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Abstract

Recent trensl towards theintegration of strong steels intothe automotive
industry hae accentuated demandsn their resistance spot weldabilitya
techniquemost widely usedor bondingduring automotive assembly. However,
strong steelsare inherently rich in alloyingelements TRIP steels are not
exceptions because they require certain level of carbon content and cementite
inhibitors such as silicon to maintain austenite stabilltlye resulting high
hardenability makes it difficult to avoid the formation of brittlamensite in the

heat affected zone of resistance spot welds.

Recentresearch on TRHassisted steadlloy with relatively high carbon and
aluminium concentrationshowed a possible wafprward In this so calledt-
TRIP steeli-ferrite is stabilized byaluminiumandpersists in the microstructure
at all temperaturesfter solidification. Soft U-ferrite can be retained in the
martensite that formsSince it is assumed that avoiding fully martensitic weld
nugget maybe helpful for better weldabilitend weld toughness, this idea is
promising Previousresearch done by Yi et al. reports thderrite retained after
welding processs indeedgood for better spot weldabiltyut it is not clear

whether the propertieehievedareadequate



Expanding on this notion, the effectiveness teferrite in terms of spot
weldability has been qualitativelyvestigated in this work witfalloys newly
designed for the purpose. The thesis can be divid® two parts, preveld
studies and an understanding of theveld. The initial part deals with the
optimization of heat treatmerconditionsitself to acquire the ést possible
mechanical propdds for the alloysSpecimens wertensile tested and analyzed
using optical and elecan microscopes. The weld study covers microstructure,
joint propertyevaluationsand fracture surface analysis. Relations between weld
microstructure and fracture mechanishave been obtainedo further enhance
spot weldability additioral heating process after spotvelding with different
conditions were applieth asseswhetherthetemperingof martensite irtheweld
nuggetsis advantageous'he procedure was expected to softemweld nugget

and resultn better weld integrity.



Nomerclature

AHSS Advanced high strength steel

HSS High strength steel

TRIP Transformation induced plasticity

IF steel Interstitial free steel

Acl Temperature of austenite formation on heating

Ac3 Temperature at which transformation of ferrit¢oin

austenite is completed on heating

RSW Resistance spot welding

TS Tensile strength

UTsS Ultimate tensile strength

YS Yield strength

MPa Mega pascal, the unit for tensile strength
TSS Tensile shear strength

CTS Cross tensile sterngth

kVA Kilo volt-ampere

WShin Minimum weld nugget size

AC Alternating current

DC Direct current
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1 Introduction

1.1 TRIP steels andi-TRIP steel
Competition between materials aedvironmentallegislation are driving the
big trend for ighter automobile The eploitation of strongersteelis thereforea
common practice in industnAmong many kinds of higktrength steels, TRIP
steel stands out because of its excellent formability and strengthity ratio
[1].

In TRIP steel,some auwstenite, usually stablenly at high temperatures, is
retained to the ambient temperatimg transforms into hard martensite during
straining, which delays the onset of necking, resultinggiaater uniform
elongation[2]. Therefore, retained austenite immportant in determininghe
mechanical properties of TRIP steel.

Conventional lowalloyed TRIP assisted steels has 0Cl5L.21.5Mn and 1.0
1.5 Siwt% in composition3]. The addition of at least 038 wt%Si addition is
common as a cementite inhimit[2, 3]. However,silicon has been reported to
reducesurfacequality by forming Si oxide phasd4].

In order to retain enough austenite for good mechanicgdepties and at the
same timemprove surfacejuality, many alloy designs tiabeen made wher
silicon were replaced bwluminium with the function ofinhibiting cementite

formation [3]. Recently, a new type of TRIP steel wgkgnificant aluminium



contenthas been suggested and developed whose mechanical properties were
outstanding withultimate tensile strengthof more than 1GPa and uniform
elongationin excess 023%][5, 6]. This so calledi-TRIP steel characterizes itself

by havingu-ferrite which is stable at all temperatures in the solid sttes kind

of TRIP steel has been investigated by autfi®:0] andis describedn detail in

the next chapter.

1.2 Resistnace spot welding

This is a simple and quick metabnding method in use by industfil]. In
automotive assembly, more than 3,000 spots are typically made for the structure
of a single vehicld9, 12] The mnventional process starts with clamping the
metal sheetin between actrodes as in Figl.l. When the electrical current
coming from one electrode travels through the sheets, heat is cedatesl
interface between electrodes and shedtere the electrical resistance is large
With this localizedheatdue to contactnetal startsto melt and he weld nugget

is createdinderhigh pressures pushing two sheeigether After certainholding
time, metal sheets are releasedundand the whole process ends. Usually the
entire sequence takes less thas, 50 spot welding i® rapid and productive
welding method. Depending on the thickness and type of the metal, welding
conditionssuch asweld current, weld time, electrode type and electrimiee

should be adjusted



Electrode force

Current in

Molten metal

Current tlow

1 Electrode

Current out

Fig. 11 schematic of spot welding process

1.3 Objectives

Since steel sheets that are made for the ughdrautomotive industry are
eventually spetvelded in theproductionprocess, weldability of the steel must be
assessed before application. In most cases, higher strergitbrig steelsomes
from enhaned alloying elementconcentrations This may bring about a
reduction in weldabity because ofan increased carbon equivalefit3]. It
becomes clear that when conducting an alloy design, not only mechanical
propertes of the steel but alsiis spot weldabity should be taken into account
[13, 14] AlthoughU-TRIP has a high carbon equivalent, retaigddrrite in the

weld zone andheataffected zonedueto its highaluminium concentratiorhelps



improve weld toughness
Alloys that are investigated in thigork had been modeld based on this idea
of utilizing G-ferrite for better weld performance of the steel. Thus, the objectives

of this thesis can be stated as below

1) Optimization of heat treatment paraewst for the alloys for the best
mechanical prperties before actual welding

