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1. Introducere

Complexitatea imbinarii sudate privind intelegerea acesteia
ca sistem de material cu eterogenitate semnificativa in
microstructurd si proprietdti mecanice este mai mult decat
evidenta. Si mai mult, comportarea acesteia la rupere depinde
de diferiti factori, in special de proprietitile zonelor ce inconjoara
varful fisurii. Efectul protector al rezistentei mai mari a sudurii
fatd de metalul de baza este bine cunoscut [4, 5], dar pentru o
imbinare sudata anumitd este inca necesard o analizd si
investigatie detaliata.

In scopul evaludrii integritatii structurii sudate, fisurate,
descrisa in alta parte [ 1], se efectueaza investigatia experimentala
si numericd a imbinarilor sudate cu rezistenta excesiva a sudurii
avand o fisura in subzona de granulatie fina a zonei influentate
termic (FG HAZ) respectiv in subzona de granulatie mai mare a
zonei influentate termic (CG HAZ). Investigatia experimentala
ainclus analiza chimica si metalografica a metalului de baza sia
imbinarii sudate, incercarile de duritate si rezilienta, incercarile
de mecanica ruperii pe epruvete standard SENB pentru
evaluarea rezilientei la rupere si masurarea directd a integralei J
pe epruvetele la tractiune. Investigatia numerica a inclus si
analiza tridimensionala cu element finit a imbinarilor sudate. Un
extras al acestei investigatii privind analiza metalografica si
numerica este prezentat in aceasta lucrare impreuna cu analiza
comportarii imbinarii sudate. Investigatia experimentala si
numerica a cuprins doud cazuri: cazul 1 epruveta de tractiune
sudati cu fisura artificiala localizata in zona microgranulara a
ZIT-ului, si cazul 2 epruveta la tractiune sudatd cu fisura
artificiala localizata in zona macrogranulard a ZIT-ului.

2. Descrierea materialului

S-a utilizat otel microaliat de inaltd rezistentd din clasa T StE
420 conform DIN ca material de baz, durificat prin mecanismul
de finisare a granulatiei, cu continut special de C si Ti, asa cum
arata tabelul 2, unde continutul usor mai mare de C (0, 2%)
influenteaza cresterea rezistentei, in timp ce finisarea grauntilor
este cauzata de continutul de Ti (0, 12%). Subiectul investigatiei
este Tmbinarea sudatd n X, de grosime 25mm, efectuatd prin
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1. Introduction

The complexity of the welded joint regarding it’s understand-
ing as material system with significant heterogeneity in the
microstructure and mechanical properties is more than evident.
Furthermore, its fracture behaviour depends on different fac-
tors, especially on the properties of the regions surrounding
the crack tip, too. The shielding effect of overmatching is well
known [4, 5], but for a determined welded joint there is still
need for detailed analysis and investigation.

In the scope of assessment of the integrity of cracked welded
structure, described elsewhere [1], the experimental and nu-
merical investigation of the overmatched welded joints with a
crack in Fine-Grain Heat-Affected-Zone (FG HAZ), and Coarse-
Grain Heat-Affected-Zone (CG HAZ) is performed. The experi-
mental investigation encompassed chemical and
metallographical analysis of the base metal and welded joint,
hardness and toughness testing, fracture mechanics testing on
standard SENB specimens for fracture toughness evaluation
and direct measurement of J integral on tensile specimens. Nu-
merical investigation included three-dimensional finite element
analysis of the investigated welded joints, too. An extract of
this investigation regarding the metallographical and numeri-
cal analysis is shown in this paper, together with an analysis of
the welded joint behaviour. The experimental and the numeri-
cal investigation encompassed two cases: case 1 welded tensile
specimen with artificial crack located in the fine-grained (FG)
HAZ, and case 2 welded tensile specimen with artificial crack
located in the coarse-grained (CG) HAZ.

2. Description of the material

Microalloyed highstrength steel of the T StE 420 class acc.
DIN as base material was considered, hardened by mechanism
of refinement of the grain, with particular content of C and Ti,
as shown in Table 2, whereas the slightly higher C content
(0.2 %) effects the strength increasment, while the grain refine-
ment is basically caused by the Ti content (0.12 %). The sub-
ject of the investigation is doublesided X welded joint, 25 mm
thick, performed by MMA technique in several passes. The
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tehnica MMA cu mai multe treceri. Metalul de adaos este
electrod bazic invelit E 46 5 B42 HS, cu compozitia chimica
obisnuitd, asa cum se vede in tabelul 1.

Masuratorile de duritate se efectueaza pe straturile de sub
suprafata (H1-1, H1-2, H3-2, H3-2, figura 1), unde prezenta
structurii cu granulatie marita este evidenta datorita stratului
final realizat printr-o singura trecere fara alt tratament termic,

filler metal is coated basic electrode E 46 5 B42 HS, with typical
chemical composition as shown in Table 1.

