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Abstract

Advanced high strength steels (AHSS) are being increasingly incorporated into automotive
body structure to reduce vehiculaeight without adversely affédog crashworthinessUltra-
high strength steel (UHSS) subset of AHSS, possess excellent antrusion properties which
make them very suitable for fabricating crash relevant automotive straicithie steel is usually
coated as a necessary preparation for further procegximigg resistance spot welding, the
principal joining method for bodin-white automotive structusethe contact resistance, which
is principally determined by the properties of the coating, plgyrdle in defining welding
parameters, thermal profiles, microstructure and eventsaligetimesmechanical properties of
the joint.

In this work, the contact resistance associated with AlSi and galvannealed coatings on
Usibor 150thot stamping stealere determined using their dynamic resistance profiles. The
results showed significant differences in the contact resistance values associated with the
different coatings, and the trend in these values represented trends in current requirements for
attainirg acceptable nuggets sizes during resistance spot welding. Although pefik teadile
shear loading in static mode was similar for the AISi and galvannealed coated sheets, there were
significant differences in failure mode transition characteristidsesmergy absorption
capabilities associated with the different coatings. Moreover, it was found that joints formed
from dissimilar combinations of AlSi and galvannealed coated sheets exhibited poorer

mechanical properties than either of AlSi or galvanreatated sheets.
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1 | ntroduction

1.1 Background

Light weighting has been equirementn the automotie industry in recent times, in
response to the need for enhancement of fuel efficiency of vehicles and reductign in CO
emission while maintainingcrashworthinesdor the safety of occupants in the event ofash
These requirements have motivated the rapid development of advanced strength steels (AHSS)
and enhancement of joining and forming technologtSS forautomotivebody-in-white
constructions advantageousue to their high strength and excellemtnfiability, which enables
the use ofhinner gauges for achievinlgerequired performancé&or crash relevant structures
needed for antintrusion applicationsuch as Apillars, bumpers and reinforcement#ira-high
strength steglUHSS)are requiredl, 2). However, a strength increases formabilithecreases,
i.e.,more demand on forming pressure and dies. The use of hotirstestgel(or hot press
forming steel)s oneway of addressing formability of UHSS.

Hot stamping steels are formathigh temperaturevhen they are relatively soft and have
low strength Due tothe high temperature treatmehéey are coated to prevehein from
oxidation and decarburization. However, the choice of coating is very important because it
moderateshe chemistry of the stesubstrag (3, 4) andaffectsweldability of the steel

Weldability is one of the key parameters for selectionexlistin the automotive industry
since material joining iene of the major manufacturing procesd$eessistance spot welding
(RSW)is widely used during bodin-white (BIW) assembly of automobil¢s-8), andone of
the parameters governirl@SWis the total resistance of the sheet stadkich is significantly

influenced by the coating



Usibof® 150Q a hot stamping UHS$ commercially availablén aluminumsilicon (AISi)
basedcoatirg as well inZn based, i.egalvanized (Gl) andjalvannealed (GA) coatingystens
(9, 10). These coatingimpartdifferent characteristics on sheetsated withthem. Moreover, it
is inevitable not to join sheets having dissimilar coaiktpwever,there has not been found any
report comparing the influence of these coatimig meclanical performance dheweldmentof
a given substrat&@his is the motivationdr this work, which stuéstheinfluence ofAlSi and

GA coatings on the properties loft stamping steeUsibof® 150Q resistance spot welded joint.

1.2 Research djective

The objective of the research work reported here is the study of the influence of AlSi and GA
coatings on the weldability and mechanical performance of resistance spot welded hot stamping

steel, Usibor® 1500. To achieve this objective the following taske werformed.

1. Development of a method, basad dynamic resistance analyses, for quantifying the values
of electrical resistance associated with key position/components in the sheet stack during
RSW as influenced by the coating.

2. Investigation of compatixve effects of coating type on the microstructure and mechanical
performance of the resistant spot welded hot stamping steel.

3. Investigation of the weldability and propertiesresigance spot welded joint formessing

dissimilar combination of AlSi and&coated Usibdt 1500 sheets.

1.3 Significance of this study

The work presented in this thessfocused omgainingdeeper understanding of the effects
of AISi and GA coating on resistance spot weldeddtaiping steel. The major direct benefits

derivable fom the results are as follows:



1. The welding community in general will be more knowledgeable and proficient in designing
for welded structures and the practice of welding, especially weldiogabédsteels with
high martensite content.

2. The results from s work can be implemented by the steel industry in compounding and
improving the chemistry for steel manufacturing.

3. The primary users of Usibohe automotive industries, will find the réisufrom thiswork
helpful forincreasinghe content of UHSS irvehicle desigrand constructiorthereby

promotingthe realization ofthe conept of the future steel vehicle.