2) Investigation orthe influence 6 U-ferrite on ot weldabiilty inthe newly
proposed TRIRassisted steels

3) Analysis of weld microstruares and qualitative study tiferrite formation in
the fusion zone

4) Study d weldfracture surfaceand fracture mechanisn



2 Literature review

2.1 TRIP steel

The needfor strong steelsfor the automotive industry fsexerted for many
decadegd3, 15] in order to achieve weight reduction, to enhasakety and to
avoid anythreat from alternativenaterialssuch asluminium

Alloys with tensile strengtlin excess 0600 MPa andelongation ofaround 30%
(Fig. 21), areideal for meetinghese needds RIP-assisted steels are excellent
this context,having a balance of stigth and ductility whichpermits complex

shaping operations during the manufacture of components.

IF: Interstitial free steel
BH: Bake hardenable steel

70 CMn: Plane C-Mn steel
HSLA: High strength low alloyed steel
60 DP: Dual phase steel

CP: Complex phase steel

TRIP: Transformation induced plasticity steel

r; 40 MS: Martensitic grade of steel
£ 30 BH
= W,
= 20 N HS-0P
-“"“‘--.___ LA ’ cp
10 =
0 ‘l
0 300 600 200 1200 1600

Tensile Strength (MPa)

Fig. 2.1mechanical properties alutomotive &el[16]



Fig. 2.2 illustrates the TRIP phenomeon wheren retained austenite

transfomsinto martensite mder loadingthussuppressing plastic instability and

extending the range of uniform elongatidry, 18] Fully austenitic TRIP stegl

do existbut requirelarge quantities of austenite stabilizing soludeds hence are

not affordable However, as can bseen in Fig. &, conventional lowalloy

TRIP-assisted steel has austenite only as a minor phase dispersed in a rather soft

ferrite matrix[19].
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Fig. 23 an example of the multiple phase microstructfreonventional TRIP
assisted steebith a composition of 0.11 C, 0.15 Mn, 0.15 Si, 0.04wAa% (F:

ferrite A: austenitd3: bainitg [20]

As shown in Fig. 2, a heating process for TRIP stegenerallyconsists of 3
stages intercritical annealing, igbermal transformationand the final cooling.
The intercritical annealing is usually done in betwebe Acl and Ac3
temperatures where two phases, ferrite and austenitehammodynamically
stable. After, the steel is rapidly cooled to the temperaamger where bainitic
transformation proceeds arms a resultcarbon partitions intathe residual
austenite[20]. The carborenrichmentof the austenités preservedby adding
cemantite retarders such as silicowhich deter theprecipitationof cementite

from austenit¢21]. Consequentlythe enrichedustenitebecomes stable amén



survivemartensite transformaticdo room temperaturgs, 22].

Intercritical
annealin

ACl ==

Acl p==f--

Isothermal
transformationto a,

pearlite 2 i

Intercritical Isothermal
annealing transformationto

Temperature

Initial stage

Fig. 24 typical heat treatment cycle for modern TRIP steel and schematics of

expectednicrostructure agach sage(U ferrite o: austenitdls: bainite)

Although the addition oSilicon is necessaryo saturate austenite with carbon

by prevening carbidenucleationin conventional TRIP steels, the oxidesidicon,

SiO,, on steel surface can cause some proklérar tle prevention otorrosion

Zn coating is usually applied to automotive steel sheets, but silicon selectively

oxidizes and forms Si©on steel srfaces, deteriorating molten zimgettability



[4, 23, 24] Moreover,the silicon oxide is known toanchor iron gide which in
turn formsred-scale on steel surface, making it difficult to remove oxide layers
by acid pickling after hetolling procesg25, 26}

Recently, deviating from the conventional CMnSi TRIP steels in composition,
new variations of TRIP steelsit silicon largely substituted by alumiom have
been actively investigatedartly to cope with the problems of galvanizabilig0,
27-31].

Although the effect ofaluminiumin terms ofthe retardation of cementite
formation issimilar to that of silion, solid solutionstrengthenindpy aluminium
is found to be not agreatasby silicon [20, 29, 32, 33]Suh et al., reportetthat
partial substituion of silicon byaluminium altersthe free energy relations of
ferrite and austenite transformation arttys, encourages ferrite formation from

austenite after intercritical anneali[80].

2.2U-TRIP steel

Lately, by means ofa neural network methqdan attempt has been made to
develop TRIP steels withthe aim of keeping silicorto a minimum, while
optimizing austenite stabilityvith a higher than usuakrbonconcentratiori5, 6].
This work led to a variety ofil-TRIPO steel The reural network method is a
nonlinear regression method andaile are described elsewhdi@, 35] An
initial net of input vaiablesfor the neural network consisteaf a base steel

composition of 0.2 C, 15.5 Mn, 1.0 Si, 0.5 Al, 0.0&11, intercritical annealing



parameters of80°C for 300 s and isothermal holding parameters of “@@or
500 s|[6]. Fig. 25 illustrates severabxamples of the trendpredicted by
calculation. It was predicted that carbon and manganese help retain more
austenite. Silicon andluminiumalso increase the fraction of residual austenite
because they suppress cementite formation during isothermahdnpidices$2,

3, 21] Based on such predictions) @leal TRIP steel in which enough residual
austenite is obtained and the amount of solute silicon is kept miniwasn
estimatedwith the neural network method along wilcommercially available
genetic &orithm[36]. The composition of which is 0.4 C, 2.0 Mn, 0.5 Si, 2.0 Al,
0.5 Cy 0.02 Pwt%. The steel is expected to ha¥é+20 vol% of retained
austenite fraction after the intercritical annealing at’84for 60 s followed by
isothermal holding at 30C for 900 g[6].

