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Abstract

A methodology for measuring the fracture toughragssrack initiation and the crack extension reaistaof

the molten zone of resistance spot welds under Mdaoleding has been developed. The cross tensteofe
U-shaped specimens was modified by crack growthitoxamg and stress intensity factor determinatithe
resulting values of fracture toughness at cradkation are independent of the nugget diameter airtie

base material mechanical properties. The cracknsiig resistance seems to depend on base material
mechanical properties and nugget diameter. Mixedwege + ductile mode associated to medium valies o
fracture toughness (54-90 MP&Msuggested a ductile to brittle transition behaxidhe relatively low
fracture toughness (55-59 MP&:Inassociated to full interfacial ductile failure svquantitatively related to

the high number density of small particles in th@ten zone. This study opens the possibility tolyaipe

local approach to fracture under monotonic loadmigterfacial failure of resistance spot welds.

K eywor ds: Resistance spot welding; weld nugget; fractuoghmess; advanced high strength steels

1. Introduction

In order to fulfil car lightening, crash-safety andst-saving requirements of carmakers, Advancegh Hi
Strength Steels (AHSSs) have been developed byg ngw metallurgical routes and increasing the amoun
of alloying elements. This last issue is of majonaern in resistance spot welding, a widely uséuirjg
technique in car manufacturing. The higher amountarbon and alloying elements may lead to the
formation of brittle phases and to microsegregagibeanomena within the molten zone of the spot Wietd
the weld nugget), which may impair the weld stréngind promote interfacial failure. Quantitative
evaluation of the resistance of spot welds to fatéal failure is thus a critical issue (see e.ga@g and
Senkara 2011) for the development of AHSSs forraotive applications.

A resistance spot weld (RSW) can be considered axisymmetrically notched body, the notched sectio
being the weld itself. According to the welding ddions, it may also include a weaker Diffusion Bed
Zone (DBZ) all around the weld. Several tests hasen developed to evaluate the resistance of R8Ws t
fracture under mode | (opening) loading (Fig. Be(®.9. Zhang and Senkara 2011). In these testfpdt

vs. load line displacement curve is recorded tivdaghe weld strength (i.e. maximal bearing load).

The cross-tensile (XT) test specimen (Fig. 1a) tgdimduces mode | loading but extensive bendinghef
base material does not ensure axisymmetrical Igafldancette et al. 2012) and strongly involves tas
flow of the base metal (Nait Oultit 2008). The do@eel (Fig. 1b) and double U (Fig. 1c) tensilecapens
involve pure Mode | loading but only over a veryadhtegion of the weld. Bending of the base metll s
significantly influences the load vs. displacemeuntve, yet to a lesser extent than in the XT tEsafig and
Senkara 2011). The U-shaped cross-tensile (UXTgisman (Fig. 1d) resembles the XT specimen but it is
much stiffer and the load is applied closer towmsdd. The square-cup specimen (Wung and Stewart)200
(Fig. 1e) is even stiffer thanks to welded sidadles, yet with tedious and expensive specimen patpa.
The double-cup specimen (Gieske and Hahn 1994) {Figgnsures axisymmetrical loading around thedwel
but requires good formability and a large amouritage metal.



N

/ f f
a) b) c) U 1

0 ()

OOt
OO T

TTIITITT

@&\

\

N

— N

— > *H{“ O\
(o

d) e)

—
|
<

Fig. 1: Various specimens used for RSW testingruMadele | loading: a) Cross tensile (XT), b) Coaatep
¢) Double U, d) U-shaped Cross Tensile (UXT), ajagercup, f) Double-cup. Opening stress concentrate
into regions coloured in red

The failure of a resistance spot weld subjecteahtpof these tests results from the competitiowéen two
different fracture modes (Chao 2003). Shearingemkimg of the heat-affected zone (HAZ) or of theda
metal could lead to button pull-out. It is driven the tensile strength of the base material orhgyghear
strength of the HAZ. The second fracture mode spwads to crack propagation through the nugget;twhi
leads to interfacial failure. Partial interfaciailtire corresponds to some propagation of an it&f crack
followed by crack deviation. The amount of interéhdailure is quantified as the plug ratiBR = dg,4/d
whered,q is the plug diameter ardlis the nugget diametdPR= 0 and 0 PR < 1 correspond to full and
partial interfacial failure, respectively, wherd®R= 1 corresponds to button pull-out.

Chao (2003) proposed a critical nugget diameteralyehich button pull-out is guaranteed in the X$tte
This transition diameter increases when the nudgetture toughness decreases. The nugget fracture
toughness is the key material property controltimg sensitivity of a RSW to interfacial failure. driefore,
improving the nugget fracture toughness appeaeslkasy point to promote button pull-out and incretse
weld strength. However, the evaluation of the nufgeture toughness is still an open question.

The aim of the present study is to set up a toainfarove the fracture strength and resistance terfecial
failure of RSWSs, by quantitative evaluation of thagget fracture toughness in relationship with its
microstructure and mechanical properties. To timg ane of the tests of Fig. 1 was selected angtadao
experimentally quantify the resistance of the nuiggecrack initiation and propagation, taking plogsi
fracture mechanisms into account. The fracturetioags of the nugget, determined using this testjldtbe

as independent as possible (for a given nuggetostizicture) of spot weld geometry including sheet
thickness, nugget diameter, as well as of basel methHAZ microstructure and mechanical behavidiie
targeted testing procedure has to fulfil the follmgvconditions in order to process data in a sinmpéaner:
sharp pre-crack, monitoring of crack initiation apbpagation, and small scale yielding, allowingyea
calculation of stress intensity factors during krpmpagation.
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Few attempts to measure the fracture toughnes$@f Ruggets have been reported in literature. Thamks
finite element modelling of a XT test, Dancettak{2011, 2012) estimated a value of the J-integfrarack
initiation between 20 and 25 kJ’for an AHSS RSW nugget. By assuming small-scaidiig and taking
a plane strain approximation, it corresponds taaatfire toughnesds,., between 68 and 76 MP&:m
Lacroix et al. (2010) developed a wedge-test foe dralf of a RSW, with in-situ imaging of crack
propagation at the specimen surface (in fact, teepof Fig. 2a), in order to measure the enertpase rate
during the fracture process. By assuming a homageluading state along the crack front (which isialkty
not the case), an energy release @uiaf 34 kJ.nf was found, corresponding K. ~ 84 MPa.M® under a
plane stress approximation.

