of the page, resulting in the formation of fracturesvirat
observed during flaring and joining experiments.

Although the Cockroft and Lathaarmiterionwas able to successfully predict the location ofrthet
fractures based upon the maximum principal stredseffective strain, the magnitude of the values cateul by
the application of the failure criteriatiffered fromwhat wascalculatedoased onensile tests of 10B37 wire
guenched and tempered at 2@for 30 minutesA plot of maximum principal stress as a functioretfective
strain is shown in Figure 4.73 for 10B37 wire quenched tempered at 2QC for 30 minutes along with a
Holloman egationto fit the experimental data and allow integration. The value of the Cockroftathdr failure
criterion for uniaxial tensile teisig was determined to be 1559P™. When the values were calculated for the rivet
flaring of nondecarburized 10B37 rivetthe values werd03MPa for the 1.25 mm (0.048) shank thickness rivet
and469MPa for the 1.00 mm (0.039 in) shank thickness rivae failure criterion was also appliedftaring
experiments utilizing the ball bearings where the maximum vaaleslated at the surface for 1.00 mm (0.039 in)
shank thickness rivets using th&63 mm (0.1875 indall bearing and 12.7 mm (0.%59 ball bearingvere311
MPa ant422 MPa, respectivelyThe magnitude of the Cockroft and Latham values wasistent, whin 150 MPa
for nondecarburized rivets for all of the strain paths evaluaftbd.values from rivet flaring are approximately 0.25
of those determined from tensile testing. The deviations betwedestitey may result from the differences in
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fracture nucleation between the bul&ilures in the tensile test and the surface initidéélures during rivet flaring.
The surface initiated fractures may require lessgn® nucleate when compartma full fracture of a tensile
specimen due to tHack of strain localizationduring flaring Removing the component of instabildyring tensile
testingwould lead to the formatioof fractures at lower values. The reduction of Cockroft and Lattzdunes when
comparing surface initiated failures to biditiated failureshas been observed when comparing the values
calculated during tensile testihg those determined tompression testingnd was determined to be caused by the
lack of localization for the surface initiated fractup@s]. Additional deviation may result from the orientation of
the wire drawing texture that is parallel to the tensile axis while the extrusion textbeerivet shank is orthogonal
to the hoop strain that occurs during flariMpdification of the Cockroft and Latham weds has been performed
through the addition of @onstant ahead of the integtalreduce the energy at failucalculated through tensile
testing to yield accurate results when predicting the strain to fracture dot@gxXpansion testing and tube flagi
testg[33, 66]. In a similar manne modifying constant coulde included to account for the surface initiated
failures that develop during rivet flarinig allow accuratepredictions of strain to failure during riveting rivet
flaring based upon #hCockroft and Latham value calculated from a tensile Taést locations of failure prediction
seem to be accurate based upon interrupted tests|, fzitts andhe finite element simulations.

The Cockroft and Latham values calculated for rivietd hal been decarburized were much closer to those
calculated through the uniaxial tensile testing of 10B37 witk gquivalent bulk microstructures. The Cockroft and
Latham values for the 1.25 mm (0.0#9 and 1.00 mm (0.039 in) shank thickness rivets w8g3 MPa and
1402MPa, respectively. The values calculated for dea@bd rivets differed between 415 pct from those
calculated from tensile testing. The similarities may arise fndvat appears to be a bulk tensile fractwrth strain
localizationthat ocairred in the decarburized riveBased upon the fracture surfaces in Figures 4.77a and 4.77D, it
can be inferred that the rivet shank fractures in a manner veitarsimwhat occurs during a tensile test. The
fracture surfaces indicate ductile vaidcleation and coalescence through the centerline of the rivet shagketivat
up the rivet shank from the tail to the head and from the center totéhi®r and exterior surfaces, leading to an
overload fracture occurring through the rivet shank dtifai The ability of the Cockroft and Latham criterion to
correctly predict the location of fracture initiation withirethulk of the rivet shank as well as the strain to failure
indicates that it may be a valid criterion to utilize during future rivetingulations to predict fractures in
decarburized rivetsThe ability for the Cockroft and Latham failure criterion to successfullfigtréne location and
degree of strain to failure between two different rivet geongeinigicates theriterion could potentially be applied
to multiple joining scenarios to aid ifiuturejoint development.

