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Abstract A recently developed methodology for measuring tlagget fracture toughness in mode | was
applied to three high-strength steel resistance wptns, exhibiting either mixed cleavage/ductitedactile
fracture at room temperature. Fracture toughness tevealed a difference in ductile-to-brittlensiion
temperature between the welds. Constitutive egusitid weld nuggets were determined and implemented
a finite element model of the fracture toughness tevealing both in-plane bending and in-planetsting

in front of the crack tip. Brittle cleavage fractuof the nuggets is not conveniently describedguaisimple
Ritchie-Knott-Rice approach but the Rice-Tracey eioallowed quantitatively relating the high number
density of small particles to the nugget fractangghness in the ductile regime.

Keywords Local approach, Brittle to ductile transition, Higtrength steels, Resistance spot welds

1. Introduction

The need for car-lightening has led to the develmmumof Advanced High Strength Steels
containing more alloying elements than standardlsté&esistance spot welding issues become of
major concern for these steels. Due to the seveoiing conditions, the weld may exhibit an
unusual microstructure that could be sensitive netable cracking in opening mode, inducing
interfacial failure of the weld. In the opening nepdseveral tests are available to determine the
strength of resistance spot welds (RSWs) [1]. Taasition between crack propagation across the
heat-affected zone and interfacial failure stronggpends on the molten zone (nugget) fracture
toughness [2]. A new methodology (referenced hegeak UXT tests) has recently been developed
[3] to determine the nugget fracture toughnessngugsiross-tensile tests on double U-shaped
specimens (Fig. 1), together with crack extensiamitoring using a potential drop method. The
purpose of the present study is to determine, ¥ #me ductile-to-brittle transition of the weld
nugget for different steel compositions (and thugyget microstructures), by using the UXT test. A
mechanical analysis of the test is then perform&dgua finite element modelling approach to
determine the loading conditions ahead of the fiphe precrack. For this purpose, constitutive
equations of the nugget are estimated from heatedemicrostructures, as already reported in
literature [1]. A simple initiation criterion fordth brittle cleavage and ductile dimple fracture is
then tentatively derived as a function of the matenicrostructure and fracture mechanisms.

2. Experimental details

2.1. Materials and welding conditions

Three high strength steels were provided as 2-mok-tare sheets. Their chemical composition
and room temperature properties are reported ineTabResistance spot welds were fabricated
using a Sciaky pedestal welding machine, followlSg 18278-2 (2004) standard parameters,
without cold times. A low welding current (Table ®ps applied (i) to ensure the presence of a
weak Diffusion Bonded Zone (DBZ), which serves ascacular precrack, and (ii) to facilitate
interfacial failure under UXT tests [2]. The compeading weld diameted was measured from
fracture surfaces after interfacial failure (Tal#® Conventional cross-tensile streng@TS
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(averaged over four tensile tests on cross-weldk38 mm?2 coupons), hardness (average of 30
measurements at room temperature with a dwell G6frE0s) and nugget microstructure (observed
in cross-section after Bgchet-Beaujard + Nital ieighare reported in Table 2.

[] base metal
S
I weld
. I regions where opening stress is concentrated
O 1 T load application points

v Figure 1. Schematics of the UXT specimen

Table 1. Chemical composition and mechanical ptaseof the three base material sheets
Material C [wt%] Mn [wt%] Si[wt%] 0.2% proof stress [MPa]rensile strength [MPa]Uniform elongation [%]

Steel F  0.15 0.68 0.01 380 505 14
SteelD 0.15 1.90 0.21 510 780 14
Steel T 0.19 1.71 1.68 540 820 22

Table 2. Welding conditions, room temperature prigge and microstructure of the welds

Base metal Welding d(mm) CTS (kN) HV, 5 (base metal)HV s (nugget) Nugget microstructure
current (kA)