As it can be expected from the steedalculated phase diagrathferrite does
not completelydisappeaon solidification, persistingo a minimum 20 vol%at
ambient temperature. Fig 2shows thedendritic U-ferrite in the microstructer
of U-TRIP steel, and this is a unique feature of the steel.

This newl-TRIP steel has been reported to hawailtimate tensilestrengthof
1 GPa and total elongation of more than 20% if properly heat trégltednd
from Fig 28, it is clear thatits mechanicalpropertiesare comparablevith

conventional TRIP steels.
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Fig. 27 G-ferrite dendrite irmicrostructureof U-TRIP stee[6]
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By means of neural networkodelingprocess with genetic algorithri; TRIP
steel had been developed, dadher work has been reported wittspect to its
retention[7-10]. A distinguishingaspect of thisiovel steel isthe retentiorof U-
ferrite following solidification process, which may possibly improve weldability
of the steel bypreventing fully martensitic weld zoneBhe drectly welded jrt
of the steel melts and solidifies again, which in most cases for AHSSpEnads
highly brittle martensitic weld nugget. However tlife U-ferrite survives in the
nugget zone, then ivell reducesthe weldhardness and henambrittlement.
This haspaitly beeninvestigated by Yi et a[9], although detailed relationships

betweeni-ferrite, weld fracture mechanism and weldabilty remainslear.

2.3 Resistance Spot Welding

2.3.1 Introduction of resistance spot weld

Resistance spot welding, RSW in ghds simple, easy to automate and fit for
mass production, and for these sesas it is one of most widelysedjoining
methods inthe automotive industry. RSW is aautogenouswvelding process,
meaningthat unlike other methods, it does n@quire filler metals. RSW
harnesseshe metafs natural electrical resistande generateheating. The
procedure begins with electradehich clamptwo metal sheets (Fig. . The
current flows throughhe sheets from onelectrodeto the other, and resistance to
this flowing current generates heak.temperaturds reached wheréhe metal

sheets fuse at the faying surfa@nd a moltenregionis generated in between

14



two shegs. As the current shuts off, the medipidly solidifies due to cooling
water, forming asolid nugget. Ever sincéhe originalinvenion by Professor
Elihu Thomson in 1877, the process has been apaditaekly for theassembly of

metal sheets itheautomobile and aircrafbdustrieq37].

Copper electrode

(4l

Weld nugget

i

Water cooling

Fig 29 a schematic of RSW process

The heat genated by resistance is expressed as bgl@
00 'Y 'Y FOdi é COP
Here R; is the contact resistance of two metal she®&sthe metafs electrical
resistancel theweld currents the weld time ad r the contact diameter of two
sheets.R; and R, are approximatelyconstant so thecurrent, weld time and
contact diameter determined by thlectricalforce are known to be important in

determiningthe welding condition[13]. Thus, manipulation of suctvelding

15



parameters for each material is the keycntrollingweld quality.

2.3.2 Weld parameters

During welding, molten zone at the faying sheet surface becdneeseld
nugget, so if more heat can be generaadargervolumeof metal can be medd,
resulting in abigger nuggetLarger weld nuggets are generally good for weld
performance[38-40]. The weld nugget size should be large enough for better

impact property as well as preferable weld failure n{88e 40}

Current

In RSW, the generated dat is proportionadirectly to the weld current. Two
types of current wave forms aa@ailablefor conventionaRSW processs they
are AC @ternating current) and DC direct current) wave forms. Inthe
automotive industrythe spot welding process withinglephase AC has been
predominanf41]. DC systems can be used tactification of singlephase or
multi-phase AC into DC. Inverter equipped spot welderspranide very high
frequency (2000 Hz) DC, which is effective in termseokrgyuse[41]. Also,

DC systembased spot welding usually requires more equipment, thus bringing
reliability problems, and is more cosf§2], but it minimizes the heat loss and
provides uniform heat flow. Fig. 2.10 compares each current wave form, and in a
singlephase AChere is an inevitable energy loss because of a series of current

zero points, while DC systems provide reliable uniform heat flow. Many
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investigations on the differences that may come from different power systems,

AC or DC, have been conducted by many atgf1, 43]

Single-phase AC

)
‘ .

Multi-phase AC diode Rectified to DC

Current zero

3-phase AC Umf orm heat ﬂov-
._.rf‘\_ / a\ N\ J/-\‘. WAV P Y e ATAYA A A ATAA A
VYYY VYV YV Y YN rectifier DC
Inverter DC
Square Wave
3-phase AC 1000 Hz ——— Uniform heat flow
" |
MXOOO0CO0 e (NI, i
rectifier DC
OO I

Fig. 2.10 comparison of different welding current wave forms

Resistance

Although practically uncontrollable, it is important toderstandhe effect of
resistanceon weldability in RSW. Fig. 41 illustrates regions where electrical
resstivity exists in RSW, and it can be observed that there are two major types,
bulk and contact resistance. The totahisnthe sum of all the resistance values
which are in seriesBulk resistance largely is the characteristic of the sheet

material thais spot welded. Famost metalsit increases with temperatyr@nd a
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stiff peakis observed for aluminium at 925 K, theeltingpoint of the meta{Fig.