Tabelul 1. Proprietatile mecanice ale materialului de baza si ale
materialului de adaos/

Table 1. Mechanical properties of the base metal and the filler
material

respectiv in mijlocul sudurii (H2-1, H2-2, Figura 1) si 1angd zona Rp0,2 Rm AS
de radicina, la adancimea ce corespunde asezarii varfului fisurii. (MPa) (MPa) (%)
Tinand cont de rezistenta superioara a metalului de adaos, MB/ BM 420 604 25
era de asteptat o diferentiere semnificativa in cadrul imbinarii. MA/ FM 460 640 22
Tabelul 2. Compozitia chimica a materialului de baza si a materialului de adaos/
Table 2. Chemical composition of the base metal and the filler material
Compozitia chimica/ Chemical composition [%]
C Si Mn P S Ti Cr Al Cu Ni V Mo Nb
MB/BM | 0,2 | 0,44 | 1,35 | 0,012 0,01 0,12 | 0,15 | 0,06 | 0,05 | 0,1 | 0,008 | 0,015-0,001
MA/FM | 0,05 | 0,51 | 1,56 | 0,011 0,008 - 0,04 - 0,1 | 0,02 | 0,03 0,1 0,01

Totusi, masuratorile de duritate au demonstrat diferente mici
pentru diferite valori ale metalului depus, méasurate de-a lungul
liniei V1 (figura 3 - valori medii adoptate: HV1,4 = 212,
HVlumplere = 205, HV1 ultimul rand — 215) $1 metal de baza
(HV1gy=185), care indica o eterogenitate moderata a imbinarii
sudate. Aceasta stare este rezultatul amestecului dintre metalul
de baza si metalul de adaos 1n faza lichida cat si influentele
ciclurilor termice asupra zonelor solidificate. Latimea ZIT-ului
este de aproximativ 3mm si nivelul tipic de duritate de langa
suprafata pentru structura ,,reald” de granulatie mare este de
circaHV1 =350, in timp ce in adancime, in apropierea varfului
fisurii, care a fost relevant pentru determinarea curbelor 6—¢,
duritatea a variat intre HV1 = 281 pentru zona ,,cvasi”
macrogranularda a ZIT-ului si HV1 = 221 pentru zona
microgranulara a ZIT-ului, figura 4. Aceste rezultate sunt
utilizate pentru determinarea curbelor c—¢ si, de asemenea,
pentru analiza cu element finit a imbinarii sudate.

3. Analiza metalografica
3.1. Structuraimbinarii sudate

Structura metalului de baza este ferito-perlitica, tipica pentru
tablele subtiri laminate. In zona de tranzitie de la metalul de
baza la ZIT, se poate observa structura ferito-perlitica degradata,
figura 5, cu graunti mai mici, ca urmare a recristalizarii partiale.

Structura ZIT-ului este, in principal, ferito-perlitica de
granulatie find in apropierea metalului de baza. Spre linia de
topire se observa cresterea grauntilor, cu prezenta mica (10-
15%), dar semnificativa a bainitei superioare de-a lungul liniei
de topire, pe langa ferita si perlita. In general, la acest tip de
otel, in apropierea liniei de topire, in asa numita subzona de
supraincalzire, apare structura bainitica, in timp ce la viteze mai
mari de racire poate apare si martensita [2]. Totusi, In acest caz
(grosime > 10 mm) posibilitatea aparitiei martensitei este
neglijabila, de unde rezulta ca zonele luminoase din figura 6 si 7
sunt ferita si nu martensita, [2].

3.2. Analiza fractografica

Figurile 8+13 arata structurile macro si micro ale anumitor
faze de propagare a fisurii in timpul incercarilor la tractiune atat
pentru cazul 1 cat si pentru cazul 2.

The microhardness measurement is performed on the sub-
surface layers (H1-1, H1-2, H3-1, H3-2, Figure 1), where the
presence of coarsegrained structure is evident due the final
singlepass layer having no further heat treatment, as well in the
middle of the weld (H2-1, H2-2, Figure 1) near the root area at
the depth corresponding to the crack tip location.

H2-1

H2-2

H3-1 H3-2

70+ Daa

Figura 1. Pozitiile pentru masurarea microdurtatii/
Figure 1. Micro-hardness measuring positions

Having in mind the higher strength of the filler material,
significant overmatch was expected. However, the micro-hard-
ness measurement exhibited small differences for different weld
metal values, measured along V1 line (Figure 3 -adopted aver-
age values: HV1,,,=212, HV15=205, HV1 gace pass=215) and
the base metal (HV 1,=185), indicating moderate overmatch of
welded joint. This state is a result of the mix up between the
base and the filler metal in liquid phase, as well the influences of
the thermical cycles on the solidified regions. The width of
HAZ is approximately 3 mm and typical hardness level near the
surface for ,,true” coarse-grained structure is about HV1=350,
whereas at depth near the crack tip, which was relevant for the
o—¢ curves determination, the hardness varied between
HV1=281 for the ,,quasi” CGHAZ and HV1=221 for the FG HAZ,
Figure 4. These results are used for c—¢ curve determination,
and also for the FEM analysis of the welded joint.

