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1ZVOD

U radu je analiziran uticaj geometrije (oblik zareza,
dimenzije epruvete) i heterogenosti materijala
(mismecing zavarenog spoja) na ponaSanje Sarpi
epruvete. Pimenjena je dvo- i trodimenzionalna
naponska analiza metodom konacnih elemenata
(MKE) za resavanje ovog problema, cime je dobijen
raspored naponskih polja i plasticne deformacije u
epruveti i prikazano njeno ponasanje.

UvOD

Ispitivanje po Sarpiju je uvedeno za ispitivanje malih
zarezanih uzoraka savojnim udarnim opterecenjem. Imajuci
u vidu da prirodu loma celika (duktilan ili krt) definiSu tri
parametra (brzina deformacije, raspodela napona u epruveti
i temperatura ispitivanja), jasno je da mala promena
parametara ispitivanja moze dovesti do velikih promena u
dobijenim osobinama materijala. Zato je uveden standardni
postupak ispitivanja, u kome je usvojena veli¢ina epruvete
10x10x55 mm sa "U" ili "V" zarezom (sl. 1), koja se
postavlja na oslonac (sl. 2), i izlaze udarnoj energiji do 300 J.
Ovi uslovi ne mogu biti uvek ispunjeni u praksi i dopustena
je njihova promena. Standard JUS EN 10045-1 preporucuje
da se uz ispitivanje zilavosti (i odredivanje energije udara)
Sarpi klatnom obave i dopunska ispitivanja poput merenja
kontrakcije ili fraktografske analize, a sve zarad dobijanja
Sto vise informacija o sklonosti ispitivanog materijala ka
krtom lomu.

Instrumentirano Sarpi klatno. Dijagram sila-vreme

Rezultati dobijeni klasi¢nim Sarpi ispitivanjem su danas
nedovoljni. Naime, ispitivani uzorak je suviSe mali da bi
dao podatke o karakteru loma ili odrazavao ponasanje
materijala u eksploataciji, ako karakteristike zavise od
debljine. Takode, nemoguce je primeniti realne uslove
optereCenja, niti utvrditi geometrijski uticaj debljine
(epruvete standardnih dimenzija), a veli¢ina udarne
zilavosti zavisi od vrste ispitivanog materijala. Problem je
resen ugradnjom osciloskopa i kompjutera na Sarpi klatno
(sl. 3) tako da se opterecenje meri mernim mostom, a ugib
potenciometrom /1/, /2/.

INTEGRITET I VEK KONSTRUKCIJA
Vol 3, br. 2 (2003), str. 73-83

Keywords

Heterogeneity of welded joint
Matching effect

Finite Elements Method
Stress analyses

Standardized Charpy testing
Subsized Charpy specimen

ABSTRACT

The effect of geometry (notch shape, specimen size)
and materials heterogeneity (mismatching in welded
joint) on the Charpy specimen behaviour is analysed
in the paper. Two- and three-dimensional stress
analyses by finite element method (FEM) are applied
in solving this problem, thus providing stress-fields
and plastic deformation distribution in specimen, and
presenting its behaviour.

INTRODUCTION

The Charpy's test is designed for testing of small notched
samples exposed to flexion by impact loading. Considering
that the nature of steel fracture (ductile or brittle) is defined
by three parameters (strain rate, stress distribution in the
specimen and testing temperature), it is clear that even a
small change in testing parameters may result in great
changes in obtained material properties. Therefore, standard
test method has been introduced, adopting specimen size of
10x10x55 mm with "U" or "V" notch (Fig. 1), which is
positioned on the support (Fig. 2), and exposed to impact
energy up to 300 J. These conditions can not be fulfilled
always in practice, and their variation is allowed. Standard JUS
EN 10045-1 recommends, when testing impact toughness (and
defining impact energy) by Charpy's pendulum, to performed
additional tests, i.e. contraction measurement or fractographic
analysis, in order to obtain more information on tested material
susceptibility to brittle fracture.