N“ugget diametner

Fig. 2: a) Cross-sectional view of a RSW nuggetetl T, Béchet-Beaujard etched revealing the riligge
dark grey. The extent of the plastic zone is sckieally superimposed in white. Small black dots are
microhardness indents. b) Closer view of the néchfter tearing of the DBZ, showing the pre-cradter
loading up to 6.1 kN. c) Fracture surface of Steeimeasurement af and of the equivalent circle diameter
of the plugd,,q from the area of the region delineated by the bldatted line

Among the various tests illustrated in Fig. 1, th€T test (Fig. 1d) was selected in the presentystdde to
approximately axisymmetrical mode | loading, limliteontribution of base metal to the load vs. ldaé |
displacement curve and limited cost of the testftny development purposes. As will be shown beltine

weaker DBZ fractures at the beginning of the testthe present study, it was used to provide autirc
precrack for the measurement of nugget fracturghness. Just before the onset of nugget fractued JKT

specimen can thus be considered as an axisymniigticacked body. The interfacial crack propagditem

the DBZ toward the nugget centre.

The modified UXT test was adapted (Part 3 of tHefdng) and validated (Part 4) as a nugget fraetur
toughness test for one particular AHSS grade (SigeThe procedure was then applied to quantitbtive
determine the nugget fracture toughness, at roonpaeature, of three different AHSS grades (inclgdin
Steel T) showing various interfacial fracture matdkins, in relationship with their microstructure.



2. Materials and welding conditions

2.1. Materials

Three bare 2.0-mm-thick AHSS sheets were selectethé present study. Their chemical compositioth an

room temperature mechanical properties are reponetable 1. To validate the testing procedure, the

influence of the mechanical properties of the bas¢al on the measured nugget fracture toughness wer

investigated, while keeping the same chemical caitipa and microstructure of the nugget material. T

this aim, some U-shaped specimen halves of asvext&teel T were heat-treated before welding: there

annealed at 930°C for 5 minutes in an inert atmesphnd cooled down to room temperature underresthe

the following conditions:

« Quenching into water: time elapsed between 8005804C, At3°%>%°
microstructure of the base metal.

« Quenching into aqua (a mixture of water and glycatf®*® = 14 s yielding a mixed martensite +
bainite microstructure of the base metal.

« Air cooling: At*®%%= 120 s leading to a softer ferritic-bainitic nustructure of the base metal.

< 1 s leading to a fully martensitic

After this heat treatment, specimen halves werklgicin a hydrochloric acid solution and paper-grabto
remove the scale layer before welding. The resithiakness was 1.98 mm, and the welding range was
considered to be similar to that of the 2-mm-th&&;received base material. The effect of thiscedu in
thickness on the values of stress intensity fadas<etermined below) was found to be negligible.

Table 1: Chemical composition and room temperameehanical properties along the rolling directich (
and 15 mm in gauge width and length, respectivalgheet materials used as base metal in the study

Material C [Wwt%] Mn [wt%] Si[wt%] 0.2 % proof Tensile Uniform
stress [MPa] strength [MPa] elongation [%0]

Steel F 0.15 0.68 0.01 380 505 14
Steel D 0.15 1.90 0.21 510 780 14
Steel T, as-received 0.19 1.71 1.68 540 820 22
Steel T, annealed+ 0.19 1.71 1.68 1429 1669 3
water-quenched
Steel T, annealed+ 0.19 1.71 1.68 714 1206 9
aqua-quenched
Steel T, annealed+air- ; ;4 1.71 1.68 480 751 13

cooled

2.2. Welding conditions

Resistance spot welding was carried out on a Sqmdestal welding machine following ISO 18278-2
(2004) standard without cold times. A low weldingrent was chosen (Table 2) in order (i) to enshee
presence of the DBZ as a precrack and (ii) to yéefdigget diameter close to 6 mm for every graditiams
promote interfacial failure (Chao 2003), which éguired to measure the nugget fracture toughnesssc
section light optical observations of the weld nestructures were obtained after diamond polishing a
etching with Béchet-Beaujard reagent (250 mL piamd at 1.2% with 10 mL ethanol). The nugget
diameter was measured from fracture surfaces agrshoFig. 2c thanks to a calibrated Zeiss® binacul
magnifying glass with AXIO VISIO software (two memements per specimen). The change in nugget
diameter caused by plastic deformation during tiledX UXT test is considered to be negligible in the
studied case of partial (or full) interfacial faiu



2.3. Conventional weld properties

Table 2: Welding current, nugget diameter, Crosssile Strength (CTS, from XT tests), PR (from X@&}e
and hardness of the various welds of the study

Base material Welding d (mm) CTS(kN) PR HVos HVos Nugget microstructure
current (base (nugget)
(kA) metal)
Steel F 76  62+01 63+01 00 160+6 37D+3 ma’tel;‘s.'“? + lower
ainite
Steel D 6.8 59+01 7.2+x06 04 243 +3 420+ 1 martensite
Steel T, as-received 7.0 6.4+0.2 75+01 03 329% 500 + 10 martensite
Steel T, annealed + 55 55,09 ; . 503+5 505412 martensite
water-quenched
Steel T, annealed + 55 55,09 ; . 356+8  493+6 martensite
agua-quenched
Steel T, annealed + ;5 55,01 : . 211+6  503+9 martensite

air-cooled

Hardness profiles made of about 30 points (wei@lt:kg, dwell time: 10 s) were measured on the dran
polished cross sections across of the nugget (shotdlin Fig. 2a) and across the thickness of #se Imetal
sheet. The weld strength was characterised withte€ts. Four full-thickness XT specimens, having a
dimension of 125x38 mm? before welding, were used gondition. The ends of the specimens were
attached to hydraulic grips, the distance betweagrs deing 45 mm. The results are reported in Table
After XT tests, only welds of Steel F exhibitedl faterfacial failure but all welds exhibited infacial crack
initiation and at least some interfacial crack @getion.

As seen in Table 2 with Steel T, the nugget diamatel hardness only depend on the welding parameter
and base metal chemical composition. The nuggelneas of Steel T is similar to that of annealedatew
guenched Steel T base metal.

After testing, fracture surfaces were observed gth a calibrated Zeiss® binocular magnifying glagth
AXIO VISIO software for macroscopic measurement® 8, and with Jeol JSM 6390 and Zeiss DSM 982
Gemini scanning electron microscopes (SEMs) for daetermination of fracture mechanisms. Some
specimens were also observed in polished crosiseacging light optical microscopy.