Steel F 7.6 6.2+0.16.3+0.1 1606 373+30 martensite + lower baini

Steel D 6.8 59+£0.17.2+0.6 243+3 420 £ 11 martensite

Steel T 7.0 6.4+£0.27.5+£0.1 243+9 500 £ 10 martensite

2.2. Ductile to brittle transition curves of the wéd nuggets

Specimen halves (full thickness 30x95 mm? coupavese press-brake bent into U shapes with a
bending radius of 2 mm, leaving a 30x30 feentral region, and then welded perpendicularly to
each other (Fig. 1). The specimen was attachedips @y bolts, with spacers inserted between
specimen and bolts. The weld was thus loaded nbrimathe sheet plane. This setup was fitted to
an Instron servohydraulic tensile machine, with 3 XN load cell and a climatic chamber.

Temperature was recorded using a thermocouplevegloied on the UXT specimen. The tensile
load and load line displacement curves were rechridgether with the increase in potential drop.
The stress intensity factor was estimated usingttadytical formula developed by Lin and Pan for
square-cup specimens [4] (Eq. 1) over the first2 of crack propagation:

K - J3r {fccz[dz—c2+2d2ln(c/d)]_(dZ—CZ)(—1+|/)+202(1+v)ln(c/d)} 1)
|

Y sk Y(d2-c?) d2(-1+v) - c2(L+V)

In Eq. (1),c is the cup diameter (taken as equaktothe equivalent diameter of the U tensile
specimen)t the sheet thicknesd,the weld diameter arifithe tensile load.Y =d?(v -1)-c?(v +1),

v = 0.3 (Poisson ratio) arfdis a geometrical parameter set to 1. Ductile-itidertransition (DBT)
curves were determined using the fracture toughrassrack initiation,K,c (in fact, crack
propagation leading to a reduction of the bearirgpaay 2%). Ductile and brittle temperature
ranges were estimated from fracture surface exdmimsaby scanning electron microscopy in a
secondary electron imaging mode. Energy disperspectrometry (EDS) was used to analyse
particles on fracture surfaces.



10

L, O N A O ©

13th International Conference on Fracture
June 16-21, 2013, Beijing, China

2.3. Plastic yield and fracture properties of the wld nugget

Two approaches have been reported in literatuestimate the constitutive behaviour of the nugget:
using miniature specimens machined from “actual’ggeis (e.g. [5]), or simulating the
coarse-grained heat-affected zone by heat treatfeenmt [1]). The second approach was chosen
here. Using a Gleeble 3500 simulator under a vag¢uulithickness 12x100 mm?2 blanks were
heated at 1500°Cl’sup to 1290°C (maximum heating rate and temperath@ ensured
homogeneous heating without local melting), andtbeoled using helium gas blowing or water
spraying (the actual spot welding cooling rate dyin between). From temperature monitoring with
spot-welded thermocouples and microhardness meaasuts, a homogeneous heat treatment was
applied over a length of at least 20 mm. Flat umilatensile specimens (15x4 mm?2 in gauge
dimensions) were spark erosion machined from heatdd blanks and pulled in tension using the
same Instron equipment at various temperatureh, avitelongation rate of 1.1 #8*, as measured
from anin situ extensometer (initial gauge length: 8.7 mm). Theegon for small scale yielding
(SSY) conditions in the UXT test was derived frdmde tensile properties. Double edge U-notched
tensile (DENT) specimens were machined from hesttéd blanks of Steel D with a ligament
width of 6 mm, a notch radius of 1 mm, and therigouin tension using the same machine. Notch
opening was recorded by averaging measurementgagxtensometers placed at either edge.