2.12).

Fig. 211 resistance in general spot welding pro¢é4k

140 [T

120

Mild steel
100

Pure aluminum
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e Y o  Copper
oF"‘T_I‘-'II""II"IIIrIlIIIIII]’II!III'

200 400 600 800 1000 1200 1400 1600
Temperature (K)

LR L L L LD DL LB DL L

Fig. 212 changeén resistivitywith temperaturdor different metalg§44]
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Contact resistance isignificantly affected by pressure arslirfacecondition.
Brown measuredesistance chaye during spot welding (Fig. 23). In the case of
AC welding, resistance drops rapidlytheinitial stage because of the decreased
contact resistance from the high current peak that is absent inHRGly
concentrated current generates great heat and brakes down the contact surface,
destroying possible oxide phases on surface that can act as inddlajorss a
result, heating efficiency in spot weld process can be compromised for AC
welding. Later, because of the fact that bulk resistance increase in proportion
temperaturethe overall resistance of AC eventuallympaches to that of DC.
Fig. 214 is the comparison of contact resistance profiles of AC and DC welding
suggested by Li et aland it shows a rapid drop of contact resistance in the case

of AC welding[42].

—— Big difference in initial resistance

“ 118.00

Weld aurrent = 7.4 kA

c.0e 4.80 6.08 8.ee 18.88

WELD TIME IN CYCLES
Fig. 2. 13 gnamic resistance curves for-t@cle AC and DGvelds on 0.034n.

uncoated steg#t1]
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Fig. 214 contact resistance comparison of AC and DC weldip

Weld time

Spot welding process generally consists of 4 steps, which are squeezing,
welding, holding and final releasind1]. In AC systemsthe weld time is
expressed in cycle (one cycle is 1/60 of a second in a 60 Hz power system),
while millisecondis used for DC systems. During squeeze time, metal sheets are
placed in position and clamped ®ectrodesWhen the electrode force has
reachedhe desired level, waing proceed by the application of current. During

this time, melting and joining occurd/eld time should beetermined according

to material typeweld quality as well as productivitythe current is shut off
during the hold time, so the nugget is alled to cool. Finallythe metal is

released, and the next welding sequedregins. e ime for each step should be
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set accordingo thematerial, thickness and the coating conditit.

Electrode force
Electrode force is applied oslectrodesto pres and secure metal sheets in
position. Electrode forcP is expressed as belpwheret is themetal thickness

in mm, TStensile strength of the steel sheets in NIE3.

5 s wop o
OCTT
Accoding to the above equatiostrongersteelswill require greatr electrode
force. If the force is insufficient to pushthe two metal sheets tight, a small
contact diameteresults which alters the amount of heat that is generated

according to equation 21.

Weld lobe curve

Fig. 215 demonsates the general type of wdlbe curve diagram. This
diagram simply shows the window of operation within which weld quality can be
guaranteed. Although many variations of the lobe diagram can ekist,
electrodeforce iscustomarilyset constant, and the diagram is drawn on the basis
of current versus time.

The lower boundary in the graph is determined at the condition in vilwich
weld current is not high enough, so weld nugget size would not grow as big as

minimum weld nugget size, whidls 4°° (t=metal sheet thickness). Criteria for
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the minimum nugget size may vary depending on the standards and applications
for example 5t%° for more severe condition. Sun pained that the
conventionally suggested minimumveld nugget sizedt’® is insufficient to
guarantee spot weldability for 800 grade high stf8% Marya came up with a
new andstrictercriterion for determining minimum weld size, and ieigpressed
as[40],

e i1 c¢gQi 1T p® O
wherel( is a weld nugget diameteandd is thesheet thickness.

The upper boundary is drawn from the points over which expulsion occurs.
Expulsion is one kind o& weld defect and leads to the loss of metal, so it is
detrimental toweld quality [44]. Different materials have different weld
conditions, sadifferent lobe curves. For weldjuality, welding should be done

within the range of two boundaries.

Window of operation

Welding time

Minimum current Maximum current

Welding current

Fig. 215 an example dheweld lobe diagram
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2.33 Weld defects
Spot weld are not free from defectsyhich can be largely categorized into two

groups; external and internal discontinuifié4].

External discontinuities

Defects that appear on the weld surface fall intogdategory They usually can
be observed by bare eyeswith the aid of low magnifying microscope. The
prevention of external defeci@a most cases comes from the adjustment of

welding parameterigl4].
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Surface crack

Fig 216 several examples of exteragcontinuitiesn RSW[44]

Internal discontinuities

Internal discontinuitiesare found inside of the welds angkvealedonly by
means of metallographic examination of weld cross sections edewmctive
tests. Like in Fig. 47, gaseous bubbles from the fusion stage, as the nugget
solidifies,leads to porosity uk tosolidification shrinkageT his does nohowever
pose a threat as long as such voids confined in the center of the nugget lhecause

is at theheat affected zone where the most strain is concen{rsted6]

Fig. 217 a large void in a mild steefeld [44]
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Fig. 2. 18 weld cracks in AA6111 (upper) and AA5754 (lovié4)

Weld cracks can also be foundspot welded materials. Fig.18 shows weld
cracks inaluminiumspot welding. Various remedies for weld craclkaiaminium

alloy have been tésd by Hongyan et a[47]. Mechanical means to suppress
weld crack are experimented; for example, flat electrode types are better than

domed ones in suppression of weld crpEX.