3. Development of the modified UXT test using Sted T

3.1. Experimental setup

Specimen halves (full thickness 30x95 mm?2 blankejewpress-brake bent, leaving a 30x30 mm2 region
perpendicular to the applied load. The bendingusdias set to 2 mm to allow testing of such AHS®Isve
while avoiding edge cracking of the base metalrdutiending. The two U-shaped blanks were then wlelde
perpendicularly to each other as described prelio&ach side of the specimen was attached to dpyps
bolts. Spacers were inserted between specimendtsitt further stiffen the system (Fig. 3). Theldveas
thus loaded normally to the sheet plane, whileltlael was transmitted by the grips along the shieetep
close to the press-brake bent regions. This differs the case of the XT specimen, for which thedlavas
applied perpendicularly to the sheet plane, invahadditional stretch bending close to the grips.

A screw-driven Zwick Roell Zmart Pro tensile maahiwas used at room temperature under displacement
control at a rate of 2 mm.minA preload of 150 N was first applied to ensugesfectly aligned load line
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and to prevent from further specimen sliding. Thishwere then tightened before starting of theitertest.
The tensile load vs. load line displacement curas vecorded and the maximal force was determinaat. F
specimens were used for each condition, excemidaeceived Steels T, D, and F with a nugget diemna#t

about 6 mm (eight specimens per condition).

d

L Upper spacers

Upper grip

Potential drop
measurement
wires

Upper half of
UXT specimen

Electrodes for

Fractured weld e
current injection

Lower half of
UXT specimen

B | !‘w Lower grip
u h Lower spacer
Fig. 3: UXT test instrumented with Potential Drogtdod, here shown after specimen fracture

Fig. 4 compares the tensile curves obtained respgctwith UXT and XT tests. For the considered
specimen geometries, the UXT specimen is aboug tlimges stiffer than the XT specimen so that iilsifa
occurs for a much lower value of load line disptaeat, yet for a comparable value of the maximund.loa
Observation of fractured specimens confirmed thidwoagh, for the particular conditions used hete t
bending angle at fracture is similar (about 17f)tfee two kinds of specimens, the amount of malténiat
underwent plastic deformation (estimated to a fewcents at outer and inner skins of the base rab&adts)

is higher for the XT specimens (higher length, kiglvidth) than for the UXT specimen. UXT specimens
thus involve a lower amount of energy absorbed lagtic bending of the base material close to thid we

(Fig. 4).

10.0

8.0 |

40

Load (kN)

20

45 mm

0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Load line displacement (mm)

Fig. 4: Room temperature XT and UXT load vs. loa€ tisplacement curves of Steel T RS¥Ws&.4 mm).
Inlets: plastic bending illustrated with broken @oghalves of specimens of Steetl=(6.2 mm) exhibiting
full interfacial failure
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3.2. Crack monitoring using the potential drop method

3.2.1. Experimental setup and detection of crackwvents

In order to detect crack initiation and to monitwack propagation during the test, the U tensit® veas
instrumented by a potential drop method (PDM, Bp.with an applied current intensity of 5.0 A and
electrical potential monitoring across the wel@ttis mainly sensitive to a change in the loadibgaareaS
attributed to crack propagation into the nugget.

The ability of this method to detect sudden fraetewents was checked for a few specimens thanks to
acoustic emissions captured with a conventionatapittone placed near the weld. Fig. 5 illustratescse

of a weld made of as-received Steel T. Severaltevae detected. The first one corresponds tanigafithe
DBZ beginning at relatively low load (2.5 kN). Thisovides a pre-crack that is further opened dutirey
following of the test. After some increase in témdoad, acoustic events occur simultaneously viptbp-

ins”, i.e. sudden and limited load drops, and witbudden increase in electrical potential, whiclamsehat

the load bearing area suddenly decreases. Thisspamds to quick propagation of a crack which jédig
arrested, i.e. a micro-cracking event. Acoustic ssions are attributed to the released strain energy
indicating sudden crack propagation. The abilityhef UXT test instrumented with the PDM to dete®ZD

and nugget fracture events is therefore validatbd. small drop of load corresponding to DBZ teafiRiy.

5) was not observed in all tests. PDM measurenveers thus systematically used to monitor DBZ cragki

i.e. creation of a pre-crack in the UXT specimen.

100 Pop-ins Crack arrest 4
, \\\< // T2
8.0 1 S s ‘ S
S Crack S ; +10 c:s’
= initiation 1 P ] =
S o |[2on I o | =
X ' ' : ! 8 [
; DBZ tearing 5
8 4.0 | Electrical te =
— potential 1 oo i 8
| 4 'E
2.0 WT | - § ' : : ; §
ensile curve /| L 3 12 O

00 — — - 0

0.0 10.0 200 i 50.0 400 Time (s)

Acoustic emission monitoring

Fig. 5: Correlation between the UXT load vs. tinneve of an as-received Steel T wedd=(6.4 mm),
electrical potential measurements and acoustic gimismeasurements

3.2.2. Crack monitoring thanks to a calibration eer

Details of the calibration method are given in Apgi& A. Thanks to the calibration curve of Fig.itbyvas
possible to continuously estimate the average clawcgth, Aa from monitoring of the equivalent circle
diameter of the remaining ligament. Special attentvas paid to take the actual shape of the oxidisack
into account, i.e. of the crack that actually piggtad before interruption of the test, althouglalfimacture
might have involved out-of-plane cracking havingtigdly hidden the oxidised fracture surface. Ndiat
this calibration is only valid as long as the crdigdnt is almost circular, here, for crack propagatover
about 1 mm (cases B and C in Fig. 6). Crack praj@gavas no longer axisymmetrical during the ldages
of failure (cases D and E in Fig. 6). Consequeifidlythe considered geometry and tested matefralsture
mechanics calculations assuming a circular craghtfrsuch as stress intensity factors or J-integvale
only carried out for crack propagation over up toth (e.g. corresponding ¥R ~ 0.67 ford = 6.0 mm).
Tests involving partial interfacial failure weresalincluded in the fracture toughness database.
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Nea-fraetured
nugget

I
AA’A | o Steel T
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I

|
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E
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VoS ()N (mm2)

Fig. 6: Fracture surfaces of 6.0 mm welds of asereed Steel Td(= 6.4 mm) after U tensile tests
interrupted: A: after DBZ tearing, B and C: aftevrae quasi-axisymmetrical crack propagation, D and E
before final fracture, together with the calibraticurve for crack growth measurements thanks té&>isl.
The initial areaS,, areasS,y, and S, after crack propagation, respectively, over 0.02esS, and over 1
mm are indicated

3.3. Calculation of the stressintensity factor

Several fracture toughness parameters, particusémgs intensity factors, have been proposed SW&in
literature. These approaches are essentially lasédear elastic fracture mechanics (LEFM), agrtimétial

goal was the study of fatigue strength of resistagpot welds. Two methods were reported: analytical
calculations using the Kirchhoff plate theory (Pddk75, Lin and Pan 2008a, 2008b) and finite elerment
finite boundary simulations (Yuuki et al. 1985, Rpd989, Radaj et al. 1990, Radaj and Zhang 198dla a
1991b, Zhang 1997, Zhang 2001, Sripichai and Pdm)2@Both approaches were applied to the UXT test
leading to the formulae of Table 3.