3. Metallographical analysis
3.1. Structure of the welded joint

The structure of the base metal is ferritic-perlitic, typical for
rolled sheets. At the transition zone from the base metal into
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Atat cazul 1 cat si cazul 2 prezinta propagarea fisurii spre
metalul de baza, figura 8 51 9. in cazul 1, fisura a fost localizata in
zona de granulatie find a ZIT-ului. Pe suprafetele libere fisura a
inceput propagarea direct spre metalul de baza, figura 10 (a) si
11 (a) sau a pornit de-a lungul directiei zonei de granulatie fina
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the HAZ, degenerative ferritic-perlitic structure could be no-
ticed, Figure 5, with grain of smaller size in regard of the base
metal, as a result of partial recristalisation.

The HAZ’s structure is, basically, fine-grained ferritic-perlitic
near the base metal. Towards the fusion line increasing of the

HV1

LS - partea stanga / left side

RS - partea dreapta / right side

5_H1-1 - strat de suprafata de-a lungul H1-1/
surface layer-along H1-1

S_H3-1 - strat de suprafata de-a lungul H3-1/
surface layer-along H3-1

S_H1-2 — strat de suprafata de-a lungul H1-2/
surface layer-along H1-2

S5_H3-2 — strat de suprafata de-a lungul H3-2/
surface layer-along H3-2

HAZ-U - latime ZIT sub suprafata/
HAZ width under the surface

HAZ-M — l&time ZIT in mijloc/
HAZ width in the middle

MA_H2-1 — mijloc de-a lungul H2-1
(corespunzator pozitiei varfului fisurii)/
middle-along H2-1

300

S \iaz.
2 AZ-M_

250

{corresponding to the crack tip position)
MA_H2-2 — mijloc de-a lungul H2-2
(corespunzator pozitiei varfului fisurii)/
middle-along H2-2
(corresponding to the crack tip position)
T - ZIT macrogranular “real” care exista doar in
profunzimi corespunzétoare trecerii la suprafata)/
“true” coarse grained HAZ existing only
in the depths corresponding to the surface pass

L MA_H2-2 Q - ZIT “cvasi” macrogranular datoritd tratamentului
termic/
% “quasi” coarse grained HAZ due to the
Q thermical treatment
D - distanta privind linia de topire/
458 distance regarding fusion line
4 3 2 4 0 1 2 3 4 5 6 7 g 10 11
D [mm]

Figura 2. Distributia microduritétii masurate in jurul liniei de topire (,,punctele zero” figura 1)/
Figure 2. Distribution of the measured micro-hardness around
the fusion line (,, the zero points” in Figure 1)

300 SP - trecere la suprafata/
- surface pass
g F — umplere/ fill
R — radéacina/ root
250
SP F R F SP
‘\ s P v
200 — ~ _—
mediu/ mediu/ mediul mediu/ mediu/
averaga average average average average
HV1=215 HV1=205 HV1=212 HV1=205 HV1=215
150 - .
0 5 25 3t

10 15 20
grosime / through thickness [mm)]

Figura 3. Distributia microduritatii masurate HV1
pe directia V1 (vezi figura 1)/
Figure 3. Distribution of the measured micro-hardness HV1
along V1 (see Figure 1)

a ZIT-ului si ca dupd o scurtd propagare se deplaseaza cu un
unghi mare de 140° spre metalul de baza, figura 11 (¢). Dupa
aceea, isi mentine aceeasi directie de propagare ca rezultat al
contractiei libere. In mijloc, se poate observa o mica deviatie a
traiectoriei fisurii spre metalul de baza, si ca propagarea s-a
indreptat in linie intrerupta, direct pe toata grosimea, figurile 10
(b)si 11 (b). Aceasta comportare rezulta din starea de triaxialitate
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Figura 4. Profilul sudurii/ Figure 4. Profile of the weld

grain is noticed, with particularly small (10-15 %), but signifi-
cant presence of upper beinite along the fusion line, besides
the ferrit and the perlit. In general, in this steel typ near the
fusion line, in the so-called coarse-grained region, the beinite
structure occurs, while at higher cooling rates martensite could
occur [2], too. However, in this case (thickness >10 mm) the
possibility for martensite occurrence is negligible, hence, the
light spots on the Figures 6 and 7 are ferrit, and not
martensite [2].
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ridicata in mijlocul epruvetei datorita constrangerii materialului
inconjurdtor care conduce la scaderea rezistentei la rupere a
materialului in care se propaga fisura. Oricum, in acest caz
materialul de baza a absorbit o anumita cantitate de deformare
si a contribuit la prevenirea ruperii fragile.