Simplified failure criteria, the maximum principal stressndmaximum principal strainyere also evaluated
andwere less indicative of the failuresathwere observed during flaring trials. Figures 5.6a and $h6iw the
maximum principal stress distribution of the 1.00 mn®0.in) shank thickness rivet with and without
decarburization at the point of failure during flaring over the 120 die.sEress partitioning between the
decarburized surface and the bulk of the rivet can be seen in Figurd@betiivet geometries show a peak
maximum principal stress thatcurs on thénterior of the rivet shank the nondecarburized condition while the

peakmaximum principal stress occurs along the outer serfdi¢he rivet shank just under the decarburizethsa.
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The maximum principal stress distributidoes not coincide with tHecation of failure initiation for the rivethat
had not been decarburized since interrupted testing showed fractwatioimiélong the outer circumference of the
rivet tail. Thefailure initiation sitenear the center of the rivet shank crssstion that wasbserved during
fractography for the decarburized rivdetviates gnificantly from the location predicted using theaximum
principal stress criterioan the outer surface of the rivet shank just below the decarburizedeitie behavior
indicates that the maximum principal stress is not a valid indicditi@ilure for rivetsregardless of surface
microstructure, unlike the Cockroft and Latham criterthat correctly predicted the fracture initiatisites in each
surface condition that was evaluat&tie trends were similar when applied to the 1.25 @®49in) shank

thickness rivets with equivalent surface conditions.

(a) (b)

Figure5.6 Comparison of maximum principal stress calculatediffinite element simulations of a 1.00 m
(0.039 in) shank thickness rivet @enched and tempered at 200 jC for 30 minutes and (b) :
being decarburized for @@inutes and tempered at 200 {C for 30 minutes. The manxi values
occur at the tail of the rivet in (a) while (b) shows a maxinmmthe outer bore of the rivet shar
just beneath the decarburized surface layer

If an equivalent analysis is performed utilizing thaximum principal strain as a simplified failure
criterion, the results are much less indicative of the failures that were noted dudtagfegphy and interrupted
testing. Figures 5.7a and 5.7b show the maximum principal strain distributios D0t mm (0.039 in) shank
thickness rivet with and without decartaation at the point of failure during flaring over th20; die. Each figure

shows significant deviation from the fracture initbettisites that were experimentally determined withnttwe
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decarburized rivet showing a maximum along the interface bettheaivet and die with the decarburized rivet
showing a similar location of the maximum principahst. The principal strain occurs at a maximum & thi
location due to the compression of the rivet after coming into contact with theatlleatls to a higher degree of
hoop strain at the rivet/die interface. Utilizing this failurigezion during a simulation would not predict the correct
location of failure without significant modification s&mcount for the compressive strain occurring along the dontac
interface.The maximum principal strain distributions were $anivhen being applied to the 1.25 mm (0.04)9

shank thickness rivets with equivalent surface condition

(a) (b)

Figure5.7 Comparison of maximum principal strain calculatezhfrfinite element simulations of a 1.00 m
(0.039 in) shank thickness rivet @enched and tempered at 200 jC for 30 minutes and (b) :
being decarburized for @@inutes and tempered at 200 jC forBhutes. The maximum values
occurat thedie contact interfaca both(a) and (b) and are marked with an arrow.
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CHAPTER SIX
SUMMARY AND CONCLUSIONS

Two specific case studies where the material prageedf selfpierce rivets (SPR) were limiting the
development of joints for automotive use were identified as 1) theangpofipresshardened steel (PHS) to Al6111
and 2) commonization of rivets acros&eatent sheet material combinations. The failure modes that occurred in
each case study were identified as either buckling of the rivetgdioining of hard materials or fractures at the
rivet tail as a result of flaring beyond design speatfons. Tk fractures that developed during flaring were caused
by a significant hoop strain that developed at the tail of the riveeiteded the available ductility of the rivet
material, 10B37. A process to replicate the failureder laboratory conditionsas developed by flaring of the
rivets in compression through a range of strain pathe.flaring process waontinually improvedo yield
comparable failures to those that occurred during joiningstri@lB37 rivets in two different geometries were
evalated over a range of hardness lewtlizing an extensometer and digital image correlation (DIC) timdghe
hoop strain during flaringJniaxial tensile testing of 10B37 wire was performed to determine anyatmns
between uniaxial tensile propies and rivet flaring performance. Three alternative aJld$80, 4340 and 5160,
were used to colfbrge prototype rivets to be flared alongside 10BBddtermine if the use of alternative alloys
could result in any performance gains over the currgat material. Rivets with alternative microstructures were
also evaluated for potential improved flaring performance byeaystring 10B37 and 4340 to contain a mixture of
lower bainite and martensitafter further examination of the austempering practree performance gains were
attributed to decarburization that had occurred duringtieatment. 10B37, 4340 and 5160 rivets were
intentionally decarburized and flared to failure to evaluate the impact afodeization across the three alloys. It
was cetermined that a surface layer of ferrite that developed in 10B83X60 provided large improvements in
flaring performance while also retaining sufficientwmoh strength to function during SPR joining. Theithos
effects of decarburization were further evaluated through joinialg with each of the two case studies under
investigation and yielded successful joining using 10B37 with the potentiahteve success with 4340 and 5160
after process optimization. Finite element simulations ofittet flaring process were developed and calibrated
using DIC data to determine the stresses and strains that devdlopegiflaring as well as evaluate the Cockroft
and Latham failure criterion to predict the rivet fractures dufliaring. Comparison between the Cockroft and
Latham failure criterion conducted on tensile tagtilata and rivet flaring data showed discreparioiesgards to
the amount of strain at failureith quenched and tempered rivdtwever, the Cockroft and Latham failure
criterion was able to successfully predict the location of thetdres that occurred during rivet flaring through
multiple strain paths as well as the location o€ffuae initiationandthe strain to failurewhen using decarburized