In the present study, Lin and Pan’s formulae hasenbselected because to the authors’ knowledgse the
most recent formulae are the only ones that takie trmss welding and the U shape of the specimbresa
into account, and which are valid over a wide raofyealues for the nugget diameter. In additionfaasas
Mode | is considered, they have been recently mraee accurately estimat€;, with respect to three-
dimensional finite element calculations (Sripicteaid Pan 2012). To apply these formulae, the UXT
specimen was assumed having a square base of eagdd mm (see Fig. 1d). With such a square base and
as calculated by Lin and Wang (2010) using a fieleanent method, the geometrical paramgievas set to

1in Lin and Pan’s formulae of Table 3. The forneweere considered to be applicable as long as sl
yielding conditions were fulfilled.



Table 3: Literature formulae for Mode | and Modarbximal stress intensity factors over the perighadr
the RSW for various specimefigs the tensile forcaj the nugget diameter the sheet thicknessthe
spacing between load application points (see Fi, dndv the Poisson ratiog’=2c/Ntandg, is a
geometrical parameter.

Source ConS|_dered Formulae foK,, K
specimen
After Zhang UXT specimen , _ v37(c—d)T and K. =7€—dT
(1997,2001)  (Fig. 1c) ' 4mdt?? " gmdt?
_ 3T [g.c[d2-c2+ 2d2In(c/d)]  (d2-c?)(-1+v)+2c2(L+v)In(c/ d)
Lin and Pan UXT specimen Ki = 27132 Y(d2-c?) - d2(-1+v) - c2+V)
(2008a, (Fig. 1c¢) , .
4
2008b) 3T | 2g.[d? -c?+2d? In(c/ d)] d“c* + 7] [d ez +[eiv2) }
KII = 2 12 - '
4t Xnld? -c?) X
with ¢'==; X =(v-1) (d“ +c ) —4d%c®(v +1); Y =d?(v -1)-c?(v +1) and

f
+lervz )j (v -1)-ad?(c/v2) (v +1)

g Gl

Table 4: Typical values of stress intensity faci®edes | and Il) calculated for various specimensgig. 1
using formulae from literature with the followingtf parametersT = 10 kN,d = 6.0 mmc = 30.0 mm
andt = 2.0 mm. In italics: maximum values over the wmdiphery. Formulae reported in Table 3 are
referred to with an asterisk

Specimen geometry [Mpzl'mj_sl [MPﬁl.lrﬁ"ﬂ K, /K, Reference
Circular cup (Fig. 1), - 29 4 0.0 0.00  Pook (1975), Wang et al. (2005)
square-cup (Fig. 1e)
XT (Fig. 1a) 98.0 14.6 0.15 Yuuki (1985)
Circular cup (Fig. 1f) 90.6 18.7 0.21 Radaj (1991)
Double U (Fig. 1c) 105.0 0.0 0.00 Zhang (1997)
Double U (Fig. 1c) 126.5 0.0 0.00 after Lin and Pan (2008a, 2008b)
UXT (Fig. 1d) 77.1 22.3 0.29 after Zhang (1997, 2001)*
UXT (Fig. 1d) 100.1 22.9 0.23  after Lin and Pan (2008a, 2008b)*

Typical estimates of Modes | and Il stress intgnfittors are reported in Table 4 for a given $desting
conditions. Lin and Pan’s formulae yielded 20-30gher values foK, than Zhang's formulae. In the UXT
specimen, the value &, is not uniform around the weld but its maximumueals much lower than that of
K. Since the experimental crack front remained awisgtrical during the first 1 mm of crack extension
(Fig. 6a), the value &, (or, at least, its influence on fracture) was odexed as negligible with respect to
that of K, during this propagation stage. Nevertheless, tK& tést does not necessarily promote interfacial
failure (against button pull-out) with respect e tXT test, due to some contribution of mode Idiog that

could facilitate crack deviation.



3.4. Derivation of fracturetoughness parameters

The fracture toughness was defined as the strésssity factor at crack initiation, as in (Dancegteal.
2011). Starting from detected tearing of the DB#¥ track was considered to have initiated in thggat
once the crack further propagated over 2% of trggausurface, i.e. K, = K¢ (2%) forS= S,y in Fig. 6b.
For a 6 mm diameter weld, this corresponds to cpaokagation over 34dm. This value was compared to
an estimate of the blunting radius, calculatedrdfteMeeking (1977) by assuming a yield strengtii 00
MPa (as will be shown in the next part), a hardgrioefficient between 0.1 and 0.2, a Young's moslulfi
200 GPa and a Poisson ratio of 0.3. PDM measuramgeitded values oK, = 16 MPa.nf® andK, = 35
MPa.n?* at the onset and at the end of DBZ tearing, resmdgz. The resulting value of the crack tip
opening displacement is very low (not higher thaeva um), even after crack propagation over 2%hef t
nugget surface, consistently with the cross-sectiew of Fig. 2 and the fracture surfaces of FigThe
value of 2% is thus high enough to get free fromnbhg of the precrack, yet low enough to accuyatel
detect the first nugget fracture event in the presase. Taking values of 1, 3 and 5% (instead@f &d not
change the value of the fracture toughness sigmifig. However, for nuggets possessing higher diract
toughness together with lower yield strength, thmting radius could be closer to g and the threshold
value of 2 % might have to be adapted.

Fig. 7: SEM observations of fracture surfaces: Asaived Steel T weld a) at the edge of the nubyet,
the nugget, showing a shear gap between cleavagksyrc) Steel F, and d) Steel D welds at the eddgee
nugget

The experimental values reported in Table 5 forezgived Steel T are consistent with those of Diie et
al. (2011, 2012) who used a similar steel chemidtty a sheet thickness of 1.5 mm) leadinéto- 68 — 76
MPa.nf®.