Figura 5. Transformarea structurii in zona de tranzitie MB/ZIT
a) structurd a MB in siruri ; b)micsorarea grauntilor si disparitia
structurii in siruri; ¢) disparitia completa a structurii in siruri/
Figure 5. Transformation of the structure at the transition
region BM/HAZ : a) significant striping steered structure in the
BM; b) decrementation of the grain and disappearing of the
striping structure; c¢) complete disappearing of the striping
structure

Figura 7. Bainita cu ferita in retea (x300)/
Figure 7. Beinite with ferritic grid (< 300)

De asemenea, in cazul 2 fisura s-a propagat spre metalul de
baza, cu exceptia traseului mai lung de propagare al fisurii pana
la intrarea 1n structura metalului de baza, intrucat varful initial a
fost localizat in subzona de granulatie mare a ZIT-ului. In acest

Figura 9. Propagarea fisurii caracteristica pentru cazul 2
(varful fisurii in zona de granulatie mare a ZIT-ului)/
Figure 9. Characteristic crack propagation for the case 2
(crack tip in the CGHAZ)

caz, fisura a fost localizaté in subzona de granulatie mare a ZIT-
ului, figurile 12 si 13 si, In anumite puncte de-a lungul imbinarii
sudate, direct pe linia de topire, figura 13 (b). La suprafetele
libere, figurile 13 (a) si 13 (¢), propagarea fisurii se deplaseaza
direct prin subzona de supraincalzire a ZIT-ului, si apoi se
indreapta spre metalul de baza. Suplimentar, figura 13 (a) arata
multipla directionare a propagarii fisurii, care se deplaseaza usor
spre metalul de baza, apoi deodata brusc spre metalul depus si
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3.2. Fracture analysis

Figures 8+13 show macro- and micro-figures of certain states
of the fracture propagation during the tensile tests of, both
casel and case 2.

Both, case 1 and case 2 exhibited crack propagation towards
the base metal, Figures 8 and 9. In the case 1, the crack was
located in the finegrained region of the HAZ. On the free sur-
faces the crack has started it’s propagation straight towards the
base metal, Figures 10(a) and 11(a), or has started along the FG
HAZ direction and than after short propagation shifts with

Figura 6. Zona de tranzitie metal de baza/ZIT
in apropierea stratului de acoperire (% 300)/
Figure 6. Transition region base metal/HAZ
near the covering layer (x 300)

Figura 8. Propagarea fisurii caracteristica pentru cazul 1
(varful fisurii In zona de granulatie find a ZIT-ului)/
Figure 8. Characteristic crack propagation for the case 1
(crack tip in the FGHAZ)

Figura 10. Macrostructuri cu propagarea fisurii
pentru cazul 1: a) la suprafatd —stare de deformare plana;
b) in mijlocul epruvetei —stare de tensiune plana/
Figure 10. Macrofigures of the crack propagation for
the case 1: a) at the free surface-plane strain state;
b) in the middle of the specimen-plane stress state

great angle of app. 140° towards the base metal, Figure 11(c).
After that, it keeps the same direction of propagation as result
of free contraction. In the middle, small deviation of the crack
path towards the base metal could be noticed, and than the
propagation has directed in broken line directly through-thick-
ness, Figures 10(b) and 11(b). Such behaviour is resulting from
the high tri-axial state in the middle of the specimen due to
constraining of the surrounding material leading to decreasing
of the fracture resistance of the material of crack propagation.
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din nou deodata brusc spre metalul de baza, de fiecare data la
un unghi de 180°. Astfel de manevre bruste ale traiectoriei de
propagare rezulta din natura in subzona de granulatie mare a

varf fisura/
crack tip

VERRENIEN
crack tip

varf fisura/
crack tip

Figura 11. Microstructuri (x 75) cu propagarea fisurii
pentru cazul 1: a, ¢) la suprafatd; b) in mijloc/
Figure 11. Microfigures (% 75) of the crack propagation
for case 1: a, c) at the surface; b) in the middle

Figura 12. Macrostructuri cu propagarea fisurii pentru cazul 2:
a) la suprafata - stare de deformare plani; b) in mijlocul
epruvetei - stare de tensiune plana/

Figure 12. Macrofigures of the crack propagation for the case 2:
a) at the surface - plane strain state; b) in the middle of
the specimen - plane stress state

ZIT-ului si linia de topire, cat si ingredientele concentrate in
jurul limitelor grauntilor. Propagarea fisurii in mijloc a prezentat
anumita comportare fragila datorita starii plane de deformatie
explicata mai sus.

4. Analiza cu element finit (FEM)
4.1. Modelarea epruvetei

Proprietatile mecanice si curbele c—¢ ale imbinarilor sudate
eterogene (MD, in subzona de granulatie mare a ZIT-ului si in
subzona de granulatie find a ZIT-ului, figura 14) sunt evaluate
prin combinatia valorilor duritatii si a legii Ramberg-Osgood ,
[4, 5]. Parametrii de intrare au fost duritatea HV 1 cat si ciclurile
de sudare simulate care au permis estimarea raportului Atgs
prin comparatie intre valorile HV1 ale zonelor imbinate prin
sudare si structurile simulate, care, de asemenea, au permis
evaluarea exponentului de ecruisare, agsa cum se arata in [1].

Programul ANSY'S pentru analiza structurala cu element finit
a fost utilizat pentru pre-procesare, procesare si post procesare.
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Such stress state could result with brittle fracture if the crack is
surrounded by material of higher strength. Anyhow, in this
case the base material has absorbed certain amount of the de-
formation and has prevented the brittle fracture.