rivets.

The conclusions drawmdm this investigation of the SPR process are asvistlo

¥ Two types of failures are expected during rivetiagdd upon the hardness of the rivet and the sheet
materials being joined. Rivets below 550 HV showgbeential to buckle when joining hard maags,

such as PHS. Rivets with hardness values in excess of 8®@tdform fractures at the rivet tail in
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instances where a Higlegree of flaring is required, suchimgommonization attempts using a longer than

optimal rivet.

Uniaxial tensile propertie are not sufficient to predict rivet performandgen compared to the rivets
Deviations may occur due to the orientation of theewlrawing texture parallel to the tensile axis where
the extrusion texture is orthogonal to the hoop strain during rimétd. Additional differences may be due
to the round crossection of the wire during tensile testing comparethéothin walled rivetsTensile
elongation was proposed as a metric for riveting performandedsatctures developed as a result of a
high degree of hoop strain. However, as elongation remained relativebarbtisough the hardness
levels tested and riveting strain to fadichanged for the same conditiotisgre appeared to be no
correlation.Values that have correlated tensile performanceledéxpansion ratio (YS/UTS, post uniform
elongation) were more valid when predicting rivet flaring penfance The hardness ofvets that had

been quenched and tempered also appeared to correlate with ringt flarfiormance yielding higher

degrees of flaring as hardness was decreased.

The riveting fractures were observed to initiatéhatsurface of the rivet tail. Due to tleedlized region of
fracture initiation, the bulk properties of the riveaterial were observed to be less important tantjar

performance than the local microstructure at the point of rivetuira.

Of the three alloys that were intentionally decariedionly 10B37 and 5160 were able to achieve a
surface layer of ferrite upon quenching whereas 48tHined hardenability through the decarburization
treatment andlid not form an appreciable amount of ferrite at the surfase result, 10B37 and 5160

showed much more improvement in flaring capability due to the ferrifactayer.

The results produced during flaring trials dired¢tinslated to the riveting process which produced
successful joints using 10B37, 4340 and 5160 decarlourizets in spcific cases with 10B37 being able
to join each of the sheet material combinations under investigation. The sesildtsrobtained between
flaring experiments and the joining process indicagehanical rivet flaring is a viable method to asse

rivet performance across different alloys and microstrestu

The Cockroft and Latham failure criterion was ablsuccessfully predict the location of fractureiatibn
through multiple strain paths, rivet geometries and microstructure combmatianfailue criterion was
also able to predict the strain to failure during flaringle¢arburized rivets while underestimating the
strain to failure when using rivets that had not beéecarburized due to the differendesm localized

crack nucleation.