14 Reportoutline

This reportis structured into five chapteasid the referencgection.Chapter 1 is the
introduction, where the backgrounddmmation is presented, including the importance of this
work, the objective and scope of the research.

In chapter 2an extensive literature is presented|udingan overview of advased high
strength steels (AHSSyith special emphases givenhot stamping steel. This chapter also
coverseffects of alloying elements on properties of base matedating of steels, coating
application methodandinfluence of coating type on substrate cistng. It is concluded with
discussions on the principle sistance spot welding, effects of parameter selection on welded
steel microstructure and dynamic resistance data interpretation and utiliZitapter3 is
devotedto experimental detailgharacterization and data analyses methods. In chgpher
resultsand discussionsf experimental workare presentedndfinally in chapter 5the

conclusion, summary amdcommendations fduture work are presented.



2 Literature Review
2.1 Interaction of coating with welding procesgs

Coating of automotive det steel is advantagedias protectionagainst corrosion and
oxidation. For hot stamping steels coating is also a more=tfestive option for protecting
againsidecarburization and scalirf@yl, 12). However, during further processing of the euht
sheet some oth@ffects may arise. One such situation is the occurrenwuaf metal
embrittlemen{LME) of steel during weldingf zinc coated stedl 1, 13, 14). LME canoccur
when steel is subjected to tensile load at high tempetatuthe presence of liquid zinihese
factors are simultaneously present during welding, especially resistance spot wel8Wj.(R
Although LME normally may not bdetrimental to the strength ofSRV joint, the crack
generated degrade thesthetic quality of the joint and are undesirébte 16).

During RSW of Zn coated steel, interaction of Zn with the Cu electrodeceapss
degradation oflectrodetip life (17-19), by alloying with the Celectrode, and forming brittle
brass which eventually chips off from tbap making the electrode face to increase. This results
in reduction in current density and nugget size, and the need to redresattaetiplerated rate.

In the case oAlSi, studies fromlaser welded AlSi coated 22MnB5 showed that without
ablation, the joints were weak when welded to it€2)j or carbon stegR1). However,when
the coating was ablated before laser welding, there were no issues with weld(g82plity a
case of gas tungsten arc (GTA) welded ferritic stainless steel 409L, increase in fusion zone
hardness was report€zi3).

Coatings interactwith welding processs, and th interaction may manigt in various ways
such as alteration of welding parametersld quality weld performanceetc, and the manner

of interaction between substrate and coating is unifjuereforefor a given substratelfferent



coatings could shift quality anegedormarce significantly. Thighesisis focused omcquiring
fundamental understanding of tblearacteristics and performance dfisgant spot welded hot

stamping steel, as influenced by galvannealed and AlSi ceating

2.2 Hot stamping steel

The manufacturingfdight weight vehicles with the dual aim of reducing fuel consumption
thereby reducing emissions to the environment and improving crashworthiness/safety relies
strongly on the use of advanced high strength steels (AHSS). Conventionally, steels h&ling yie
strength between 21860 MPa are designated as high strength steels (HSS) while higher
strengths are designated as advanced high strength(std&S), some of which ardual phase
(DP) steel,Transformation Induced Plasticity (TRIP) steel, martenstgel(MS), etc.(24).
Figure2-1 shows a spectrum of current AHSS. These steels are strengthened by various
strengthening mechanisms and are characterized by multiple phases, which enable them to
exhibit good combination of high strength and foritigh However, as strength increases,
formability becomes more difficult becausgming loadalsoincreases, and dimensional

accuracy tends teeduce due to sprirack effect.
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Figure2-1 Spectrum of Automotiveheet steg24)

A sub category of AHSS is the ukthegh strength steels (UHSS). Although there is no
specific definition for UHSS, steels havingl strength higher than 560 MFPr tensile strength
higher than 700 MPa are generally regarded as324 25) Usibor® 1500 (henceforth referred
to as Usibor) is an ultraigh strength steel grade 22MnBfd is thenost commonly used steel
grade for hot stampin@5, 26). In asreceived(AR) condition the microstructuris a mixture of
pearlite and ferrite, which is relativelyfgdout dter hot stamping it isransformed to martensite,
which isamuch harder and strongesaterial. Figure 22 showssomestructural members
currently beingoroducecdor arecandidates to be produced from UHSGmiper beams, door

intrusion beams, rd@nd side rails, door beam andafd B pillars (24, 26, 27).