3. Experimental results and discussion

3.1. Ductile to brittle transition curves of the wéd nuggets

3.1.1. Steel T
Load (kN) 100 40
) L z I ’ch ~ y o
ey f e
- "z, ° Ego| ~dKida “/irg'\té\ 30 E
] = . o : E I 04 * m] E
1
o 8 < ! 260 | 0‘ 9, ZOE
< 1 = g o o 1
. | . g | o o ) =
brittle ! DBT | ductile 3 I A g ' =t
= Maximal load X 40 ¢ ! ! 105
R | 5
@) | <>AF crack |n,t|at|on ” (b) britte | DBT : ductild 0-:::
200 -100 0 100 TT((ER)) 200 -100 0  100TTIO%)

Figure 2. DBT curves for Steel T nuggets: (a) laqdrack initiation and weld strength (i.e. maxiruad);
(b) fracture toughness at crack initiation and kmaxtension resistancéda. c) Detailed view of ductile
fracture and EDS analysis of precipitates locatidinvdimples (red arrow)

Only interfacial failure (FIF) was observed. Whilee weld strength only slightly increases with
temperature, a transition is observed in the |ldackack initiation vs. temperature curve (Fig. 2).
Above room temperature, the load only slightly @ases between crack initiation and fracture. The
fracture toughness transition curve showed a matiatsition from 40-50 MPén up to 70-80
MPaVm. In the brittle temperature range, pure cleaviageture initiated from multiple sites all
around the weld. The microstructural feature at tmmin of crack initiation could not be
determined. Many crack deviations led to a rougiatfrre surface and to serrations in the load vs.
displacement curves. In the ductile domain, smawotérfacial cracking occurred. Small dimples
(=5 um in size) aligned along the radial directidrihe weld initiated from tiny particles of 0.4 um
in average size (Fig. 2c) that were mainly phosphignd sometimes aluminium oxides. The dimple
size was consistent with the secondary dendrite apacing of the weld estimated from
metallographic observations [6]. In the DBT rang@cks propagated in a mixed cleavage + ductile
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manner. The roughness of the fracture surface dsedewith increasing test temperature.
3.1.2. Steel D

Although some welds failed in a partial interfaciabde, FIF was observed in the vast majority of
tests. The transition in crack initiation and fraetload is less obvious and more scattered than fo
Steel T but, again, the DBT range encompasses temperature (Fig. 3). The fracture toughness
in the brittle domain is similar to that of Steebtit in the ductile domain, it is lower. Cleavagel a

dimple ductile fracture exhibit similar macroscogarack deviation) and microscopic features as
for Steel T. No particle was found at cleavageatian sites. The average size of dimples and tiny
particles (mainly MnS particles together with sopm@sphides) was 4.5 and 0.3 pm, respectively.

Load (kN)
10 , 80 — 50
brittle DBT 1 ductilg o T SSY it =~
8f LI =107 TTo---{40 E
! agf am [ B : o | €
6l ] "I | § S & 60} 0 20 o I
] A o ] o i o 1 30%
" S 501 o g
8 o o © = ® - 1 o
ar ° 3 o, ¢ | 1202
2 40 yittier B DBT ductile @
2| = Maximal load X 30l oI oK. {108
0 (a) © At crack initiation (b) o dK/da °©
-200  -100 0 100 TI(tE)) 20500 100 0 1001'r(°(®¢)O
Figure 3. DBT curves for Steel D nugget: (a) loadrack initiation and weld strength; (b) fracture
toughness at crack initiation and crack-extensasistance. (c) Ductile dimples nucleated at sukshid
3.1.3. Steel F
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Only FIF was observed for Steel F. The load atlcrattiation and the ultimate load increase with
temperature up to 0°C and -100°C respectively,thed decrease (Fig. 4). The fracture toughness
varies in the same way as the load at crack immhatin contrast to Steels T and D, only ductile
fracture was observed at room temperature, yet livitiied fracture toughness (~55 M¥m). The
fracture mechanisms were similar to those of St€elsd D, with a dimple size of ~4 um and a fine
precipitation of MnS particles of ~0.5 um in singeéther with a few aluminium oxides. Only a few
cleavage facets were found at 0°C but cleavageaddicéed by torn ligaments dominated fracture
surfaces at -40°C. Combined with transition curvesuggests that cleavage and ductile fracture
toughness could be very close to each other irptniscular case.