Likewise, in the case 2 the crack has propagated towards the
base metal, with exception of the longer way of crack propaga-
tion till the entrance in the base metal structure, since the initial
tip was located in the CG HAZ. In this case, the crack was
located in CG HAZ, Figures 12 and 13, and, in certain points
along the welded joint, is directly by the fusion line, Figure
13(b). At the free surfaces, Figure 13(a) and 13(c), the crack
propagation moves directly through the CG HAZ, and than
shifts towards the base metal. Furthermore, Figure 13(a) shows
multiple directioning of the crack propagation, lightly shifting
towards the base metal, than sudden sharp shunt towards the
weld metal, and again sudden sharp shunt towards the base
metal, each time in angle of app. 180°. Such sharp shuntings of
the propagation path are resulting from the nature of the CG

VELRIENE
crack tip

varf fisura/
crack tip

> WM

varf fisurd/ crack tip

Figura 13. Microstructuri (x75) cu propagarea fisurii
pentru cazul 2: a, c) la suprafatd; b) in mijloc/
Figure 13. Microfigures (X 75) of the crack propagation
for case 2: a, c) at the surface; b) in the middle

HAZ and the fusion line, as well the ingredients concentrated
around the grain boundaries. The crack propagation in the
middle has exhibited certain brittle behaviour due to the plane
strain state explained above.

4. FEM analysis
4.1. Specimen modelling

The mechanical properties and c—¢ curves of the heteroge-
neous welded joint (WM, CGHAZ and FGHAZ, Figure 14) are
assessed through combination of micro-hardness values and
Ramberg-Osgood law, [4, 5]. Input parameters were the micro-
hardness, measured by HV 1, as well simulated welding cycles
enabling estimation of the Atgs by comparison between the
values of HV1 of the welded joint regions and the simulated
structures, which, also, enabled strain hardening exponent
evaluation, as shownin [1].

ANSYS package for FEM structural analysis was used for
pre-processing, processing and postprocessing. The welded
joint is modelled with it’s characteristic regions with different
mechanical properties, approximated as multiregion material
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Imbinarea sudata a fost modelata cu zonele sale caracteristice
avand diferite proprietéti mecanice, aproximate ca un sistem de
materiale eterogen cu zone diferite care consta din radacina,
straturi de umplere §i de suprafata si ZIT-ul alcatuit ca un sistem
bi-metal care contine cele doua subzone cu aproximativ 1, Smm
latime fiecare si in final , materialul de baza, figurile 15 si 16.

1200

1-CG HAZ
2-FG HAZ
3-WM SP
4-WMR
5-WMF
6-BM

6
N
400

BM -~ metal de bazd/ base metal (experimental)
200 WM — metal depus/ weld metal

CG HAZ — ZIT macrogranular/ coarse grained HAZ
FG HAZ = ZIT microgranular! fine grained HAZ

1000

0 5 10 15
€ [%]

20 25 30

Figura 14. Curbele tensiune - deformatie determinate ale
zonelor imbindrilor sudate/
Figure 14. Determined stress-strain curves of
the welded joint s regions

Varful fisurii curaza de 0, 05 mm, adica varful fisurii in analiza
tri - dimensionalad este modelat cu o finisare mare a retelei,
necesitand astfel un numar mare de noduri 2D cu 8 elemente
adica noduri 3D cu 20 elemente. Aceasta confera singularitatea
tensiunii §i deformatiei in jurul micii zone din fata varfului fisurii.
Fiecare element de la varf are 3 noduri independente ceea ce
este un postulat pentru comportarea elastico-plasticad a

HW

Figura 16. Finisarea retelei din jurul varfului fisurii -
zond de varf a fisurii mult marita/
Figure 16. Refinement of the mesh around
the crack tip — enlarged crack tip region

materialului in zona tensiunilor si deformatiilor marite, conform
curecomandarile ESIS [3, 7]. Comportarea materialului in fisierul
de introduce ANSYS a fost modelaté cu ajutorul curbei tensiune-
deformatie, suplimentar cu modulul de elasticitate i coeficientul
Poisson.

Conditiile la limita sunt definite astfel incat modelul AEF
este pe o parte complet constrans si partial permitand translarea
liberd intr-o directie. Solicitarea este aplicata ca forta distribuita
egal pe suprafata perpendiculara pe directia fortei. Deoarece se
cere analiza elasto-plasticd, valoarea fortei este aplicata incre-
mental in cétiva pasi cuprinzand un numar mare de subpasi la
fiecare pas, cu un numar maxim de 50 de iteratii. indeplinirea
tolerantelor riguroase in timpul rezolvarii problemelor neliniare
a fost lasata pe seama programului, ceea ce a condus la rezultate
bune.
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system consisting the root, fill and surface layers, and the HAZ
region determined as bimaterial system consisting the two
subzones with approximate width of 1.5 mm each, and, finally,
the base metal, Figures. 15 and 16.