2.4 Spot weldability of high strength steels

2.4.1 Suitable weld conditon

Thelobe curve diagrams are a useful tool to see suitableingetdnditions of
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certain materials. Sinca larger process window allows flexibility during the
production process, a broad rangetweenthe minimum and maximum weld
current is appreciated industry. It is known that highly alloyesteelneeds less
current to tharlow-alloy steel[48]. A comparison of weld lob curves of mild
steel and IF (interstitialrée) steel idllustrated in Fig. 2.19; the latter is hardly
alloyed and hence requsenore current value. The addition of alloying elements
in steel increaseits bulk resistanceso thatheat generated from welding process
increase$11]. Therefore, folan IF steel to acquire the same nugget size as mild
stee] it requires the current tee maintained for a longer peridéig. 2.20 is the
weld nugget growth graph fonreedifferent steel alloysThe more alloyed steel,
590TRIP steel, has the suitable weld current range that is overall lower than other

alloys by the same principle

15 T T T T T T T
i o
|
§
— \
8 10F ) Mild i
© \ @ IF \
> Steel \
O L z\
= b
@
£ A b
— L
o O )
[T}
3 Interstitial Free
o Steel
o Mild Steel
0 1 " 1 " 1 1

6 7 8 9 10 1 12
Welding Current (kA)

Fig. 219 weld lobe curves for mild steel and IF s{d&]]
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Fig. 220 effect of weld current on nugget diam¢gd]

2.4.2 Carbon equivalent

In typical resistance spot weld process, cooling rate is very rapid ranging from
1,00010,000 Ks* because of # quenching effect frorthe copper electrodes

[49, 50] As a result martensite forms at the fusion zone, increasing hardness
around weld compared with the base metal. When considering weldahitty,
carbon equivalent ismportant because it is closelyelated to hardenability
around the weld zone. Typically, highly alloyed steels have the high value of
carbon equivalent. Manglifferent empirical equations have beenblishedfor

determining carbon equivalejit3, 51, 52] of which ardisted below.
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2.4.3 Weld strength test

Weld strength from spot weldepart needsto be evaluated to ascertain the
appropriate integration of steels intmutomobile production. According to
Japanesstandard$53, 54} two types of tensile testing methods are employed to
assess weld strength, and they sinewnschematicall in Fig. 2.2.. For shear
tensile stres test, TS short,machinedmaterials are spot welded at one end
and horizontally dragged untifailure. Samples spot welddadto a crosshaped
piece and then pulledpart normal to the plate plane involvecisstensile
strength test, CTS in shoth both cases, the fracture tensiteengthis measured

[53, 54]
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Fig. 221 specimen dimensionand shapesor shear tensile and cross tensile

tests[53, 54]
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The shape of the eld fracture surface determines the fragtarode of weld
failure (Fig. 222). Plug fracture usually means the part was welded well and
strong enough to withstand the load because it fails around the nudpattufe
occursin apartial plug fracture nae, it is not as good as the plug fractured case,
but is tolerable.Lastly, interfacial fracture is the case where weld nugget is not
strong at all It happenswith insufficient nugget sizelnterfacial fracture mode
should be avoided, and plfrgicturemode is ideal9].

The weld nugget size is a critical factor for weld strenfjtB]. In the upper
graph n Fig. 223, shear strength increases in accordance with nuggef bize.
lower graph in Fig. 23 shows the relations between base metal strength and
TSS, CTS. While TSS increaswith base metal strength, CTS decreases after
peaking at the point whetbe base metastrengthis 590MPa. This is explained

by the fact carbon equivalent of high strength sisahlly is highef14].
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Plug fracture
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Interfacial

fracture mode Sheared fracture nugge
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Fig. 2.22 different weld fracture mode; plug fracture, partial plug fracture and

interfacial fracture modgb3, 54]
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and CTS of joint$13]

Another important factor whenssessing spot weldability is ductilitiy ratio,
which is expressed as CTS/TSS value. While the origin of it remains unclear, it is
known thata weld with a ductility ratio more than 0.5 shows bettErughness
[55]. Thus, it is imperative to acquigereasomble ductility ratio to avoid weld

embrittlement problem for automotive steels.
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3 Experiments

3.1 Material specification

Table 3.1 specifies the compositions of 4 similar alloy systems that were
investigated for this work. Alloylesignswere conducteddsed on the formar

TRIP steel compositiong6-8, 10] Carbon andaluminium contents were

purposelyaried in order to see their effect difierrite stability.

Table 31 composition of investigated alloys

C Mn Si Al
(WI%)  (Wi%) (Wi%)  (Wi%)

3LA 0.30 0.52 0.20 3.50
3HA 0.30 0.51 0.21 5.60
4LA 0.40 0.51 0.19 3.50
4HA 0.40 0.50 0.18 5.60

Alloy

Fig. 3.1shows thecalculated equilibrium phase diagrams for each alloy using
commercial thermodynamic simulation software, ThermoCalc hiehTCFE6
database. Predictions can iipadefrom the equilibrium phase diagrams thia¢
t-ferrite that forms in the early stagef solidification would notcompletely
disappear exceph the case of 4LA. Considering remaining fractiortigerrite
at room temperature, the stability @fferrite in 3HA is the highest, and then

decreases ithe order 3lA, 4HA and 4LA.
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Specimens were produced as vactmgited ingots of 2kg and austenitized at
120C0C for 1 h followed by hetolling to 4.5 mm in thicknessvith thefinishing
rolling temperaturat above 956C. Afterthehot rolling process, the sheets were
coldrolled to a final thickness of 1.2 mm. Images thfe microstructureof the

hotrolled sgecimens are provided in Fig23.