1. Door beam

2. Bumper beam

3. Cross and side members
4. A-/B- pillar reinforcement
5. Waist rail reinforcement

Figure 22  Ultra high strengttsteel structural components in a car b(lx)

2.2.1 Hot stamping process

Hot stamping (also called press hardening) is conventionally used for produciAggittra
strengthsteels from hardenable steels gradé®re are generally two types of hot stamping:
direct and indirect hot stamping. In the direct hot stamping prolcesteel blank is heated to
austenitization temperatu(eetweer88C°C 1 930°Q and soakindor between 410 minutes. At
this state, the steel is soft, withoav yield strength of about 200 MR#&0, 28). It is now quickly
transferred into a die aridrmed into the desired shape and quencheddm temperature
simultaneoushat a rate above the critioguenching rate. This process transforms the soft
microstructure tdvard andully martensitic microstructurén contrast, during indirect hot
stamping, the blank is first cold drawn to approximately 98% of the final shapleefore
heating to austerdtion and finally quenching in a die tteefinal shape and hardened stddee
to the low yield strength at austenitization, forming load is low and spring back is reduced or
eliminated, resulting in improved formabilitifigure 2-3 shows sketches of tltkfferent hot

stamping processes.
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hot stamping
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Figure 23 Basic hot stamping processes: (a) direct, (b) ind{g&)t

The ®oling rateis akey parameter governirgpt stampingrocessecausehtefinal
microstructureafter quenchinglepends on ifrigure 24 shows thecontinuous cooling
transformation (CCT) diagrafor Usibor, includingdifferent cooling rate For cooling rate
greater than the critical (~ 27/8&c.for Usibor fully martensitic microstructurand the highest
strengthcanbeattaired For cooling rates less than the critical, other microstructures such as
bainite, ferriteor pearlite may be obtained, which will resuliawer strength but better ductility.
Figure 25 shows a summary of the entire hot stamping process and Faldled®vs typical

mechanical properties of Usibor in as received and hot stamped states.
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Table 21 Typical mechanical properties of Usibor

YS (MPa) UTS (MPa) Elongation (%)
As-received 400 600 25 (1SO)
Hot stamped 1000 1500 6 (ISO)

Aside from cooling ratehardenabilityof hot formed steelalsodepend on the alloying
elementsUsibor (also calletboron steel) typically contains between 0ADQ05 percent boron.
It is known that boron is the most potent hardenability a(@681), and addition of 0.003%
gives a hardenability increase equivalent to 0.6% M#600f Cr, 0.5% of Mo and 1.5% of Ni

(25). The effect and functions of other alloying elements will beudised next.

2.3 Effects of alloying elements in steels
Alloying elements are incorporated into steel to control praseand performance of

interest.The effects of these elements will be highlighted with respect to AHSS.

Carbon i The major hardeninglement in steeFor up to about 0.85 wt % Cailuness and

tensile strength increases but ductility and weldability decrease. Too low carbon content may
result in brmation of ferrite, so carbon and otladibying elementsire used32).

Manganesei A moderate haenability agent which increases strength in ferrite, but the
increases is dependent upon carbon content. Mn tends to segregate, promotes variations in
hardness and microstructure, and may form inclusions that are detrimental to to(8Bness
Increasing Mn conterdecrease weldability and ductit

Phosphorusi This element (just as sulphur) occurs naturally (or unintentionally) in steel. Itis a
very potent hardenability and strengthening agent, but detrimental to pla@8}itit also offers

some corrosion resistance.
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Silicon1 Principally a deoxidizer, moderate hardenability agent and effectively enhances
strength ad hardness of ferrite. Si also increases strength in quenched and tempered steels and
pearlitic steels where added plasticity is not so(8Bt34).

Copper i1 Copper does not interact with carbon: the two elements are essentially immiscible.
Therefore, all coppéan mild steels will be dissolved or precipitated in ferrite, resulting in a slight
hardening effeic Addition of Cu in combination with Ni is used to enhance galvanizability of
Si-Mn stees (35).

Nickel T Significantly enhances toughness of ferrite in tempered steel. It also strengthens ferrite
and increases hardenability and impact stre(88h36).

Chromium 1 Mainly added to increase corrosion and oxidation resistance. Cr also increases
hardenability but givethe least hardness increase in feli¥g 34, 37).

Aluminum T Excellent deoxidizer. Al is also used to effectively control austenita grawth

by forming fine dispersions with oxygen (or nitrog€a3).

Niobium 1 Principally added for grain refingent by retarding recrystallization of austenite,
thereby increasing yield strength and toughti@8s

Molybdenum i A very potent hardenability agent. Mo may produce secondary hardening during
tempering of quenched steel, depending on tempering conditions and com{B84jt81).

Vanadium i A very potent grain refiner by elevating austenite coarsening temperature.
Vanadiumenhances strength andeideoxidizer. It is also a very potent hardenability agent and
exhibits high resistance to softening during temue(81, 33).