During crack propagation, the stress intensitydiaatas calculated from the current values of tlaelland of
average crack length derived from PDM measurem@igs 8a), together with Lin and Pan’s formulae, fo
crack propagation up to 1 mm. K vs. Aa crack extension resistance curve was plotted doh eest (Fig.
8b). No correction of the plastic zone Aa was done due to its small size, as shown in thx¢ section.
Small drops in the crack extension curves wereetated to pop-ins in the load-displacement cur¥égy
were not further considered because crack propagatas unstable during pop-ins, whereas the valfis
were calculated for stable crack propagation.
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Fig. 8: a) Load (continuous lines) and crack lengtlolution (dashed lines) vs. load line displacenfien
as-received T steel welds fd= 6.4, 7.3 and 8.1 mm; inlet: fracture surfaceao.4 mm weld. b)
Corresponding crack extension curves; inlet: fraetaurfaced = 7.3 mm
Table 5: Results of fracture toughness tests giviimtheir 95% confidence intervals
Investigated Base material d (mm) dpwg (Mm)  Load at crack Maximum Kic (2%) dK/da
effects initiation load (kN)  (MPa.n??) (10* MPa.m’?)
(kN)
6.39£0.04 0.00 6.44 +0.18 6.87+0.11 62.3+1.8 1.8+0.5
Re::;fsnce Steel T, as-received 7.29 + 0.10 0.00 8.77+058 8.89%042 77.7+54 1.2+0.8
8133002 07¢ ' 52 1072251 1107+286 877202 1409
. 6.50+0.02 4.34+0.07 7.70 £ 0.50 9.93+0.85 8a34.7 3.3+£0.8
Geometrical
effect of Steel T, annealed
nugget AFTER welding 7.34+£0.03 4.62+0.60 8.29+1.09 9.67+0.80 243100 2.8+0.9
diameter
950+0.12 6.42+1.49 10.92+0.93 12.47+0.799.0%6.1 22+05
Steel T, annealed + ¢ 5 , 5 13 0.00 6.48+107 821+076 61.8411. 3.0+0.1
water-quenched
Base metal Steel T, a””eﬁ'ej' ¥ 6.61+0.07 0.00 6.49+043 7.31+026 613+3.7 21+03
microstructure ~ @dqua-guenche
Steel T, annealed + ¢ 53, 5 14 0.00 642+034 679%013 61.2+3.8 1.8+04
air-cooled
+0.74
5.90+0.06 0.38 _ 0.38 5.32£0.10 6.83 £ 0.20 54.0+£1.0 342+34
Base metal
chemistry Steel D 6.77 £0.02 0.00 6.18 + 0.28 737023 57.6+2623.0+£3.1
761+0.13 495+056 6.61+0.20 9.10+1.19 9562.3 32.6+5.9
6.23£0.03 0.00 578 +0.16 582+0.11 56.9+16 7.6+2.0
Base metal Steel F 7.10£0.03 0.00 6.19+0.10 691041 558+1.017.4+3.2
chemistry
764£002 109 7203 681025 779%028 585:22  187%37
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4. Validation of nugget fracture toughness measurements made with the modified UXT testing
procedure

The effect of sheet thickness was not investigaaedt is very difficult to make it vary while keieg the
same microstructure of the nugget.

4.1. Assessment of small scaleyielding conditions

The limit equation used for standard fracture towggs specimens such as three-point-bending andambmp
tension specimens tends to prevent (i) the plastie from reaching the back of the specimen,l{@)region
close to specimen side edges (i.e. mainly loadei@uplane stress) from playing a first-order roldéracture
toughness, and (iii) the plastic zone from reacliiregouter surface behind the crack. Conditionsufd (ii)

do not apply to the axisymetrically precracked U3flecimens. Condition (iii) does not apply becadsbe
specimen geometry (high value ofn Fig. 1d compared to the crack length). On ttleohand, one must
avoid that the plastic region extends over the emigget or over the initial sheet thickness bghewy the
outer skin of the parent sheets. This is why atligjuation has still to be fulfilled for the valoé fracture
toughness to be considered as valid for this test.

To the authors’ knowledge, there is no availablenfda to assess the size of the plastic zone ircdlse of

the UXT specimen. Although the case of axisymmalriaracked bars has already been addressed using
finite element analysis (e.g. Ibrahim and Stark7,98ardoen et al. 2000), it may not be close tbah#he

UXT geometry in spite of all precautions that wtaken to stiffen the specimen. In the present exptal
study, a simpler plane strain approximation wagnaK he plastic zone size parametgrgalong the radial
direction of the weld) and,, (along the sheet thickness direction) were estthafter Levy et al. (1971) as

follows:
K ? 1(K ?
r,=019 —-| andr, =—|—-| (1)
pz pr
g, 3 g,

In Eq. (1), gy is the yield strength of the weld nugget. It contit be directly measured, because of the small
size of the nugget. It was thus approximated bytiae of 1200 MPa determined by Dancette et &l112
from heat-treated base metal of the same chemistrteel T (simulated RSW HAZ cycle: heating at
(>1000°C.8) up to 1200°C followed by water quenching, leadiog fully martensitic microstructure close
to that of the nugget, yet probably more isotrapidhder these assumptions, the plastic zone sizgesa
between 0.3 and 0.4 mm for the investigated RSW 2a). It is much smaller than both the sheetkiiness
and the weld radius. The condition g seems to be the limiting one and the followindecion for the
small scale yielding condition was proposgghad to stay lower than half the sheet thickniesgich gives

the following condition on fracture toughness:

05t
K|C<Jy,/mzl.80y\/f )

Above this limit (i.e. for softer or much tougheuggets), using linear fracture mechanics might lret
relevant and the concept of J-integral togetheh Wirtite element analysis could be more appropriate the
welding conditions considered in this study anddi@ck extension over up to 1 mm, this problem wais
encountered.

4.2. I nfluence of the mechanical properties of the base material

The influence of the base material on measuredegatif the fracture toughness was quantified bygusin
welds made of heat-treated Steel T. For the ingatsd steel grades, the nugget microstructure {launs
fracture toughness) is expected to be independehedase material microstructure.
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Martensite tempering occurred in the HAZ heatedobelAc; for water-quenched and aqua-quenched
materials, leading to a 1 mm-wide softened zoneratahe weld. Nevertheless, this part of the HAZ wa
located far behind the crack tip and did not enteuthe plastic zone in the vicinity of the cracérit. No
localised plastic deformation was detected in $bier zone after the UXT tests. Thus, it was motsidered

to influence the measured value of the nuggetdradbughness.