Fig. 3. 2 microstructures of hotlled alloys

As expected fronthe equilibrium phase diagramsparset-ferrite bandsare

observed in 3LA, 3HA and 4HA. Ferrite bands are absent in 4LA becatise of
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low stability of U-ferrite. It is suggestedhat t-ferrite transformed entirelinto
austaite at the high hotdeformation temperatures and the formation of

polygonal ferriteoccurrednsteadon cooling followingsolidification.

3.2 Pre-welding test

3.21 Heat treatment cycle

Sincethealloys will not be used asold-rolled condition, propeheat treatment
needsbe planned to mtimize mechanical properties before moving on to
weldabilty test. On designingthe heat treatment cycle, two variations,
intercritical annealing temperature and isothertreabisformationaustempering,
hereafter) timewere set. For intercritical annealinthe temperatures were
changed from 78@ to 840C with an increment of 2C. The aistemepring
temperaturavas set to be 40Q, though durations for it varied from 30 s, 60 s,
120 s, 300 s to 600 s. Such variationsemeiade based qureviousresearch on
U-TRIP steeld5-10]. A brief illustration of heat treatmemtesignis presented in

Fig. 33.
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Temperature

Alr cooling

Time

Fig. 3.3 heat treatment cycles for new alloys

3.22 Metallography

Heat treated samples were prepared with conventional method for
metallographical studyMechanically mlished surfaces were etched with 2%
nital etchant, and the microstructures weegegled using optical microscopy
(Eclipse MA200, Nikon) and scanning electron microsc@fE-SEM, Carl Zeiss

Ultra 55).

3.23 Mechanical tess

The mechanical poperties of heat treated samples were assessedaisingjle
testing machia (Zwick/Roell Z100). Heat treated samples were machined to the
dimensiors for tensile tes according testandardpractice[56]. Fig. 34 shows

the shape and the dimensions & tansile test sample used.

38



L

I §

_— —_— Y —

_-_.._1 r.— B —«
l T —
L — i . _.—Z\——--——'—-—-—L -‘ITl-

G=25, W=6.25, Tdtickness of material, LE00, A=32, B=32, ¢c=10, R=6(mm)
Fig. 34 rectangular tension test specinjgé|

The fraction of retained austenite is affected by heat treatment conditions since
its stability is achevedby carbon enrichment durinidpe bainitic transforming
period. Thefraction of retained austenitevas measured using-pay diffraction
(Bruker D8 Advance)andby using scanninglectronmicroscopy with electron

back scattered diffraction

3.3 Spot wdding tests

3.31 Welding conditions

For the evaluation of weldability, spavelding of fully heat treatesamplesvas
conducted according to the conventional stand@ard 58] First, samples were
spot welded with single phase AC spot welderKVA) with maximum electrode
force of 7 KN (pneumatic). Direct current spot welding was also conducted using
inverter DC spot welder (20RVA) with maximum electrode force of 2KN
(servemotor powered)The welding conditions for eacprocess are shown in

Table 32. Weld conditions were in fact identical; weld times are differently
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written because of the difference in units.

Table 32 spot welding conditions (upper: single phase AC spot weld, lower:

inverter DC spot weld)

Force Welding time / cycle, 60 Hz Electrode

Squeeze Weld Hold Metal Type Tipdia. Coolant
4.0kN

40 17 17 CuCr DR 6.0mm  41/min
Force Welding time / ms Electrode

Squeeze Weld Hold Metal Type Tipdia. Coolant
4.0kN

646 272 272 CuCr DR 6.0mm 41/min

3.32 Weld microstructure

Spot wetled specimens were sectioned in half and weld microstructures were
revealed using the sameethodasdescribed earlier in 3.2.The formation oft-
ferrite in the weld zone was studie@he size of each weld nugget was
determined by measudrthe nugget dameter (Fig. &). Based on measurements

of nugget size, lobe diagrams for each alloy were acquired.
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Weld nugget

Penetration depth

Fig. 35 definition of nugget sizb3, 54]

3.33 Weld property tests

Weld strengthwas evaluatedby shear tensile strength test, TSS test, and cross
tensile strength test, CTS tesfpecimens were heat treated and machined
according toa Japanese industrial standd&B, 54] The dictility ratio was
determinedas CTS/TSS.The tardness distribution around weld nugget was

measured usingickershardnessdster, Mitutoyo HR522.
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4 Pre-welding tests

4.1 Microstructure
Microstructurs obtained from annealing and quenching cpe®s are
illustrated in Fig. 4L. Specimens were intercrititgannealed at 84C for 3 min

beforebeingwater quenched tambient temperature.

Fig. 41 microstructures of quenched specimens aftef@4hnealing for 3 min

Similar microstructuredor hotrolled conditionsin Fig. 3.2can be observed.

However,the substitution of pearlite due to rapid cooling martensite is worth
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noticing, as showm Fig. 4.2.Microstructure of Alloy 4LA can be characterized

as rather homogenous, while the other alloys clearly show cdéesete band.

Fig. 4.2 SEM image of quenched 4HA revealing martensite in the matrix

(M : martensite)
To see the effect of annealiigmperaturgalloys were annealed at different

temperatures, 78C, 800C, 820C and 840C. Their respective miostructures

are seen in Fig. 8. Each specimen was annealed for 3 min with different
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tempeaturesfollowed by austempering at 400 for 10 min.
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Fig. 43 microstructures after annealing with temperature variation

The anealingtemperatureover the range studiedpes not seem to hawe
significant effe¢ on microstructure As expected fromthe equilibrium phase
diagrams, except for 4LA}-ferrite bands are retained in the microstructutes.
betweenthe U-ferrite are fine mixtures of retained austenite and bainite that
formed during austempering.