Figure 4. DBT curves for Steel F nugget: (a) loadrack initiation and maximal load; (b) fractuoaighness
at crack initiation and crack-extension resistafceDuctile dimples nucleated at sulphides

3.1.4. Comparison between Steels T, D, and F

Despite their difference in fracture mechanismeelSt F and D exhibit similar weld fracture
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toughness at room temperature. The main differbeteeen these steels seems to be the fracture
toughness in the ductile domain, which increasek migget hardness. This is consistent with the
similar fracture mechanisms, dimple and particleesior the three steel nuggets: for the
investigated welding conditions and sheet thicknesdy the yield strength, controlled by their
microstructure after cooling, seems to influenceirttiracture toughness in the ductile regime.
Strong fracture deviation was associated with @gavdominated fracture. Crack initiation
occurred perpendicular to the applied load, wheoel®ll dominates. Cleavage initiation sites found
all around the weld suggest a rather uniform valuslode | stress intensity factor for this test. As
cleavage cracks have to deviate to propagate abigissangle boundaries, the influence of Mode Il
loading, which is not uniform around the weld, niagrease during cleavage crack propagation. No
correlation appears between crack extension resstand fracture mechanism (Figs 2b, 3b, 4b).

3.2. Tensile properties of simulated nugget microsictures
3.2.1. Tensile properties of smooth specimens

The dependence of yield strengif on temperature was satisfactorily modelled (Bigusing a
Zener-Hollomon equation (Eqg. 2), wilhthe absolute temperature artie elongation rate:

YS= 10""{T |oglo[%ﬂ . (2)

For Steels D and T, tensile properties are not gensitive to cooling conditions (Table 3) due to
the higher hardenability of these steels leadingatto-tempered martensite. The mechanical
properties of the nugget were assumed to be simoildrose of the helium-blown samples. Since the
hardness and microstructure of Steel F nuggetraezmediate between those of the martensitic
water-sprayed and bainitic helium-blown sampleSictitious” material was considered in order to
represent Steel F nugget: its mechanical propeastiesconstitutive parameters were thus estimated
from those of water-sprayed and helium-blown matgsibalanced by their respective hardness.

Table 3. Mechanical properties of heat-treated ositucture, nugget (edge) and “fictitious” matetiakd to
represent steel F nuggétis the reduction of area at fractuseandb refer to Eq. 2

Steel Cooling Hardness 0.2% proof Tensile strength Fracture 4 a b
(HV0.5) stress (MPa) (MPa) elongation (%) (%)

T Helium-blown 511+9 1061 1547 19 45 419 -0.33
Water-sprayed 548 +12 1086 1666 18 46 4,21 -0.33

D Helium-blown 436 +11 932 1345 17 48  3.77 -0.23
Water-sprayed 478 +8 1008 1443 17 49 426 -0.37

F Helium-blown 296+8 678 978 15 40 423 -041
Water-sprayed 451+9 862 1351 7 47 439 -041
“Fictitious” 431 -0.41

3.2.2. Tensile properties of notched Steel D spesm

As ductile fracture of the nugget is influencedflme particles inherited from rapid solidification,
heat-treated specimens were not representativdieointigget microstructure concerning ductile
fracture. They were only used to derive an estinudtehe critical stress necessary to initiate
cleavage cracking. Five specimens were testedt°€l, close to the brittle domain of Steel D
nugget. Load vs. notch opening displacement cupresented a small serration around 18 kN,
(Point B in Fig. 6a), well before final fracturehi§ could indicate brittle fracture initiation; no
interrupted tensile test was available to provs.thracture surfaces (Fig. 6¢) exhibited cleavage
facets surrounded by ductile shear lips. Closeotomroots, cleavage facets are about 100-200 pm
in size, similar to the prior austenite grain sizéoth helium-blown and nugget edge materials.
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Figure 5. (a-c) Yield strength (YS), Zener-Hollomir(lines), and tensile strength (TS) of heagates
steels. (d-f): Tensile curves: experiments (upaoking, thick lines) and model predictions (thimels)
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Figure 6. (a) Load vs. notch opening curves, (Butated axial stress along the ligament, andrémttire
surface close to notch root of DENT specimens tfitreblown Steel D tested at -100°C