100 — — 3.0 100
L ; e | Water-quenched Al led
: R / o0 ir-coole
5o |8 % 41 25 Aqua-quenched
120 & 80
~ | S
g £ E e
% '\Ailr-d- 15 £ $ 70 - /
coole © = £
O 40 } Aqua- .- < = .
— 4 i = -
quenched - Q. 410 ¥ 60 / As-received
: '
20 F . ©
As o, 105 50 f Water-quenched
received _ ' '
¢ ‘i‘
00 [ Ny 1 1 00 40 1 1 Il Il
0 0.5 1 1.5 2 25 0 0.2 0.4 0.6 0.8 1
Load line displacement (mm) Aa (mm)

(a) (b)

Fig. 9: a) Load (continuous lines) and crack lengtlolution (dashed lines) vs. load line displacenfien
welds made with as-received (circles), air-coolegu@ares), aqua-quenched (diamonds) and water-q@shch
(triangles) Steel T, witd =6 mm. Inlet: macroscopic SEM view of a weld mddeater-quenched Steel T;
b) Corresponding crack extension curves

The first parts of the tensile curves, driven bytenal elastic properties and specimen geometey samilar
for all base material microstructures (Fig. 9a)wedwger, above a critical load the current stiffnegshe
specimen decreased. This critical value increaststie yield strength of the base material (TableThis
suggests that the non-linearity observed durindtKe test before tearing of the DBZ originates frtange
scale plastic bending of the base material welbtee€rack initiation or even before extensive naipkning
(see also the inlets of Fig. 4). The weld strergjio increases with the yield strength of the braaterial
(Table 5 and Fig. 10).

All fracture surfaces were found to be similar batiacroscopically (typical view in Fig. 9a) and
microscopically whatever the base metal microstmact No effect of the strength of the base metal on
Kic (2%) could be evidenced (Table 5 and Fig. 10). Gitaek extension resistance of specimens made with
water-quenched base material is higher than thapetimens made with softer base metal microstrestu
(Fig. 9b). This could possibly be related to thigedent amounts of stored elastic energy in theslmaaterial.
Thus, in the investigated UXT testing condition® yield strength of the base material has no fogmit
influence on the mode | stress intensity factorcrstck initiation, whereas it affects the weld stin
markedly. For AHSS welds, the fracture toughnesthefnugget mainly depends on the nugget itselfiewh
the weld strength also depends on the strengthhefbase material. However, for lower steel grades,
deformation of the base material might be largeughato significantly modify the stress state arotimel
weld even before the onset of crack propagation.
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4.3. Effect of the nugget diameter

By increasing the nugget diameter from 6.4 mm u@.1omm, the shapes of the load vs. displacemanéesu
remain similar (Fig. 8a) but the load at crackiation and the weld strength are respectively hidihe67
and 61 % (Table 5 and Fig. 11).
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Fig. 11: Evolution of nugget fracture toughnesswitigget diameter for welds made of as-receiveelSte
(full circles), D (squares), F (triangles) and fpost-weld heat treated Steel T welds (open circles)

The fracture toughness increases with the nuggeheter. However, as will be shown below, the fractu
mechanism of these welds is mainly brittle. Thisuie is thus rather surprising, because the fractur
probability is generally expected to increase witle sampled volume. Hence, for a given nugget
microstructure, a larger weld should mean a langenber of scanned defects over its periphery arallyi a
lower fracture toughness. To quantify this sizeetffthe volume of the plastic zone was determfoedach
nugget diameter of as-received Steel T. The plastie was considered as a tore of volume:

Vo=mrid  (3)
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by considering a circular section of radiys By takingK,. = 62.3 MPa.rh® ando, = 1200 MPayV, should
respectively be equal to 1.6, 1.9 and 2.1°fwn nugget diameters of 6.4, 7.3 and 8.1 mm. Tivasees are
of the same order of magnitude and should not iedusignificant size effect in view of the expenta
scatter reported in Table 5.

The increase i, with the nugget diameter could either be relatedrt artefact of the test or to an actual
improvement of the fracture toughness of the nugggt its diameter by microstructural modificatidnoe to
some difference in the welding cycle. To investigtite effect of specimen geometry (induced by ttenge

in nugget diameter) independently of any microgtriad effect, four specimens of Steel T, for eatkthoee
nugget diameters (6.4 mm, 7.3 mm and 9.5 mm) weneaed at 950°C for 15 min in an inert atmosphere
after the resistance spot welding operation, angtmguenched. The same nugget microstructurepiier.
austenite grain size and martensite packets, whhrdness of 518 HV indicating no decarburizatioas
observed in the three cases. As seen in Fig. 1d, fridcture toughness values of these welds were
independent of the nugget diameter.

One can wonder whether any difference in residwakses resulting from welding, and relieved dutimg
anneal at 950°C for 15 min, might have influendesl talue of fracture toughness measured using X U
test of as-welded specimens. However, as will tmvshbelow and also illustrated in Fig. 11, Steel D,
showing similar nugget microstructure, strength abehvage fracture as Steel T, does not show any
influence of the nugget diameter on the nuggetdiractoughness. This suggests that residual sgessenot
expected to significantly influence the nugget fuae toughness.

Consequently, for a given nugget microstructure, ftacture toughness measured using the modified UX
procedure does not depend on the nugget diametaotm as a DBZ may provide the necessary preXrack
Therefore, the improvement of the fracture toughnafsthe as-welded nugget of Steel T with incregsin

nugget diameter should rely on some microstructn@@tons, which are currently under investigation.

5. Relationships between nugget fractur e toughness and interfacial fracture mechanisms

5.1. Relationship between macr oscopic measur ements and obser ved fr actur e mechanisms

In this section, focus is made on the case of esired Steel T, 6.4 mm in nugget diameter. In Biaa first
increase in electrical potential is observed from N to 5 kN. From interrupted tests (Case A ig. ),
this comes from tearing of the DBZ, yielding veiyef dimples (Fig. 7c¢) in agreement with the absesfce
pop-ins and of acoustic emission bursts. The lohes®mn of the DBZ could be related to the presevice
impurities formed at high temperatures as commenigountered in bare sheets RSWs. Together with Fig.
2b and with the estimated crack tip opening dispiaent (see 3.4), this confirms that DBZ tearingatae a
sharp pre-crack for the fracture toughness testeQne entire DBZ fractured, a plateau is obseiueithe
electrical potential vs. displacement curve, dusiriich the plastic zone ahead the notch tip expands

A second fracture event, which is detected in hettsile, electrical potential and acoustic emissiorves,
occurs as the load reaches 6.5 kN (Fig. 5). Itesponds to a pop-in, originating from sudden anutéid
crack growth in the nugget.