The tip with radius of 0.05 mm i.e. the front of the crack in the
threedimensional analysis is modelled with big refinement of

SL - strat de suprafata/
surface layer

Figura 15. Modelul simplificat de analiza a elementului finit a
imbinarii sudate: caz 1 — fisura in subzona de normalizare cu
granulatie find; b) vedere imbinare sudata; c) caz 2 — fisurd in
subzona de supraincalzire a ZIT-ului /
Figure 15. The simplified FEM model of the welded joint:
a) case 1 — crack in FG HAZ; b) welded joint sight;
¢) case 2 — crack in CG HAZ

the mesh, thus requiring large number of 2D 8-node i.e. 3D
20 node elements. This provides singularity of the stress and
the strain around the small zone in front of the crack tip. Each
element at the tip, has 3 independent nodes which is a postu-
late for elastic-plastic behaviour of the material in the zone of
increased stresses and straines, according to the ESIS recom-
mendations [3, 7]. Material behaviour in the ANSY'S input file
was modelled by multi-linear stress-strain curve, in addition
with the Elastic modulus and the Poisson’s ratio.

Figura 17. Modelul 3D cu zona varfului fisurii marita/
Figure 17. The 3D model with enlarged crack tip region

The boundary conditions are defined in such manner so the
FEM model is one sided completely constrained and partially
(free translation in one direction). The loading is applied as
force distributed evenly on the surface perpendicular to the
force direction. Since elastic-plastic analysis is required, the
value of the force is incrementally applied within several steps
and a large number of substeps in each step, with maximal number
of 50 iterations. The accomplishing of the rigorous tolerances
during the solution of non-linear problems was left to the pro-
gram itself, which revealed good results.

4.2. Analysis of the obtained results

The essential scope of this investigation was to analyse the
reasons of the fracture behaviour exhibited by the experimental
investigation [1] by adoption of proper numerical models, for
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4.2. Analiza rezultatelor obtinute

Scopul esential al investigatiei a fost analizarea motivelor
comportarii la rupere demonstrate de investigatia experimentala
[1] prin adoptarea modelelor numerice adecvate, scopului
analizei starii de tensiune si deformatie in jurul varfului fisurii.
Analiza numerica a constat din modelarea 3D si 2D. In general,

Influenta eterogenitate

the purposes of the analysis of the stress-strain state around
the crack tip. Numerical analysis consisted of 3D and 2D
modelling. In general, the behaviour of a specimen is 3D, but
2D analysis is also beneficial since the plane stress and plane
strain conditions are the two thresholds limiting the structure
behaviour. The first one, plane stress state, is dominant on the
free surface i.e. it is typical for structures of small width, and the
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Figura 18. Conditii la limitd/ Figure 18. Boundary conditions

comportarea unei epruvete este in 3D, dar analiza 2D este de
asemenea benefica atat timp cat conditiile privind planul
tensiunii §i al deformatiei sunt aplicate pe marginile structurii.
Prima, starea plana de tensiune, este dominantd pe suprafata
libera, adicd este tipica pentru structurile cu latime mica si a
doua, starea plana de deformatiei, este dominanta in mijlocul
epruvetei adicd este tipica pentru structurile cu latimi mai mari.
Conditia tridimensionala este intre aceste doua conditii extreme,
deoarece latimea epruvetelor incercate este intre definitia latimii
mici si a celei mari. Trei modele pentru fiecare caz au fost utilizate
in analiza numerica: 2D — tensiune plana si deformatie plana si
3D. Rezultatele numerice pentru forta aplicatd F functie de
CMOD si pentru J functie de CMOD sunt prezentate in figura
19 si respectiv 20.

Ambele perechi de curbe, F functie de CMOD si J functie de
CMOD au demonstrat o bund corelare intre rezultatele
experimentale si cele numerice 3D, figurile 19 si 20. Prin
comparatie cu analiza 2D curbele experimentale s-au situat intre
cele doud conditii extreme, asa cum era de asteptat. Lipsa de
corelare partiala Intre rezultatele numerice si experimentale se
poate explica prin urmétoarele motive: a) simplificarea geome-
trica a imbinarii sudate, inclusiv forma, dimensiunile si compozitia
acesteia care este aproximata fiind construitd din radacina,
randuri de umplere, si treceri la suprafata desi contine zone
structurale mult mai diferite cu diferite proprietati mecanice; b)
simplificarea comportarii materialelor, considerand determinarea
analitica — evaluarea curbelor 6—¢ pentru zonele mbinate prin
sudare utilizand legea Ramberg-Osgood; si ¢) analiza elementului
finit utilizatd aici nu include propagarea fisurii.

Buna corelare intre experiment si simularea numerica este
evidentd, aceasta permitdnd considerarea in continuare a
rezultatelor relevate, in special a distribuirii tensiunii si
deformatiei. Pentru a evalua comportarea imbinarii, in cele ce
urmeaza se prezinta distributia deformatiei i tensiunii in mijlocul
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second one, the plane strain state, is dominant in the middle of
the specimen i.e. it is typical for structures of greater width. The
three-dimensional condition is between these two extreme
conditions, since the width of the tested specimens is between
the definition of small and great width. Three models for each
case are taken into the numerical analysis: 2D - plane stress and
plane strain, and 3D. Numerical results for remote force F vs.
CMOD and for J vs. CMOD are shown in Figures 19 and 20
respectively.