Zirconium T Used for improving inclusion characteristics. Zr causes sulphide inclusions to be

globular rather than elongated. It refines the grains and also enhances h@®@ness
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Titanium T Used for grain refinement and improvement of inclusion characteristics. Similar to
Zr, Ti causes sulphide inclusions to be globular rather than elongated and enhances impact
toughness. It reduces hardenability and also functions as a depddize

Boroni The most potent hardenability agemsed in very little quantities (ppm) for the sole
purpose of hardenabilifd2).

Nitrogen 1 Principally used for forming nitride inclusions (by combining with Al, Tj,avd

other nitride forming elements), which are finely dispersed in the matrix to restrict austenite
grain growth and coarsenirigl).

The choice of alloying compositidor automotive steels mainlymadefor the purpose of
attaining predetermined mechanical propertizsvever, becausautomotive steelsra usually
coated, the choice of coatirgalsofactored into the alloy design staigeorder to avoid property
degradation either in service @uring further processinghis means that the choice of coating

significantly affects the choice of substrat®ying chemistry.

2.4 Coating application

Coating of automotive steels serves primarily for protection against corrosion and oxidation.
It also assists paintability for exposed auto body dffs Coatingis donecommercially by
passing the substrate through a bath of moltealnrea continuous flow layout. Prior to entry
into the coating bath the cold rolled sheet steel must be thoroughly cleaned of residual oil film
and other impurities to ensure that the coating adheres perfectly to the steel surface. It is then
taken throup the annealing process to recrystallize and generate the microstructure required to
meet the expected mechanical propertesore enteringhe coating bath. Figure@shows a

sketch of the Sendzimtype continuous coating line (CCL) used in indusiyt, 42). On the
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CCL all processes related to coating, such as cleaning, degreasing, anneatliygpingt
thickness quality control and final inspection and coiling argezhout in a continuous flow

fashion

cooling tower

accumulator
LSS S A
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degreasing SIS
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. : ﬂ | skinpass ’ inspection point .. .
pay-off ree 4.4 A
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bath — ost-treatment | i) coiler
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Figure 26 Diagram of Sendzimitype hot dip continuous coating line (CQUR)

Annealing is a highly controlled process involving carefully designed heat treattment
includesheating and holding at specified temperatures, and controlled cooling, as dictated by the
required final microstructure. Although the annealing is carried out in a reducing chamber
(usually charged with a mixture of hydrogeitrogen gas), the medium unavoidably contains a
small concentration of oxygen and water vapor. Oxidation of elemestisasuMn, Si, Cr and
Al, that have higher affinity for oxygen than irdorm oxides on the surface of the steel
substrate(43, 44). This couldcausepoor weting of the substrate during hot dip and result in
bare spots and other surface defects. Moreover, theistineof the coating determines its
adhesion to the steel surface, in the presence of the generated surface oxides. Therefore, the
annealing process is controlled specifically to conform to the requirement of the intended coating
as regards wettability aratihesion. In attempt to get rid of the surface oxidation the dew point of
the annealing atmosphere could be controlled. For example, increasing the dew point causes
oxygen permeability into the steel substrate to increasgthisresults in transitionrbm surface
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to internal selectivexidation(45). Internal oxidation has been known to degrade mechanical
propertes of steels; in particular,dausesow surface hardness and reduced strength. Internal
oxides are also stress raiser, which are known to act asinmaaton sites during fatigue
loading(45, 46). Therefore, the susceptibility of the alloy composition of the substrate steel to
selective internal or external oxidation must be considered, and alloy composition tailored in
conformity with the coating, in order to avoid coatingei#$ or degradation of mechanical
properties. It can be inferred therefore that coating type influences mechanical properties of
substrate since it influences substrate alloy composition and annealing specifications.
Usibor hot stamping steel is commiaity available in galvanized (Gl) and galvannealed
(GA) coatings as well as aluminiusilicon (AISi) coating. A brief discussion of these coatings

and their application methods are presented next.

2.4.1 Hot dip galvanized coating

Zinc coating providea two-fold protection against corrosion on steel. First is the barrier
protection through the metallurgical bond with the steel surface which separates the steel from
the corrosion environment. Secondly, galvanic protection is also provided under ambient
conditions since Zn is less noble (i.e. more electronegative) than steel. In this case, the Zn
coating will sacrificially corrode to protect the steel if the steel is exposed at a cut edge or the
coating is scratched or crackgh 41).