Then, numerous other pop-ins are detected, contlist&@ith a number of cleavage regions surroundgd b
ductile dimples on the fracture surface. Betweep-ips, a slight increase in electrical potentialstsl
observed which could possibly be due to crack timting or to further ductile crack growth. Multgl
microcracking events all around the nugget edgeevedready observed by Dancette et al. (2010). These
cleavage micro-cracks then percolate by ductilassgig. 7a) to form a stable and approximatelgdar
crack leading to cases B and C of Fig. 6. This eatgythat fracture of the nugget occurred in thailduto
brittle transition temperature range. That is whg track front is relatively stable and flat durithg first
stages of fracture, i.e. for a crack length lovamtabout 1 mm. The stress intensity factor thertitwaously
increases.
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Around 7.5 kN, a sudden load drop comes with rapétk growth followed by crack arrest. This leadlat
markedly non-circular crack front such as casen@ B of Fig. 6: several cracks propagate at theestame
and eventually coalesce, sometimes together witorstary cracks parallel to the applied load. This
coalescence is characterized by a shear discotytiappearing with very small dimples (Fig. 7b). hi
unstable crack propagation stage was not systeaiigiticbserved even for a given welding conditiors A
seen in Fig. 8a, macroscopically flat surfaces vadse observed, with the final ligament here visibh the
right top side.

Final failure occurs after some further increasdomd together with a slight rise in electrical guual.
Eventually, crack deviation can occur for microsttal or mechanical reasons. Several hypotheses ha
been made about its origin: from 3D tomographiconstruction of the nugget Dancette et al. (2010)
attributed crack deviation to the slight dissymmetf loading, crack deviation in brittle fractureibg
intimately related to the loading mode (see e.gcddgno and Knott 1991). Nait-Oultit et al. (2008)
highlighted the role of the nugget microstructuaezery-fine grained region with a high distributidensity

of grain boundaries and specific martensite vasiafesidual stresses after welding should also be
considered here, even though they might have beeee during plastic deformation before fracture.

5.2. Application to interfacial failure of welds of SteelsD and F
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Fig. 12: a) Load (continuous lines) and crack ldngtolution (dashed lines) vs. load line displaceinfer
welds of Steels T (circles), D (squares) and Fafigies) withd = 6.4, 5.9 and 6.2 mm, respectively; b)
Corresponding crack extension curves. Inlets: fueetl welds of Steels D (left) and F (right)

The modified UXT procedure was applied to interf@dailure of Steels D and F welds of similar nuigge
diameter, and the results were compared to thosenelol with as-received Steel T welds. Up to 3.0(klg.
12a), the tensile curves are superimposed fohedktsteels, indicating the same structure stiffrasdong as
the base material stays elastic. Over 3.0 kN, #eehse in slope of the loading curves is morequoced
for lower yield strength of the base material, éstemtly with results on heat-treated Steel T (seetion
4.2).

Cracks initiate at lower load for Steels D and &ntHor as-received Steel T. The tensile force tkeeps
increasing up to the maximal admissible load fageSfT and even more markedly for Steel D. On the
contrary, for Steel F, the tensile force stays tamtsand even slowly decreases after crack irgtiati
Numerous pop-ins were detected for Steels D andtTiene for Steel F. This agrees with the morphylaiy
fracture surfaces (Fig. 7): Steel T and D nuggehébited a majority of large cleavage facets oeparated

by fine dimples while Steel F nuggets broke inlfyfductile manner.
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As for Steel T, crack arrest was observed duriagtére of Steel D welds, and could be related &zlcr
deviation within the nugget (left side of left ihl€&ig. 12b). Neither crack arrest nor crack deeiabccurred
for Steel F welds leading to fully interfacial ckaaropagation (right inlet, Fig. 12b).

The average nugget fracture toughness values felsSD and F welds is independent of the nugget
diameter, as seen in Table 5 and Fig. 11. No titeeadata was available for the yield strength t&fes F
and D weld nuggets. To check the small-scale yigldionditions, the nugget yield strength was derive
from that estimated for Steel T weld nugget (120Ray by a proportionality rule based on nugget hesd
(Table 2), yielding to 900 and 1000 MPa for Stdeland D, respectively. According to Eq. (2), itdeao
maximum allowed values df, of 72.5 MPa.f¥® for Steel F welds and 80.5 MP&hfor Steel D welds,
higher than those measured. The small scale yiglchnditions were thus considered as obeyed forlsvef
both Steels D and F.

After the onset of crack propagation, the stressnisity factor keeps rising for Steels T and D weglEig.

12b and Table 5) indicating stable crack propagatitowever, the crack extension resistance cun&tedl

F welds is almost horizontal for the lower value rafgget diameter, which suggests unstable crack
propagation. It is significantly steeper for higimeigget diameter (Table 5).

In bulk materials, ductile and brittle fracture rhanisms are generally associated with higher anro
fracture toughness, respectively. This does nandeebe the case for RSW nuggets. Despite similggat
hardness, the fracture toughness of ductile nuggeBieel F is lower than that of “more brittle” ggets of
Steel T. To elucidate this point, a quantitativlatienship between fracture toughness and microgiral
characteristics was tentatively investigated bipfeing a simplified local approach to fracture.

5.3. Toward alocal approach to fracture of resistance spot weld nuggetsin Mode |

5.3.1. Brittle fracture: Steels T and D

The nugget fracture toughness of Steels T and Ddsvelere compared to that reported in literature
concerning martensite of similar chemical compositi Bowen et al. (1986) used an oil-quenched
martensitic steel (C: 0.25 wt%, Mn: 1.51 wt%, Ni6® wt%, Mo: 0.53 wt%, S: 50 ppm, P: 50 ppm) with a
130 um parent austenite grain size. Fracture toughresis &t various temperatures (precracked four point
bending specimens of 25.4 mm in width and 25.4 mrthickness) were used to make the yield strength
varying from 1300 MPa up to 1660 MPa. The fracttoeghness decreases from 95 MPa.mown to

30 MPa.m® with increasing the yield strength. In the same/wehang and Knott (2000) measured the
fracture toughness of auto-tempered martensiteagong 0.25 wt% carbon with a 2Q0n prior austenite
grain size (precracked three-point-bending specégm2@ mm in width and 10 mm in thickness). At -80°C
the fracture toughness ranged between 80 and 108.MiP These values taken from literature are
significantly higher than those found in the prassndy.