Instrumented Charpy's pendulum. Force-time diagram

Results obtained by classical Charpy's test nowadays are
insufficient. Namely, the tested specimen is too small to
produce the data for fracture characterisation or to describe
behaviour of material in service, if the characteristics
depend on thickness. Also it is neither possible to apply the
real loading condition, nor to establish the geometrical
effect of thickness (standard specimen size), and the impact
toughness value depends on the type of tested material. The
problem is solved by involving oscilloscope and computer
in Charpy's pendulum (Fig. 3) so that load is measured by
measuring bridge and deflection by potenciometer /1/, /2/.
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To je omogucilo razjasnjenje mehanizma loma epruvete,
koje je osnova za precizniju karakterizaciju udarnih
svojstava materijala. Analizom dijagrama sila-vreme
moguce je odrediti vrednosti energije stvaranja prsline, vre-
mena 1 brzine rasta prsline, maksimalne sile medudejstva
klatna i epruvete, dinamicke sile na granici tecenja, sile na
pocetku nestabilnog loma, sila zaustavljanja nestabilnog
loma i maksimalnog ugiba epruvete.

Ako je potrebno, na osnovu dijagrama sila-vreme, mogu
se dobiti i drugi razli¢iti dijagrami, kao ugib-vreme, sila-
ugib, energija-vreme, brzina klatna-vreme (sl. 4).
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This has enabled the explanation of fracture mechanism,
which is the base for more precise characterization of the
materials impact properties. By analysing the force-time
diagram it is possible to define the value of crack initiation
energy, time and crack growth rate, maximum pendulum-
specimen interaction force, dynamic force at the yield
stress, force at the beginning of unstable fracture, force of
unstable fracture arrest and specimen maximum deflection.

If necessary, based on force-time diagram, various dia-
grams can be obtained as well, such as deflection-time, force-
deflection, energy-time, pendulum velocity-time (Fig. 4).
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Slika 1. Oblik i dimenzije standardne epruvete (JUS EN 10045-1) sa "U"i" V" zarezom

Figure 1. Shape and dimensions of standard specimen (JUS EN 10045-1) with "U" and " V" notch
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Slika 2. Postavljanje epruvete na oslonac (JUS EN 10045-1)
Slika 2. Positioning of specimen on support (JUS EN 10045-1)

Kompjuterizovano instrumentirano udarno ispitivanje

Ugradnjom kompjutera (PC) i elektronskih komponenti
na instrumentirano klatno omoguceno je kompjuterizovano
instrumentirano udarno ispitivanje (CAI metoda). Ova metoda
olakSava obradu parametara mehanike loma (poput faktora
intenziteta napona K; i J-integrala), kao i analizu
apsorbovane energije. Opterecenje se meri mernom trakom
na tegu, a ugib potenciometrom na osovini klatna ili
magnetnim senzorom na okviru masSine. Podaci o
optereéenju i ugibu prolaze kroz visokofrekventno pojacalo
i digitalni osciloskop do PC.

Energija udara

U klasiénom ispitivanju Sarpi, energija se definise kao
integralna veli¢ina:

t
E=vy[F(t)-dt [J]
0
gde je E ukupna energija udara, v, pocetna brzina klatna,
F(¢) trenutno opterecenje, a ¢ vreme.
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Slika 3. Kompjuterizovano instrumentirano udarno ispitivanje (CAI)

Figure 3 -Computer aided instrumented impact testing (CAI)

Computer aided instrumented impact testing

By involving computer (PC) and electronic components
on the instrumented pendulum, computer aided instrumen-
ted impact testing (CAI method) is enabled. This method
makes the processing of the fracture mechanics parameters
(e.g. stress intensity factor K; and J-integral), and the
analysis of energy absorbed easier. The load is measured by
strain gauges on the but and the deflection by potentiometer
on the pendulum axle or by the magnetic sensor on the
machine frame. The data on load and deflection pass
through frequency amplifier and digital oscilloscope to PC.

Impact energy

In classical Charpy testing, impact energy is defined as
an integral value:

t
E=vo[F(t)-dt [J]
0
where E represents total impact energy, v, initial pendulum
velocity, F(t) current load, and ¢ time.
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Slika 4. Tokom ispitivanja zapisani dijagrami: a) sila-vreme; b) brzina-

vreme; ¢) ugib-vreme; d) sila-ugib i energija-ugib

Slika 5. Uveéan dijagram sila-vreme

Figure 4. During testing recorded diagrams: a) force-time; b) velocity-time;

c) deflection-time; d) force-deflection and energy-deflection

Kod CAI metode pracenje procesa udara je moguce
preko ve¢ pomenutih dijagrama (sl. 4 i 5), koji pokazuju
promenu sile otpora materijalu tokom procesa loma i udeo
udarne energije utrosene na stvaranje prsline (£;) i na njeno
Sirenje (E,) (najlakSe pomocu epruvete sa V zarezom i
zamornom prslinom). Poznata ukupna energija E (udarna
zilavost) ispitivanog materijala moze da se podeli na udeo
za stvaranje (Ej) i Sirenje (E,) prsline:

E=E;+E,

Energija stvaranja prsline (E;) se ne menja mnogo sa
promenom temperature ispitivanja (zbog smanjenja energije
za plasti¢nu deformaciju u zoni vrha zareza), dok energija
Sirenja prsline (E,) zavisi od temperature ispitivanja.
Granicni slucaj je za E, = 0, kada se ukupna energija trosi
na stvaranje prsline, $to dovodi do brzog loma.