Zn coating iscarried out ommercially by hodip galvanizing (HDG) process usittige
Sendzimirtype continuous galvanizing line shown in Figuré. I he steel surface needs to be
completely clean for Zn to react metallurgically withTihereforethe steel idirst taken through

degreasing, pickling and fluxingfter entry into the linerhis is followed by annealing heat
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treatmentThe substrate now enters the molten Zn bath maintained at between 445 and 455° C.
The line speeds monitored to control the coating thickness. Atek# section of the coil from
thebath,the coatedstripe is stripped with air knifes and cooled to maintain the coat thickness
and arrest further reaction between Zn and Fe. Other parameters that control coating thickness,
morphology and quality are imnseon temperature, coating bath chemistry as well as substrate
alloy composition47-49).

During immersion of the substrate into the Zn bath, various readteingen Fe and Zn
occur, and on cooling, a heterogeneous assembly of different phases is bonded to the steel. The
outermost layer (farthestfromh e s ub st r at a polidisslutien of®.0306d¢ in purea s e ;
Zn. The next i s {;lmaengEFecontent ofdotweerdbads, then the delan
( U) p h aoswith Fe Eoeposition range between-I.A . 5 wt %. The gamma (O
FesZnygis the closest intermetallic layer to the steel substrate, haviogrfient between 23.38
wt%. Figure 27 shows themicrostructure of Zn coating formed on low carbon steel immersed

at 450°C for 300 s.
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Figure 27 Microstructure of Zn coating formed after 300 s immersion in a 450°C bath on
ultraslow carbonsteed ubst rate. (1) gamma (0G) pha@l, (2)

Problems usually arise during galvanization of Si and Mn containing steel substrates, in that
the coating thickness abnormally growsking the steel not amenable to further processing
(44). In order to improve some desit qualities of Zn coating, several other additives such as Al,
Mg, Pb, Ni, etc. or a combination of elements are added to the Zn bath. In particular, low
additions € 1%) of Al to the Zn bath has been found®most effective foobtairing a more
ductile coating by suppressing the formation or size of the more britéfa phase through the
formation of predominantly RAls (and some FeA) intermetallic layer called the inhibition
layer(4, 41, 47, 50, 51). In practice, 0.1 0.3 wt% (typically 0.2 wt%) Al is added to Zn
galvanizing baths to enhance coating qud#tydl, 47, 52). To further enhance coating quality

the galvanized sheet may be subjected to annealing process to produce galvannealed (GA) sheet.
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24.2 Galvannealing

Galvannealing is the process of subjecting galvanized (Gl) steel to annealing at a
temperature around 500°C to produce fully alloye&ZRentermetallic phase3he coating bt
typically contains between 0.12 to 0.14% dissolve@S&). The galvannealed (GA) coating
exhibits superior corrosion resistance, improved paintability and weldability than t(&1Gl.

55). GA coatirgs could be described €55):

9 TypeOiwhi ch i s under all oyed coating composed
1 Typelit he opti mum all oyed coating having | ess
oerl ay of delta (U) phase interspersed with

1 Type 2i which is overalloyed coating having a gamma layer more than 1 pum thick and an
overlay containing delta (U) phase with bas
coating/subate interface and an occasional top layer of zeta phase.

Figure 28 shows the various types (0, 1and 2) of coating obtainable in a galvannealing

process. Processing variables, coating bath and substrate chemistries are usually adjusted to

attain type Icoating, which gives the best formability, paintability and weldah(fity 56).
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Figure 28 SEM images of (a) type 0, (b) type 1, and (c) type 2 GA coafbiys

2.4.3  Aluminium -silicon coating
Aluminium coating treatment (aluminizing) is a wkiiown practice for protecting steel

against oxidation and decarburization at high temperdatorenation and growth of FAl

diffusion layer, comprisd of high temperature intermetallic phases adjacent to the steel substrate
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preventsthe substrateb m f urt her ry@a&ct2ibom. uTh insating&lathitto at i n
consists of pure A110). However, due to the rapid rate of reaction between Al and Fe, the rapid
growth of FeAls intermetallic compound, which is inherently hard and brittle, causes the
thickness of this diffusion layer to increase rapidly. Thick and brittle intermetallic laydrkin
forming and bending operations which sheet steels are usually subje(@@d iudies have
shownthat Si addition to Al coating bath retards the formation and growth of the intermetallics
by forming a thin FeAl-Si barrier layer on the steel surfg&8). Thus AlSi coating is a
widespread high temperature resistaodting applied on hot press forming (HPF) steels. They
are applied by hedipping (hot dip aluminizing), just as galvanizing, aheyprovide equivalent
corrosion resistance under normal operating conditions. It has been shown that the temperature
of the coating bath does not have significant effect on the alloy layer thickness, and S
concentration between aboutld wt% yield similar effect on thickness reducti@8). Thus,
Aigpe 10 aluminized coatings are formulldted nec¢
wt% Si. However, industrial formulation for HPF steel coatings consists of around 87% Al, 10%
Si and 3% F€10, 26). Si in the coatindpath also promtes the development of a flat substrate/
interface layer, enhance coating adhesion and elevated temperature oxidation rgSigtance
Figure 29 shows amicrostructure of as 0 a ttyepde Al ooatiAd. I®ansists of a brittle
intermetallic AtFe-Si layer adjacent to the steel substrater which pure AlSis overlaid.