One can invoke several reasons for this differeaato-tempering of martensite is limited in RSW du¢he
very high cooling rate, leading to higher interstibsses and more carbon present in interstitii solution
rather than in carbides. Moreover, the solidificatprocess leads to columnar austenite grainsatieavery
elongated along the radial direction of the weidthie interfacial plane. After cooling, this leadddarge and
textured martensitic packets as observed by Naiiit al. (2008). Last but not least, the nugidterits
non-metallic inclusions from the rapid solidifiaati process (Krajcarz et al. 2010, 2013). Thesaugichs
could act as initiation sites for cleavage and ttheisrease the fracture toughness as already oldsergas
metal arc welding by Abson and Pargeter (1986)Tameled and Knott (1987).
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5.3.2. Ductile fracture: Steel F

Fig. 13: Typical dimples observed on the fractungace of Steel F welds, with small sulphur-enrathe
particles inside

SEM observations of Steel F nugget fracture sugfaegealed fine ductile dimples close to the edgh®
nugget (Fig. 13). Fine and circular sulphur-rictclisions were observed within the dimples. Their
equivalent circle diameter, determined from abdif @imples measured in a 50xpM? region close to the
nugget edge, X, = 4 um for dimples and R, = 0.5um for particles, respectively. By considering thaids
nucleated at these small particles, the initiatlwmlume fractiorf, is thus estimated to @&/ X,)® = 0.002.

In order to quantitatively compare fracture tougdsealues to microstructural features in a simp@mer, a
ductile crack initiation model, again under plameis and small scale yielding assumptions, wasseho
Two models were considered from literature: thst fine, dedicated to small void volume fractioncéRand
Johnson 1970 and Aravas and McMeeking 1985), cersitthe interaction between a single void andithe t
of the pre-crack. The nucleation of the followingjds starts only after the first void coalesces with tip of
the pre-crack. The second model (Tvergaard andhihgon 1992) stands for higher void volume fracion
voids located ahead the tip of the pre-crack siamélously nucleate. For the two models, the J-iatemjr
crack initiation,J., as a function of void spacing and yield strength, is given by:

J.=Co,X, (4)

C is a material constant dependingfgrv, /E ratio € being the Young’s modulus of the nugget, about 200
GPa), strain hardening exponentUnder small scale yielding and plane strain aggioms, one can write:

1/2 CX E 12
K(EJ [_UJ 5)

1-v? 1-v2

The Poisson ratio of the nugget was estimated to 0.3. Later on, Tvergaard and Hutchinson (2002)
followed by Pardoen and Hutchinson (2003) propasedodel covering the transition from single void to
multiple voids process to provide an estimate oT e strain-hardening exponent of Steel F nuggetas
assumed to be comprised between 0.1 and 0.2. Bydming, as previously, a yield strength of 900aMér
nuggets of Steel F, thg /E ratio is close to 0.004.

For spherical particles (Fig. 13) and figr= 0.002, the model predicts values of C betweean@ 5 and
values ofK,. between 41 and 64 MP&mwhich encompass the measured values of 56.9+P&.m°. It
indicates that the relatively low fracture toughsjemd weld strength, of Steel F welds likely resstrbm the
high number density of inclusions at the nuggeteedgheir spatial distribution is likely linked to
microsegregation during the first stages of sdtidiion. Consequently, it could possibly be imprbyey
modification of the welding parameters and/or of tthemical composition of base metal. The present
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results thus suggest a promising way to improvefrdeture toughness and resistance of welds of &tee
interfacial decohesion.

6. Conclusions

An innovative testing methodology has been develdpemeasure the fracture toughness, as well @&k cra
extension resistance curves of resistance spot madgiets under Mode | loading. It is based on the U
shaped cross tensile test instrumented with cremty monitoring. The resulting nugget fracturegbnoess

(at crack initiation) is independent of base matemechanical properties and nugget diameter, fgiven
nugget microstructure. On the other hand, the nmedsarack extension resistance depends on the base
material microstructure and nugget diameter.

* Measuring the nugget fracture toughness in moge=hed the possibility to apply the local approach t
fracture to interfacial failure of resistance spetds. For the three steel grades investigated dte@om
temperature, it led to the following results:

* Interfacial fracture of nuggets of a 0.19C-1.71MG8&Si (wt%) steel and of a 0.15C-1.90Mn-0.21Si
(wt%) steel occurred by a mixed cleavage + ductishanism leading to a number of pop-ins and to a
fracture toughness of about 60-90 MP&rand 54-58 MPa.fit, respectively and to relatively stable
crack growth. This behaviour suggests a ductiléorittle transition for these nuggets around room
temperature.

* Interfacial fracture of nuggets of a 0.15C-0.68M@1%i (wt%) steel occurs by a fully ductile
mechanism, sometimes with unstable crack growtle. rther low fracture toughness at crack initiation
(55-59 MPa.®) was quantitatively related to the high numbersitgnof particles originating from
rapid solidification of the nugget.

Appendix A: Crack monitoring using the PDM method

The electrical resistance of the nugget was firstl@lied as that of a wire with “effective” dimensgand
resistivity. The electrical potential across it(of initial valueVy) was thus written as:

V=RI=,0§I (A1)

whereR is the electrical resistandethe injected currenp, the effective electrical resistivity, the effective
length of the wire and its effective section (of initial valu&,), taken as the current value of minimum
section of the weld assembly. With constant tentpegahypothesis and low average amount of plastic
strain,p is considered to be constant during the test. W#imall scale yielding hypothesis (that was, at,fa
fulfilled in the present study), i.e. no signifitaglongation of the spot weld, should be approximately
constant. Consequently, only the value $fwhich corresponds to the effective bearing seafasas
considered to vary during the test and to influgheevalue o¥/. Hence, at given time:

VS=pll =V,S,  (A2)

In order to confirm these hypotheses, i.e., retptite crack length to the variation in electricatgmtial, and
to observe the crack front geometry, UXT specinwfriisoth as-received Steels T, D and F were pulfetbu
various loads, at which the test were interruptgdspecimen unloading. The electrical potential was
continuously recorded. Unloaded specimens were poémto a furnace at 200°C for 15 min to giveaakd
tint to already cracked surfaces. Then, the spawmere again pulled in tension at room temperaipro
failure. As seen in Fig. 6a, this procedure magmdsible to evaluate the non-fractured agaf test arrest
(light colour). The extra surface due to partiattt pull-out (during final fracture at room temagire) was
not taken into account in these measurements. Expetal values ofS were then compared to those
calculated from electrical potential monitoring t&st interruption, using Eqg. (A2). By repeatingsthi
experiment at different load levels, a calibratmmve, actually independent of the base materigkiohl
properties, was obtained (Fig. 6b). The relatiopfistweers andV was modelled using a simple equation:
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s=aY> _p (A3)
Y;

The introduction of two heuristic coefficient& € 1.7 andB = 25.5) is caused by the complex geometry and
heterogeneous microstructure of the assembly, wisicinarkedly different from that of a simple wire.
During the design of the test, several trials evodel that the values @& andB actually depend on the
location of the potential measurement points. FFig1 6 the relative deviations of experimental ‘easluwf
S S50 aNAS; mm With respect to the ones given by Eq. (A3) aredothan 3%, 3% and 10%, respectively.
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