The formation of austenite was studied using EBSD anabsishowrin Fig.

44. Specimens were annealed at ‘®@or 3 min and austempered at 400for

10 min. In betweeni-ferrite bands, some austenite stabilized due to carbon
enrichment has survived after tivole heat treatment.ugh retained austenite
contributes togood mechanical properties by transforming into martensite on

loading.
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Fig. 44 EBSD images of alloys after annealing and austempering

(' white : ferrite, green : austenite )

Heat teatment trials with different isothermal holding times were conducted to
see the effect of austempering duration on microstructural chaflieg.3HA
was picked andorocessedwith different annealing and austempering times.
Coarsdai-ferrite bands are observed along with mixtioé retained astenite and
bainite Fig. 45. The gain sizes of retained austeniee roughly 34 em, Fig.
4.6. However, significant changes wenet noticed inthe microstructuresas a

function of austempeng time
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Fig. 46 EBSD images of alloy 3HA with different austemperiimget

(white : ferrite, green : austenite )

EBSD analysis for each case was done thedresults arshown in Fig. 4.6.
The fraction of retained austenite is similar in each case according terde X
diffraction analysis in Fig. 4. Around 12% of austéte was retained in the
matrix after any heat treatments except for the quenched ones. Longer holding
does not seem toave an #ect once bainitic trarisrmation was allowed for 3Q s
Therefore it carbe concludedhat most austenites alreadystabilized during

bainitic transformation at short time.
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times

4.2 Mechanical property test

4.2.1 Property dependenceon annealing temperatures

Results fom tensile testare shownin Fig. 4.8. Specimens were austemepered
at 400C for 10 min, but before austempering they were intercritically annealed
for different conditions. Annealing tirsgemainedhe sameas before, 3 minbut
annealingtemperatureehanged from 780C to 860C. Ultimate tensile strength,
UTS, is the measure of strength of steel, and ductility is expressed by total
elongation. Judging from the results,the mechanical properties are not

particularlysensitive to annealing temperatures.
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Table 41 mechanical property changes with different annealing times

3LA
Annealing Yield Uniform Total
temperature, strength, UTS, MPa elongation elongation,
iC MPa % %
780 454 660 26 30
800 471 632 33 44
820 472 624 32 42
840 470 625 31 41
860 503 677 26 35
3HA
Annealing Yield Uniform Total
temperature. strength, UTS, MPa elongation elongation,
iC MPa % %
780 451 625 28 37
800 481 663 31 41
820 483 660 30 40
840 486 665 30 39
860 470 640 24 34
41LA
Annealing Yield Uniform Total
temperature, strength, UTS, MPa elongation elongation,
jC MPa % %
780 524 671 34 44
800 525 675 36 49
820 518 663 35 46
840 526 670 34 44
860 515 668 30 43
4HA
Annealing Yield Uniform Total
temperature. strength, UTS, MPa elongation elongation,
iC MPa % %
780 463 624 32 40
800 507 716 34 42
820 512 725 33 39
840 515 728 33 40
860 514 715 22 29
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4.2.2 Property dependenceon austempering times

Unlike annealing temperatures, austempering time has great influence oé alloys
mechanical properties. Property changes of alloy 3HA with different
austemperingimes are presented in Fig94For the quenhed case without any
bainitic transformation period, due to major martensite formatiba,steel
exhibited veryhigh strength reaching almo&t GPa though it was brittleAs
retained austenite fraction increases, meaning longer austempering, ductitity we

up at the expense of strength.
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¢y 700-
|_
D
600
500
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Total Elongation, %
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04

10 W 780°C

— & 800°C

0 A 820°C

—w— 840°C

Quenched 30s 60s 120s 300s 600s

Austempering duration at 400°C

Fig. 49 mechanical properties with different austempering times of 3HA

Table 4. 2 mechanical properties3HA with differentaustempering times

Ultimate tensile strength, MPa

Annealing L
temperature Austempering times
y.® 0 30 60 120 300 600
780 902 740 720 700 690 625
800 949 757 733 712 696 662
820 942 768 752 718 688 660
840 960 782 746 728 689 665
Total Elongatiol, %
Annealing Austempering times
temperature.
L 0 30 60 120 300 600
780 15 30 31 34 35 37
800 12 29 31 34 39 41
820 8 27 31 36 36 40
840 9 25 30 35 36 39
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Since attention was placed on the fact that rather short austempering time was

already enough tetabilizethe austenite, for theake of high strength, the other

alloys, 3LA, 4LA and 4HA, were all tensile tested again after short austiErgp

30 s, andesults are compared in Fig.18. As predicted, shorter austempering

gave bettestrengthwith aloss of ductility.

600 - W 3LA
—@— 3HA
A 4LA
© 550{ a ¥ 4HA
o =
% 500
o= hs e //.
o vy -u
¢ 450+ s
o -
2
> 400-
Querllched Sb S 6b S 660 s
Austempering duration at 400 C
50- ~m-3LA
~@ 3HA
A 4LA
$ 40 —¥ 4HA
c
9 B ;::i
?UJ 30+ = o
S ~
c
o
0 20-
S
S
£ 10-
c
-]
0

Querllched 30s 60 s 600 s
Austempering duration at 400 C

57



1300 - ~m- 3LA
—@ 3HA
1200 A LA
1100 Vv 4HA
1000+
o
S 900
n i
,5 800 |
v
700
e
600 - n
500 . . . .
Quenched 30s 60 s 600 s
Austempering duration at 400 C
50 -
_ 40 A
2 et
S 301 e
= ——V
=
O 204
w
= W 3LA
5 10 @ 3HA
[ A ALA
—¥ 4HA
0 T T T T
Quenched 30s 60 s 600 s

Austempering duration at 400 C

Fig. 410 tensile properties for every alloy annealed at°84fdr 3 min with

different austempering conditions

Especially for 4LA and 4HA, tensilstrengthof more than 800 MPa could be

achievedwith total elongationof 25% for 30 s of austempering. Tensile strength
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of 300 MPa was reduced after austempering for 30 s compared with the
quenched specimen. However, the rate of strength reduction was not higl® after 3
s of austemperingand it is because at first 30 s bainttiansformatioroccurred
rapidly, and after the initial stage transformation rate decreased.