Whatever the coating systemS3\ Gl or GA, duing hot forming of the steel, the coating
also undergoes significanticrostructurabnd morphological changes. These changes set the
properties that determine the ease (or parameters) for further processing of these coated sheets.
Properties of immediateoncernin this investigatiorarethe electrical resistivitieandthermal

propertiesand their éfect on properties othe RSW joint.
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Figure 29 CrosssectionalSEM of a type 1 aluminized coatin@0)

25 Resistance pot welding

Resistance spot weldif@SW)is an assembly/joining procegsed in many industrial
sectors such amnergy, shipbuilding, aerospace and automotiweas invented by Elihu
Thomson in 187759), andis now the major sheet metal joining process in the automotive
industry(other methds are laser beam weldihddW and gas metal arc weldinGMAW).
Most moderrautomobilebody-in-white (BIW) structures contain between about 2300 to over
6000spot weld (59, 60), because of thadvantages of RSWow cost, high perating speed
suitability for adomation anddoes not requirthe use otonsumablessuch adiller wire or

shielding gag61).
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2.51 Principle and process of resistance spot waihg

RSW is based on Jouleds first | aw which gi Vv

generated when an electric current ffotlirough a resistive conductor accordingh®equation

(neglecting heat losse&?2, 63)
I © ' 1 R 2.1

where(0) is the quantity of heal(s the currentY is the resistance arids the duation of the

current Figure2-10 shows the basic set up foB®/. In the simplest fan, two metal sheets are
clamped between two (water cooled) electrodes, current flows through the electrodes across the
sheetsgenerating enough heat to melt the sheets at their faying interface to prodoitera

weld pool.As soon asurrent stops flowig, the weld pool solidifies rapidljorming a nugget

(the size ofwhich increases with welding tijthat permanatly joins the sheets together.

According to Egn. 2.1, the electrical resistance of the sheetgpaiska factor for heat
generationFromthe setup shown in Figur@-10 various resistances are involvéd.andY are
the bulk resistances of the substrate metal sheets to be W¥lded]'Y are contact resistances
at the electrode/sheet (e/s) interfa¥ejs the contacresistance at the sheet/sheet (s/s) interface.
The total electrical resistance is the sum of the contributions from all these resistance
components. However, Figurel®is representative for welding of bare (i.e. uncdateeets).
Figure 211is a sketh of an expanded view of the sheet stack, highlighting the coating on the
surface of the sheets. The coating is now the major contributor to the total resistance and

determinant of the RSW parameters.
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252 RSW process parametes
During RSW some parameters (weld force, squeeze time, weld time, hold time and off time)

are controlled by the operator to achieve the desired queltity.

Weld forcei The weld force agdped via the electrodes is necessary primarily to holdteets

in intimate contact at the faying interface so as to ensure electrical conductivity across the sheets.
The magnitude of the weld foredfectsthe electrode/sheet (e/s) and sheet/sheeto(isact
resistancesGenerally, bw electrode forcérings about low contact area between the surfaces,
resulting in high contact resistan@dso, if weld force is too low>gulsion of molten metahay
occurbefore nugget grows to the full siz&n the ¢ther handincreasing the weld force causes

more surface contact thereby reducing contact resistance. However, there exists a limiting force
beyond which the contact resistance remains uniféy65). If the weld brce is too high for

the setup undesirably deep indentation (above 25% of sheet thickB8gsmay occur,andmay
generate regions of stress concentrafidoreover unnecessary high welding force enhances
electrode deformation, thereby reducing electrode life. Theref@id,forceshould be properly
chosen during RSW, evenailigh it does not appear ioule heating relation (Eq&.1). Figure

2-12 shows an RSW time cycléVeld force isappliedfrom the beginning of the squeeze time to

the end of holdime.
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Figure2-12 Basic RSW time cyclé67)

Squeeze timé@ During this time the electrodes clamp #ieeetdogetherto attain good
electricalcontact Squeeze time shouidcreases with thickness of the shstetck.

Heat time (or weld time) i This is the duration ofurrent flow represented in Eql, and is
measured in milliseconds (for direct current machines) or number of cycles (for alternating
current machines)f hea time is insufficient, nugget may not be formed or may not attain the
acceptableize. Excessive heat time may cause expulsion, excessive indentation, poor joint

strength and shortened electrode life.