4. Mechanical analysis and derivation of a fracturecriterion

4.1. Constitutive equations

Constitutive equations were determined from uniabeiasile tests. The material were considered as
elastic-plastic, homogeneous and isotropic, withingss modulusE = 210,000 MPa, and Poisson
ratiov = 0.3. A von Mises vyield criterion was used witlt@nbined linear + Voce-like isotropic
strain hardening equation, which reads as follawthe particular case of uniaxial tension:
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Teq =0y T HEL+ Ule(l_eXp_blEP )+ JyQZ(l_eXp_bzgp) (3)
with geq the von Mises equivalent stresgthe yield strengthid a linear strain-hardening parameter
mainly used for large amounts of straih, Q., b; andb, being material parameters. According to
the shape of experimental tensile curves, the galfeQ; and b; were kept independent of
temperature. The values of, H, Q. andb, were fitted for each temperature. Paramétewas
determined from the constitutive equation [5] ahaterial similar to Steel D. This yields a value of
e.g. 600 MPa at 24°C. The fitted sets of constituparameters very satisfactorily described tensile
curves (Fig. 5d-f).

4.2. Cleavage crack initiation criterion from mechaical analysis of the DENT specimens

The mechanical analysis of the test was performatree dimensions thanks to the in-house Z-set
finite element software. One-eighth of the specimas meshed with quadratic bricks with reduced
integration. The specimen head and the region dosthe notch were respectively attributed
constitutive parameters of base metal and of tHaurhéblown material. Displacement of the
specimen head was prescribed as in experimentssiiihdated load vs. notch opening curve fits
well with experimental results up to a notch opgnif ~0.5 mm (Fig. 6a). The axial stress reaches
its maximum g, = 1790 + 40 MPa) at 0.5 mm from the notch roadhatonset of experimentally
observed serrations, angl.{ = 2270 + 20 MPa ) at 0.8 mm from the notch rawtrfotch opening
corresponding to experimental fracture (Points ErHigs 6a and 6b).

4.3. Simplified finite element modelling of the Udsape cross-tensile test
4.3.1. Modelling the UXT test

Only the upper part of the specimen was modellath usual symmetry conditions. Instead of a
U-shaped cross tensile specimen, involving full@Bdelling, a circular-cup geometry was selected
and represented by an axisymmetrical model (Fiy. Cansequently, the crack is only loaded in
Mode I, which can induce dissimilarities with UX&sts especially during crack propagation but
here, only crack initiation was considered. Thatdirelement analysis software Abaqus/Implicit
Standard was used with CAX4R elements (4-node dalinaxisymmetrical quadrangles with

reduced integration and hourglass control). Thiedahg simplifying assumptions were made:

* Indentations caused by the electrodes, locatefidar the notch tip were not taken into account.
The spacer inserted in the U specimen was not rddstietaken into account by allowing no
displacement along the horizontal axis of the irsige of the flange.

* The ligament was only composed of the nugget sectie. the initial crack included both the
non-welded interface and the DBZ. The nugget anddrapart of the heat-affected zone was
assimilated to the nugget material, the softer phthe heat-affected zone being assimilated to
the base metal. The boundary between these twon®givas taken perpendicular to the
interface and located at 0.8 mm from the crack tip.