The effect ofaluminium on ductility was recognizedecause3LA and 4LA
showed superior ductility #n 3HA and 4HA. It implies thahe aluminiumthat

is contained in ferrite matrix may have broughbut adeterioration of ductility.
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5 Evaluation of spot weldability

5.1 Weld nugget growth

The weld nugget grows proportional with weleéhg current in both AC and DC
spot weldFig. 51. Sample3LA, having the least alloying element concentration,
showed the widegblerancefor weld condition without anyexpulsionobserved
during AC spot welding. As theoluteconcentration increasethe suitable weld
range seems to narrow down because of the early emergence of expgsion.
discussed earlier, expulsionasveld defect tde avoided.

WSin is the abbreviation for minimum weld nugget size, and in this vaork
conventionally recommended f&rion for automotive steel§59], 4t°°, is used
wheret is the metal sheet thickness in mm. Weld nugget should eX#€gd in
diameter becausesmall nugget would not be stroegoughand is likely to fail
in the interfacial fracture mod&9, 60]

Based on acquired weld nugget images, nugget sizes were measured, and the
weld currents foexpulsionidentified. With these, weld lobe curve diagrams for
eachspecimen were drawas showrin Fig. 52, andthe effect of two types of

weld current compared.
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(a) AC welded 3LA (b) AC welded 3HA
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(c) AC welded4LA ¢) AC welded4HA
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(e) DC welded 3LA f) DC welded 3HA
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(g) DC welded4LA 6) DC welded4HA
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Fig. 51 weld nugget gwth change of each alloy with different weld curgent
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Fig. 52 weld Idbe diagrams for alloys and theld curreng
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In Fig. 5.2, wth mnimum weld current valug |,i,(AC) and }(DC) were
determined from the value where minimum nugget size is produced, and the
current value of expulsion was used as an indicator for maximum weld current
values, 11(AC) andlnDC). Generally, }.x Of steels inthis work does not
exceed 9 kA, which is disadvantageous #issimilar welding because mild
steels, dual phase steels or infaedtfree steels that are usedthe autanotive
industries usually require higher wald currens due to low solute
concentations. It apears that AC welded samples hangrower weld current
ranges thanthose using direct currerdnd, higher currents are generally required

for the DC weldng case.

5.2 Weld microstructure

More magnified weld images are provided in Fig3 ®nd 5.4 for better
observation of general weld microstructure airderrite formation on the
solidification in welds. Regardless of weld current types and alldystrite
dendrites can be observed in every nugget zone. Even for the case of 4LA,
because of very rapid cooling from spot welding process, clear evidence of
dendritict-ferrite formation was preserved in the microstructure even though the
fraction of U-ferrite was smallestA point counting methodvas employed to
estimatethe U-ferrite fraction in weld nuggets (Table 5.1). Singéerrite can be
retained for eery case, fully martensitic nuggets were avoided and #mus

improvement of spot weldability is expected.
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Nugget Zone

&-ferrite;
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Fig. 5.3weld microstructurd AC welded)
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Fig. 54 weld microstructurgdDC welded)
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Table 51 t-ferrite volume fraction comp@son inweld nuggets

3LA 3HA 4LA 4HA

AC 0.27/+0.04 046+0.05 0.12+0.11 0.37+0.03

DC 0.28+0.03 048+0.08 0.19+0.10 0.26+0.07

5.3 Weld hardness

Weld hardness is one of many parameterg¥atuationof weldability. For spot
welding, because of extremalgpid cooling rate, weld nugget tends toward hard
martensitic phase, which is the cause of brittle weld. However, the introduction
of soft U-ferrite is expectedo amelioratethis brittleness problem. Hardness was
measured across theigget as illustrated in Fig. ®.Fig. 56 and 5.7 showhe
hardness profiles starting from the nugget center to the base metal. The hardness
of fusion zone fomlloy 4LA is 3 times higher that than of the basetal and this
is due primarily to lack of G-ferrite. Other alloys shownanageablydecreased
hardness in weld zone, and for alloy 3HA whose retairfrite fraction is the
most the difference is just.3 times. Reduced hardness should lead to better

mechanical properties lgugheningup weld nuggets.
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Fig. 55 hardness measured across weld nugget
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Fig. 5.7 hardness profiles f&xC weld(dwell time, 10 s)

5.4 Weld strength

Weld strength was tested by two means according to Japanese sfa@dan]

Fig 5.10comparesveld strength from AC spot welded specimens, and Fig 5.11
that of DC welded 3LA and 4LAOverall,the shear stnegth increases with the
nugget size, although crosensike strength does not seem to respond to the
nugget size factor. As a resuthe ductility ratio (CTS/TSS) suffers for AC
welded specimens. DC welded 3LA and 4LA, nevertheless, shows dhatteity

ratio due to increased cross tensile strength.
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Fig. 5.8 weld strength results for AC spot welded alloys
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