Hold time T When the weld time elapsedamppressuraes maintained byheelectrods to

give enough time fosolidification of themoltennugget, enabling the joint to develop
structural strengthold time determines the cooling rate and therefore determines the final
hardness microstructure around theduglgionsinsufficient hold time could lead to

unnecessary porosity in the nugget.

Off time T This is the time for the electrodes to release the workpiece, return to their home

position, and ready for the next cycle.
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2.5.3 Weld lobe

Weld quality is usuajl controlled by using a selected combination of welding parameter,
and every set of materials to be welded has a range of parameter sets with which acceptable
welds can be obtained. These parameter sets are enclosed in a weld lobe diagram, which is
usuallyconstructed using the curréntime domain at a fixed force level. A sketch of a weld
lobe diagram is shown in Figurel3. Knowledge of the weld lobe for a set of materials allows
the use of different weld parameter within the lobe for attaining sim##t quality. The width
of the lobe curve at a given time value shows the permissible welding current range. The wider
the current range and therger the area enclosed by the boundaries of the weldth@bmore
desirable because of the greatereaafproducing acceptable welds based on the wide range of

possibleparameter combinations

400 A
. Expulsion
Boundary
—~ 300 A
g Acceptable welds /
) /
.E 2001 Minimum
e | button size
O
= 100 A
O ] [ ] T ] ] T 1

2 4 6 8 10 12 14 16
Current (kA)

Figure 213 Schematic of a weld lobe diagram
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2.6 Resistarcespot weldability

Weldability is a critical criterion for selection of autotive steels, and resistance spot
weldability is conventionally evaluated using three criteria: physical and metallurgical attributes,
mechanical performance and failure mg¢e2 68). Figure 214 showsbasicfeatures of a

resistance spot welfor illustration of the discussions that follow.

I g Fusion Zone Size (D)

Figure 214 Features of a speteld (69)

26.1 Physicaland metallurgical attributes
Weld nugget or fusion zone sizé Thisis the most important factor in determining the
quality of a spot wel (69, 70). It is determined by the net heat inptich in turn is governed
by the selected welding parameters for a given material. The larger the nugget $ighdahe
the strenth of the weld, therefore tHeetter the weld quality and weldability for a given set of
parameters and material.
Penetration depthi This is the width of the nugget in the sheet thickness direclibe.

requirements on penetration are usually very lo@s®ging betweef0 and 90%or various
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automotiveand aerospace industri@?). Generally high penetration depth is preferred
provided it does not create large indentation.

Void in weld nuggeti Thisarises from two sources: lexpulsion oiby solidification
shrinkagg62, 68). The presence of voids increases tndency of the weld to fail

interfacially due to reduction in effective load bearing area. Howavggh welding force
prevents reducesormationof void.

Indentation depth i Thisis caused by the plunging of the electrqdasddepends on the
weldforce, heat input, electrode/sheet interface temperature and deformability of the material
It may affectmechanical propertieslepending on the siznce it causes stresoncentration
around the weld71). The recommended practice by the American Welding Society (AWS) is
that indentation depth should not exceed 25% of the sheknhési€66).

Shape of the notch at the faying interfacé Notchacts as a natural crack aeth

circumference of the nugget, the shape of titelm sharp versus square can influethee

failure behaviorsharp cracks are more likely to cause interfacial fail(#&s72)

HAZ sizei The size of HAZs determined by theeat heat transfer by conduction from the
fusion zone to its surroundingsnd itaffects the duciity of the welded joint.

Hardness of FZ andHAZ i Thisis controlled byweld thermal cycle as wedlschemical

composition and microstructure BM (68).

2.6.2 Mechanical performance
Parameters for evaluatingechanical performanad spot weldsare obtained through
mechanical testing, which revdaatportant weld characteristics such as weld button giekl

strength or failure mod&igure2-15shows a representative tenssleear (TS) load
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displacement curve of a spot welthe productof load and the corresponding displacement is
the energy absorptipmndsummation of energy from the origio the gak load is equivalent to
the area under the loatisplacement curvayhich equalghe energy absorbed aiilire. These
parameters are uséal quantitative analysisf weld mechanicgberformanceand igh values

are positive indicators of weldability.

<—pmax

Peak Load (kN)

Displacement (mm)

Figure2-15 Typical loaddisplacement curve during TS test showing extracted parameters for
evaluation of mechanical performanés)

2.63 Failure mode

Failure mode is a qualitativeeasureof RSW jointquality in the manufacturing
environmentTwo extreme modes are identifiad pull-out (PO) and interfacial (IF) modeé3-
76). However,jn AHSS other nostraditionalintermediaries between these extreinage been

mentioned 68, 74, 77).
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Interfacial (IF) mode 1 Inthis modefracture propagates through the joint FZ, causing complete
separation of the sheets. This failure mode is generally considesacsbratile for

crashworthines§/3, 78, 79).