Both pairs of curves, F vs. CMOD and J vs. CMOD exhibited
good agreement between the experimental and 3D numerical
results, Figs. 19 and 20. Comparing with the 2D analysis, the
experimental curves were between the two extreme conditions,
as expected. The partial mis-agreement between the numerical
and experimental results can be explained by following reason-
ing: a) geometrical simplification of the welded joint, including
its shape, dimensions, and its composition which is approxi-
mated as being built of root, fill, and surface passes, although it
contains much more different microstructural regions with dif-
ferent mechanical properties; b) material behaviour simplifica-
tion, having in mind the analytical determination - assessment
of the c—¢ curves for the welded joint regions using the
Ramberg-Osgood law; and c) the finite element analysis used
here did not include crack extension.

The good agreement between the experiment and numerical
simulation is obvious, thus allowing further consideration of
the revealed results, particularly of the stress and strain distri-
bution. In order to assess the joint’s behaviour, in the follow-
ing, the distribution of the strain and the stress in the middle of
the specimen’s thickness is shown for different loading levels.
The contour displays are set to represent the typical strain val-
ues: 0.2% - corresponding to the Yield strength, and the elon-
gation A [%] - corresponding to the rupture stage. The equiva-
lent von Mises strain and stress are analysed.

As shown, in the both cases the weld strength mismatch has
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grosimii epruvetei pentru diferite nivele de incércare. Dispunerea
conturului este astfel aleasa Incat s reprezinte valori tipice ale
deformatiei: 0,2% - corespunzitor rezistentei la curgere si
alungirea A [5] — corespunzitoare fazei de rupere. Se analizeaza
tensiunile si deformatiile echivalente von Mises.

significant role in the strain distribution. The strain distribution
for the case 1 (crack tip located in fine-grained HAZ), as
presented in Figures 21a, shows strong influence of the
surrounding regions with different properties and size, pushing
the deformation in the direction of the base metal. This effect is
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Figura 19. Curbele F functie de CMOD: a) Epruveta cu varful fisurii in ZIT zona microgranulara;
b) Epruveta cu varful fisurii in ZIT zona macrogranulara/
Figure 19. F vs. CMOD curves: a) Specimen with crack tip in FG HAZ; b) Specimen with crack tip in CG HAZ
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Figura 20. Curbele J functie de CMOD: a) Epruveta cu varful fisurii in ZIT zona microgranulara;
b) Epruveta cu varful fisurii in ZIT zona macrogranulara/
Figure 20. Jvs. CMOD curves: a) Specimen with crack tip in FG HAZ, b) Specimen with crack tip in CG HAZ

Dupa cum se vede, in ambele cazuri, eterogenitatea rezistentei
sudurii are un rol semnificativ in distributia deformatiei.
Distributia deformatiei pentru cazul 1 ( varful fisurii localizat in
subzona ZIT cu granulatie find ), agsa cum se prezinta in figura 21
a, aratd influenta puternica a zonelor inconjuratoare cu diferite
proprietati si marimi, impingand deformatia in directia metalului
de baza. Acest efect este consecinta catorva influente asociate.
Adica, fisura este localizata in subzona de granulatie fina a ZIT-
ului, care este plasata intre subzona de granulatie mare cu
rezistentd la curgere mai mare (Rp, , = 605 MPa) si metalul de
baza cu rezistenta la curgere mai mica (Rp,= 420 MPa).
Deformatia este blocata pe directia metalului depus si este
directionata spre metalul de baza pentru incércari mai mici, dar
si pentru incarcari mai mari. Aceasta s-ar putea explica prin
urmatoarele motive: in primul rand, subzona de granulatie mare
a ZIT-ului, cu rezistenta mare, actioneaza ca o barierd, prevenind
propagarea deformatiei pe directia structurilor mai putin duc-
tile, in al doilea rand, datorita acestei constrangeri, $i a
concentratiei mare de tensiune din jurul varfului fisurii,
deformatia a fost directionata spre metalul de baza, siin al treilea
rand, deplasarea deformatiei spre metalul de baza, figura 14, dar
mult mai mare in dimensiuni in comparatie cu ZIT-ul. In cazul 2,

consequence of several associated influences. Namely, the crack
is located in the fine-grained HAZ region, which is placed
between coarse-grained region with higher yield strength
(Rpg» = 605 MPa) and the base metal with lower yield strength
(Rpg» = 420 MPa). The deformation is blocked in the direction
of the weld metal and is directed towards the base metal for
lower but also for higher loads. This could be explained by the
following reasons: first, the high strength CG HAZ acts like
barrier, preventing the propagation of deformation in the
direction of less ductile structures, secondary, due to this
constraint, and high stress concentration around the crack tip,
deformation was directed toward the base metal, and third, the
shifting of deformation towards the base metal is supported by
the weld metal as well, although having only slightly higher
strength than the base metal, Figure 14, but much larger size
compared to HAZ. In the case 2, Figures 21b, the crack is located
in the material with high yield strength, surrounded by the
more ductile fine-grained HAZ region and the weld metal,
having similar yield strengths, Rp,, =461 and 478 MPa,
respectively. At lower loads, having better ductility, the
surrounding fine-grained HAZ, as well the weld metal absorb
the deformation, thus relaxing the crack tip region placed in
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figurile 21 b, fisura este localizata in materialul cu rezistenta
mare la curgere, Inconjurata de zona ZIT mult mai ductila
microgranulara si metalul de baza, ce are rezistente la curgere
similare, Rp,, =461 sirespectiv 478 MPa. La solicitari mai mici,
avand o ductilitate mai buna, ZIT-ul microgranular inconjurétor,
cat si metalul depus absorb deformatia, astfel relaxand zona
varfului fisurii plasata in ZIT-ul macrogranular. La solicitari mai
mari, nu numai din cauza rezistentei la curgere usor mai mica,
dar si din cauza deplasarii centrului de rotatie, deformatie este
deplasata spre metalul de baza prin ZIT-ul microgranular, figurile
21b. Datorita acestei absorbtii a deformatiei, zona plastifiata
din jurul varfului fisurii este mai mica prin comparatie cu cea de
lacazul 1.