10¢€



CHAPTERSEVEN
FUTURE WORK

The future work that could be completed as a rediuthe testing performed during this project center
aroundthreemain areas of interest; continuing evaluation oétiivg performance using decarburizeabts,
integration of failure criterion into full riveting simulations aghetermining the impact of the decarburization
process on other metal forming operations

The capability to produce decarburized rivets omadnstrial scale must be evaluated to allow
implementation of decarburized rivets within the production process for abtl@s. Since rivets are produced
through a continuous process of austenitizing, quenching, temperingnglead coatingthe applicability of
decarburization must be evaluated and any modifications to the praesse stust be made to allow large scale
production of decarburized rivets. Additionally, static joint testingtrbagerformed to further evaluate any
positive effects of decarburized rivets when compared to convetifigmmocessed rivets for demanding joining
scenarios like the two case studies presented in thisrotu Fatigue testing of the joints must also be cotagle
before any decarburized rivets may be integrated into the design and podictehicles. De to the conclusions
drawn about rivet alloys in relation to hardenability and strength, fuetheduation of alternative alloys may be
carried out to define alloys that provide low cost, higargith and the ability to decarburize during short time
periods. A potential candidate alloy for this work would be 1045 plain catbehas the steel is capable of
hardening during an oil quench Wwhalso providing high strength low potential for quench embrittlement and the
ability to decarbude over a sh period of time.

Alternative techniques to yield a similar surfacemstructure could be performed to identify altéire
processing paths to provide similar performance increases. Indugtiperiag of the surface of the rivets could
provide a simar effect as well as austempering at high temperatures to allow the suréamédahe critical
cooling rate to form martensite while the bulk of the matésiahrdened during quenching.

The SPR industry typically develops joints basednup@atalogf successful rivet, die and sheet metal
combinations along with trial and error testing of new mateombinations to provide successful joining.
Considerable work is being conducted to reducertheand error development of new joints by integrg
simulations of the SPR process to determine joint cariatics. Currentlyvery few simulations integrate a failure
criterion for the rivet, which limits the ability of thensulation to accurately predict any failures that may occur
during joining. Continued evaluation of failucgteriato determine the most robust and repeatable predictor of rivet
failures could be performed to increase the applitalsind accuracy of SR joining simulations to reduce the
resources and time devoted to developnoémiew joints.

Since decarburization is typically thought of asgedetrimental to material propertjésere is potential to
evaluate the positive effects of decarburization through other foetaing processes. This work has shown that
significant gains in ductility can be made if decarbation is performed on parts where the deformaiauls to the
nucleation of surface fractures. Work has been conducted on 300Msetthat had been intentionally
decarburized and has shown an increase in bending performandeff®@$ on bending performanamuld be

continued and adaptéd other alloys thatlevelop a ferrite surface layer to determine if further perfamaa
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increases are possible. Experiments could be conducted utilizing déoadlsheet material during bending in
tension, angular stretch bend testorgube flaring to determine if the positive effects of decarburization could
translate to alterative metal forming techniquesing high strength steel sheet or tubdditional testing, such as
fatigue testing, corrosion testing or hydrogen ettibrment experiments could be performed teedaine if the
decarburization process could lead to any deleterious effectshedftparts are formed which may negate any gains

provided by the potentiadditional formability.
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APPENDIX A
TORSION TESTING OF 10B37 WIRE

In an effort to streamline the future evaluation oémative alloys for SPR production, a test
method to assess riveting performance without thduaroon of prototype rivets was of intereuring
the rivetflaring process, a strain gradient is produced withhighest strain being located at the surface.
As a resultatorsion test method was chosen which applied a high degree of suréasenith a strong
gradient proceedinigwardfrom the surface to thbulk while also making use of standard wire specimens
with no significant preparation. The torsion testprgcedure developed by R. Pennington for torsion
testing of pearlitic wire was employe@7]. The testing procedure consisted of mounting a wieeisen
with a total length of 25#m (10.0in) into specialized torsion grips that applied a clamping force to each
end of the specimen and allowed for torsion to be applied @a@pgcific gage length. The gage length was
defined as 102nm (4.00in) while placing 78nm (3.0in) of wire in each grip to allow sufficient clamping
force to prevent slipping. The grip assembly wasgxdiavertically into two chucks mounted on an
Instrumet load frame; one was fixed and attached2@6aN*m (2000 in*Ib) torsiondlbad cell, and the
other which was attached to a fixture to allow the relaxation obai@f load through a spring assembly
and imposed the specified rotation speed of 0.5 revolutiensipute (RPM). This rotation speed was
chosen to allow the dissifian of any heat evolved during the deformation process. Wire samplé8a? 1
were heatreated to differing levels of decarburization using the samgstatechnique that has been
previously described. Due to the significant size of the specimenmmatedal limitations, a single
specimen of each decarburization level was testedsaimples were tested in torsion until failure while
the torque and time were recorded. The time was used to calculate the totat néinobations and
associated angle ofvist in radians that had occurred during testing. The torque and twist data were

converted to surface shear stress and surface shear strain edi\apti methoddg].