» Prescribed displacement was applied to a sprintherspecimen flange which represents the
stiffness of the load line [1]. The load is theuléant force on the spring. The stiffness of the
spring (25 kN.mrt) was fitted to the linear part of the load vsptisement curves. To this aim,
the shift in displacement observed at low loadeppably due to some clearance compensations
at the beginning of the tests, were ignored (Hd. 7

* To ensure an accurate description of the stressstranh fields around the crack tip, an initial
semi-circular blunting was modelled. Taking typicalues ofK, (60 MPa/m) andoy (1000
MPa) leads to a crack tip opening displacemenbofial7 pm under a plane strain assumption.
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Consequently, the initial crack tip radius wastee2 pum together with a mesh size close to 0.5
pm. Although the weld strength is overestimatedhgymodel (Fig. 7b) (presumably because of
neglecting work-hardening in folded regions andibthe axisymmetry hypothesis), modelling
results have been used to estimate stress and Bélds in front of the crack tip.

| Loading % Spring 12
: Enlarged view of the crack tlp region axis Model predictio
! — g | |Steel T, 24°Q
! pd [
! <
| - 6
| @
| I o
8 ) xperiment
2 mm 2t 4 Experiment, corrected
''''''''' - from displacement shifi
|Ligament Crack tip 0
: P o~ 0 (b) 0.5 1 1.5 2
Nugget + harder Base metal + softer Displacement (mm)

heat-affected zone heat-affected zone

Figure 7. (a) Simplified finite element model am) €xperimental and simulated UXT load vs. disphaeet
curves of Steel T

4.3.2. Derivation of the stress intensity factodamergy release rate

The finite element model was validated by consitgra fully elastic specimen. The difference
between the predicted value I§f and that derived from the Lin & Pan formula isy8/ MPa/m

for K, = 60 MPa/m. As a consequence of the elastic-plastic behawibthe material, the crack tip
singularity was then described by the energy releage, assimilated to the J-integral. The
independence of calculatddwith respect to the contour (chosen within thedvmlaterial, at least
0.5 mm from the crack tip) was verified in the cat&teel T welds tested at room temperature.

4.4. Assessment of a cleavage crack initiation ceion using the UXT test

The stress state in the nugget during the UXTisedéscribed here by considering Steel D tested at
room temperature (Fig. 8a-b). The central parthef tugget (up to 2mm from the weld centre) is
loaded in compression. Positive values of opentingss are concentrated within a narrow region
(0.6-0.8 mm in width) in front of the crack tipalding to high values (up to 4000 MPa). The high
radial stress, which can reach 2500 MPa, was at&ibto constraints induced by spacers: the base
material is not only bent but also stretched althvegsheet plane. The high resulting stress tridial
limits plastic yielding in front of the crack tifthe opening stress ahead of the crack is reprasente
in Fig. 8c ford = 9.9 kJ.n? (close to the fracture toughness at 0°C.) Thenimgestress depends on
test temperature over 50 um ahead of the crack.éipjn the plastically deformed region. For a
given value of], decreasing the test temperature tends to inctbasmaximal opening stress. The
distance (~15 pm) at which the stress is highesin®st independent of test temperature.

The Ritchie-Knott-Rice (RKR) model [7] was tentatiy applied (Fig. 8c). The region where the
opening stress is higher thagy (o = 2270 MPa) is about 70 um in size 110 kJ.n? whatever
the test temperature. This is larger than the iglasine size (about 50 pm). As plastic deformation
is required to initiate cleavage cracking, craciiation could be controlled by the extent of the
plastic zone rather than by that of the region whbke maximum principal stress exceeds its critical
value. Cleavage fracture is thus not well descriligdg such a simple approach. A statistical model
based on the weakest link like that of Bereminy8lld probably be more appropriate.