5. Concluzii

Comportarea imbinarii sudate cu fisura plasata in subzona
de granulatie find a ZIT-ului este influentata in mod semnificativ
de subzona de granulatie mare a ZIT-ului adiacenta sustinuta si
de metalul de baza. Prin blocarea deformatiei libere, acest efect
cauzeaza si o stare de tensiune triaxiala ridicata. Desi pe de alta
parte metalul de baza mai ductil accepta deformatia, aceasta
conduce la deteriorarea comportarii la rupere a ZIT-ului
microgranular, comparat cu comportarea acestuia intr-o stare
fara efectul eterogenitatii [8]. In celalalt caz, existd ZIT-ul
macrogranular, cu rezistenta la rupere mai micé, dar, din mo-
ment ce este inconjurat de zonele cu rezistentd mai mica si
plasticitate mai mare, acest efect conduce la absorbtia
deformatiei de catre aceste zone mai putin ductile, cauzand
conditii de tensiune mai favorabile pentru ZIT-ul macrogranular,
comparat cu comportarea acestuia intr-o stare fara efectul
eterogenititii [§]. Oricum ambele cazuri au demonstrat rezistenta
mare la rupere datoritd efectului de bariera al eterogenitétii.
Dupa propagarea initiala a fisurii in ZIT-ul microgranular sau
cel macrogranular, diferentele relativ mici ale rezistentei au
schimbat directia de propagare a fisurii spre metalul de baza mai
slab si mai ductil, scazand astfel viteza de propagare a fisurii. in
general se obtine o stare de tensiune — deformatie mai favorabila
in jurul varfului fisurii in cazul in care materialul adiacent are
rezistentd mai mica si plasticitate mai mare (eterogenitate mare),
in acest fel materialul absoarbe deformatia sub incarcare,
reducand astfel tensiunile in zona varfului fisurii, imbunatatind
rezistenta la rupere. Aceasta se refera in special la metalul depus,
ca fiind zona cea mai periculoasd pentru aparitia fisuri. S-a
adoptat abordarea eterogenitatii rezistentei [4, 5, 6, 7] datorita
intelegeri faptului cd pentru o stare mult mai benefica de tensiune
— deformatie in jurul varfului fisurii metalul depus ar trebui ca
acesta sa fie mai ductil si mai rezistent, astfel ca sd poata suporta
fisurile posibile in conditii de sigurantd marita. Dar, aceasta
combinatie constrange deformatia in metalul depus, ceea ce ar
putea conduce la cresterea nivelului tensiunii la o valoare foarte
critica, care conduce la ruperea brusca.
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coarse-grained HAZ. At higher loads, not only because of
slightly lower yield strength, but also because of the shifted
rotation centre, deformation shifted toward the base metal
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Deformatie echivalenta a tensiunii/
Equivalent strain at remote stress ¢ = 166.67 MPa=F =8t

Deformatie echivalenta a tensiunii/
Equivalent strain at remote stress ¢ =250 MPa=F =12t

Deformatie echivalentd a tensiunii/
Equivalent strain at remote stress 6 = 250 MPa=F =12t

Figura 21. Propagarea deformatiei la varful fisurii
a) fisura in FG HAZ; b) fisurd in CG HAZ /
Figure 21. Strain propagation at the crack front
a) crack in FG HAZ; b) crack in CG HAZ

through the fine-grained HAZ, Figures 21b. Due to this
absorption of the deformation, the plastified zone around the
crack tip is smaller comparing to the one in case 1.

5. Conclusions

The behaviour of welded joint with crack placed in fine-
grained HAZ is under significant influence of the adjacent
coarse-grained HAZ supported by the weld metal as well. By
blocking the free deformation, this effect causes high threeaxial
stress state and. Although on the other side the more ductile
base metal accepts the deformation, this leads to deterioration
of the fracture behaviour of the fine-grained HAZ, compared
with its behaviour in a state without the effect of mismatch [8].
In the other case, there is coarse-grained HAZ, having smaller
fracture toughness, but, since it is surrounded by regions with
smaller strength and bigger plasticity, this effect leads to
absorption of the deformation by these more ductile regions,
causing more favourable stress conditions for the coarse-grained
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