A.1 Torsion Testing of 10B37 Decarburized Wire

In an effort to extrapolate rivetinggformance through the testing of wire products, 10B37 wire
was subjected to varying levels of decarburizatiod &@sted in torsion to determine the impact of
decarburized layer thickness on both torsional strength and surfacetati@iure. The surf@e shear stress
as a function of surface shear strain for 10B37 wire decarbuoz&® and 60 minutes with 30 minutes of
tempering at 20QC along with 10B37 wire in the spheroidized conditaye shown in Figure AlAs
decarburization increases, the ahstrain to failure increases dramatically from approximatelydd®8.
The shear stress decreases approximately 50 puo¢ @etarburized surface layer increases in thicknes
These trends are similar in terms of strain to failvhen compared to thiesults seen in the flaring of
decarburized rivets. However, the strength of the rivets is msstaféected by the decarburized surface

layer than the wire samples used for torsion testing.
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FigureA.l1 Surface shear stress as a function of surface shtraar curves for 10B37 wire decarburized for 20umés

and 60 minutes followed by tempering at 3@0for 30 minutes along with 10B37 wire in the spheized
condition. Surface shear stress decreasdBeaferrite surface layer is increased while surfaearsstrain
to failure increases with ferrite surface layer thickness. The fully fergliemidized sample shows lowe
surface shear stresses and higher surface shear stralartfzan both dearburized conditions.
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APPENDIX B
THREE-POINT BEND TESTING OF 10B37 WIRE

Threepoint bend testing was performed on 10B37 wire based on the conclusions deniwede
bending tests of 300M steel that had been intentionally decarburized togvdegrees [50]. Thregoint
bend may provide a metric to assess both strength and ductility afhaiegial in the decarburized
condition. Testing was performed using a thpeit bend fixture produced by Wyoming Test Fixtures
using 6.35 mm (0.25 in) rollers with the bottom twogmh38.5mm (1.5 in) apart and the top centered; the
test fixture is shown in Figure 3.6. 10B37 wire samples were preparedfiomm (0.216 in) diameter
straightened wire with a nominal length of 50 mn®€lin). Wire samples were heatated in open aat
900;C for 20 and 60 minutes to impart differing levels of aldrization. The samples were then
guenched into oil at room temperature and tempered a{@00 open air for 30 minutes. Wire samples in
the asreceived spheroidized condition werecalested. The hedteated wire samples were placed into the
threepoint bend fixture and a preload of 44 N (10 Ibf) was applied. The crosalasamoved down at
2.54mm/min (0.1 in/min) until the wire samples either fraetl or were bent to a degreelsticat the
sample was forced through the bottom two rollers. Laxadi crosshead displacement were recorded and

two trials were run for each hemeatment condition.

FigureB.1 Threepoint bend testing apparatus for performing bend testing of deczetiurdB37
wire samples. The sample is placed between the batpam as the preload is applie
The test is then conducted with the crosshead malamgn while load and
displacement are recorded.

B.1 Three-Point Bend Testing of 10B37 Decarburized Wire

Due to the inability of the torsion testing procedure to accurately ptbeicrends in both strain
to failure and strength as decarburization was applied, aploiaebend procedure was evaluated to better
assess strength and ductility in regardswetrflaring performance while utilizing wire samples. Forca as

function of crosshead displacement curves for tp@at bending of 10B37 wire decarburized for 20 and
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60 minutes with tempering at 2QC along with 10B37 wire in the spheroidized conditaoe shown in

Figure B2. Crosshead displacement to failure in@gas the decarburized surface layer increases in

thickness with a less dramatic drop in strength than was observed dusiog testing. Both the wire that

had been decarburized for 60 minutes and the spheroidized wire did natefraictl conformed to the

angle of the top punch, leading to the inability to assesskead displacement to failure for each of these

samples. Photographs of bent wire specimens are shdwigure B3ac.

FigureB.2

FigureB.3
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Threepoint bending curves showing force as a function of crosshead displacemen
10B37 wire decarburized for 20 and 60 minutes with 30 minutes of tempe20@ &
along with 10B37 spheroidized wire. Crosshead displacememriaises as ferrite surfar
layer thickness increases. Both the 60 minute decarburized sampleg aptdhoidizec
samples did not fracture.
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Threepoint bendsamples for (a) 20 minutes decarburization, (b) 6Qute
decarburization, (c3pheroidized. Increased ductility is visible as decazhtion is
increased; both the 60 minute decarburized samples and spheroidigg#dssdid not
fracture.
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