Pullout failure (PO) modei This occurs wherthe nugget pulls out as a unit from the sheet. In

this case, fracture propagates along the periphery of the weld, either the HAZ or BM, rather than
through the FZ, and a buttamdholeare formedGenerally the PO failure moashibits more
satisfactory mechanical behaviotivereforat is often prefered (73, 80). Figure 216 shows a

schematic representation of sieefailure modes

————

—
4 It
1]

Interfacial fracture

Figure 216 Schematis of failure modes of spot weldpull-out and interfacial79)

When a spotveld is under load there is usually competition betwEeandPOfailure
modeswhich are governed biye different mechanisms of tensile and sheacés The eventual
failure mode is determined by the condition that is met #ysta matter of standasdthe

American Welding Society (AWS), Society of Automotive Engineers (SAE) and the American
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National Standards Institute (ANSB1) jointly recommend an empirically determined relation
for computing critical nugget sizequired for transition from IF to PO failure mogigen by

‘Q TV, where d is the critical nugget size drid the sheet thicknes&fforts have also been
exercised to produce analytical versions of the relation between failure mode and weld/material
attributes. Result frorthe work of Chad79) shownin Figure 217 illustrateghe trend of these
two failure modesin the equations) is the failure load,t is the sheafracture stress or shear
strength of the heat affected zone ands the fracture toughness of the nugdjeis seen that as
the nugget increases in sizerdical value(called the criticakize @ critical diameter)s
reachedafter whichthe failure mode transitions from IF RO, and nugget sizes larger thaisth
critical size continue in the PO failure mo@enerally, low critical nugget size is an indication
of good weldability, but the highéhe strength of the steel grade, the higher will be the critical

nugget size.
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- sheet thickness t i
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L7 Changeover of the failure mode
Nugget Diameter

Figure 217 Schematic diagram showing competition between interfacial failure (broken line)
and nugget pullout failure (solid lin€j9)
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2.7 Welding metallurgical transformations

The features of a spot weld were shown in Figuld,2and the physical attributes were
discussed in section 2.6his section is focused on the metallurgical attributab@fZ and the
HAZ of the spot weldFirstly, the FeFeC (ironrcementit¢ phase diagram shown kigure 218
is introduced to aid this discussion.
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Figure 218 The FeFe3C phase diagra(82)

Carbon composition in Usibor is approximately 0.23 wt%, and the position is $yothe
broken vertical line on the phase equilibrium diagram of Figk8, 20 that the phase of
existence of Usibor at any temperature (within the temperature range shown) may be predicted.

At room temperature steel normally exist as a mixture of feaiteody centered cubic (BCC)
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structure and cementite (f&. When Usibor or any hypoeutectoid steel (i.e. steel having less
than 0.76 wt% C) is heated and the temperature increases beyond the eutectoid tempgrature, A
(= 727°C), the ferrite phase beginsttansform to austenite phase, which has face centered cubic
(FCC) structure. At the critical temperaturgtPansformation to austenite is complete, and

beyond A the steel remains completely austenite until melting begins and completes on further
increase in temperature. The reverse is the case when the steel is cooled from the liquid state to
room temperature under equilibrium conditions. However, during fast cooling, equilibrium is not
achieved and the austenite does not have sufficient time totlegestcess carbon dissolved in

the FCC structure. Therefore, instead of transforming to ferrite and cementite, some of the
austenite could transform to martensite or bainite or both. During RSW, the very high cooling
rate encountered usually completelynsforms austenite to martensite.

Heat supply during RSW causes fusion at the FZ. However, due to the thermal conductivity of
the metal sheeareas surrounding FZ are heated up to varying tempesaiinerefore different
regions around the spot are swibgel to different temperature histories, which can be captured in
theirtemperature pifdes. Figure 219 shows simulated temperature profiles across the FZ, HAZ
and BM of a spot weld. As expected, the FZ attains the highest teaorpeend the temperawur
diminishesacross the HAZ, to the BM. This causestallurgical changeacross the weldment

in proportion to the thermal profilesFigure 220 shows an example of thesetallurgical

changes for hot stamping steel. It is obvious that different mraatates now exist at different
sections of the weldment, and these microstructures exhibit different properties, such as hardness

and strength accordingly.
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Figure 219 SORPAS simulation results: predicted peak temperaturésénwveld area (a) and
temperature curves at selected locationgg8))
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Figure 220 (a) Cross section optical micrograph of spot welded UHSS with welding current
6kA: (1) BM, (2) tempered zon€3) intercritical and fine grain HAZ4) coarse grain HAZ and
(5) FZ; (b) corresponding microhardness profédé)
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