-8-
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Figure 8. Model predictions of (a) opening streésklfat room temperature in the weld, (b) radis¢st
along the interface as a function of J and (c) opestress profile as a function of temperatureSiarel D
4.5. Assessment of a ductile fracture criterion usg the UXT test
By using the Rice & Tracey model [9], the instamtans void growth rate can be written as:
p
dR 3 , R 3
—=aexg —1 |dp, leading tdn—:Jaex =r |dp 4)
R 2 R, 2
Po

In Eq. 4,Ris the void radiusR, is its initial value)o = 0.283,7is the stress triaxiality ratig, is the
equivalent plastic strain amm is the equivalent plastic strain at void nucleatim the absence of
interrupted UXT tests, the value pf was set to zero. Determination of the criticaluedR/Ry). of
R/Ry requires a microstructure representative of the fiarticle-containing nugget and could thus
only be fitted from the UXT tests. Macroscopic trae, characterized by = J., occurs as soon as
the local criterionR/R, = (R/Ry). is satisfied over a critical distandg ahead of the crack tip. This
critical distance is usually close to a typicaltaiee involved in the fracture process: the init@b
spacing for instance. It was arbitrarily setdto= 8um, i.e., two times the void spacing observed i
fracture surfaces (Fig. 3c).

3.0 . = 25 ,
R/ Steel F, 24°( : o |
( F?o)cz_5 ! 81 J Prediction of( i
—101 (K.m) 200 quctile -=3 .
11.9 PO o
2.0f fracture Fuw !
135 < 151 R .
—15.0 (=J) E $ - ‘"‘5* = -
5 9 164 2 . . -
~ 10} g - 1 .o
1.0r - ? = * * : []
. . 5 : i ions:
0.5 : 8um(~2 x void spacing o m Steel F :DUCII|§ regionsy
. @) | | o (b) ceSteelD < :
0 10 20 30 40 50 -200 -100 ORT 100 T (°C)

Distance ahead from crack tip (um)

Figure 9. (a) Predicted void radius at room temjpeesand (b) comparison between experimental (full
symbols) and predicteli (open symbols interpolated with lines) as a furctf temperature

The Rice & Tracey model was first applied to decfriacture of Steel F nugget at room temperature.
The experimental fracture toughness of 58 MRaorresponds t&~15 kJ.n¥, under a plane strain
assumption. This value is reached wiRdR, exceeds 2.05 ovel; (Fig. 9a). The value R/R): is
thus estimated to around 2.05. The void growth rha@es then applied to describe the evolution of
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the fracture toughness in the ductile temperatamge of Steel F and Steel D nuggets (Fig. 9b). The
values ofd; were set to two times the initial void spacing éRtR)). = 2.05 for the two materials.
Void growth occurs much more rapidly wiflwhen the temperature increases, due to the decreas
in yield strength and strain hardening. Conseqyeriie values of the J-integral for which
R/R > (R/R)c over distancal, decrease with increasing temperature. The valuek oélculated
from the void growth model were compared to thogeeementally determined thanks to the UXT
tensile tests with a plane strain approximatiorestimateJ. from K. (Fig. 9b). For Steel F, the
decrease ird; in the ductile region is qualitatively predictedtlithe predicted fall od. at higher
temperatures is underestimated. A possible sodrdesarepancy is the extrapolation of constitutive
parameters for temperatures above 24°C. Model greds are satisfactory for Steel D nugget at
120°C where ductile fracture prevalils.

5. Conclusions

The U-shape cross-tensile (UXT) test was appliethéoocal approach of fracture of high strength
steel resistance spot welds. A ductile-to-brittésition curve was obtained for the three stdeais.
two of them, the transition encompasses room teate.

» Brittle fracture occurred by cleavage cracking. Tdr@ical cleavage initiation stress was
estimated to around 2270 MPa. The lower the tenyerathe higher the tendency to crack
deviation in the UXT test, leading to macroscopacfture toughness that could reach that obtained
in ductile fracture (~60 MPRan). The complex stress state in the UXT test coesim-plane
tension and bending ahead of the crack tip. Thiuiges the size of the plastic zone; a simple
approach such as the RKR model is not applicable.

» Ductile voids initiate from a dense distribution fafe sulphide or phosphide precipitates that
result from rapid solidification of the weld. Thegh stress triaxiality and the small distance
between voids lead to rapid interfacial crack pggten without crack deviation. This behaviour
was quantitatively related to microstructural featuusing a Rice and Tracey approach.
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