U skladu sa tim, pri projektovanju kriticnih delova
konstrukcije korisna su sledeca dva pravila:

- energija Sirenja prsline u kriti¢noj tacki mora biti veéa od
energije stvaranja prsline na datoj temperaturi;

- od dva materijala iste ukupne energije udara, bolji je
materijal sa manjom energijom stvaranja prsline.

Uticajni faktori na energiju udara

Na energiju udara uti¢u brojni faktori. Najvazniji su
metalurski faktori (heterogenost, mikrostruktura, hemijski
sastav, veliina zrna) i geometrija.

Figure 5. Magnified diagram force-time

In CAI method, monitoring of the impact process is
enabled thanks to above mentioned diagrams (Fig. 4 and 5),
showing the change of material resistance force during
fracture process and the fraction of impact energy spent for
crack initiation (£;) and its propagation (£,) (most easily with
precracked V notch specimen). Known total energy E
(impact toughness) of the tested material can be divided into
crack initiation (£;) and crack propagation (£,) fractions:

E=E;+E,

Crack initiation energy (E;) doesn't vary significantly
with the testing temperature change (due to decrease of
energy for plastic deformation in the notch tip zone), while
crack propagation energy (E,) depends on testing
temperature. Ultimate case is for £, = 0, when the total
energy is spent for crack initiation, resulting in fast failure.

Accordingly, two following two rules can be useful in

design of critical structural components:

- crack propagation energy in critical point must be greater
than crack initiation energy at the given temperature;

- between two materials with the same total impact energy,
the material with smaller crack initiation energy is better:

The impact energy influencing factors

Numerous factors affect the impact energy. The most
important are metallurgical factors (heterogeneity, micro-
structure, chemical composition, grain size) and geometry.

i
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Slika6. Struktura z

avarenog spoja

Figure 6. Structure of the welded joint
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Uticaj heterogenosti materijala. Ovde razmatrana hetero-
genost se odnosi na strukturu zavarenog spoja, koji se
sastoji od osnovnog metala (OM), metala $ava (MS) i zone
uticaja toplote (ZUT), (sl. 6). Svaki od ovih konstituenata
ima razli¢itu mikrostrukturu i razli¢ite mehanicke osobine.
Mismeéing (razlika u évrsto¢i OM i MS) uti¢e na &vrstoéu
zavarenog spoja, ali ne i na njegovu udarnu zilavost /3/, /4/.
Konstrukcijski oblik zavarenog spoja mora takode da se
uzme u obzir, jer su u tom pogledu moguce razliite
kombinacije (sl. 71 8) /5/.

Material heterogeneity effect. Here considered heteroge-
neity is related to the welded joint structure, consisting of
the base metal (BM), the weld metal (WM) and the heat-
affected-zone (HAZ) (Fig. 6). Each of these constituents
has different microstructures and different mechanical
properties. Mismatching (difference in the strength of BM
and WM) affects the strength of welded joint, but not the
impact toughness /3/, /4/. The design of the welded joint is
also taken into consideration, for possible various
combinations (Fig.7 and 8) /5/.

Welded joint

Zavareni spoj

!
$

\

Mehani¢éke osobine iste kao OM

Osohine razlit‘:it"ér od osobina OM

Same properties as the base metal Spoj jadi od OM Spoj slabiji od OM
(overmatch) (iendermatch)

(rmismatch)

!

!

3

Homogen

Homogeneous Heterogeneous

Heterogen

Slika 7. Podela zavarenih spojeva prema mikrostrukturi i mehani¢kim osobinama u odnosu na OM

Figure 7. Classification of welded joints according to the microstructure and mechanical properties relating to BM

a)

b)

Slika 8. Uzimanje Sarpi uzorka iz zavarene ploée: a) Zarez prolazi kroz sve mikrostrukture zavarenog spoja (po dubini) i b)
Zarez "pokriva" samo jednu zonu spoja (po povrsini)

Figure 8. Sampling from welded joint Charpy’s specimen: a) The notch passes through all microstructures of the welded
joint (in depth) and b) The notch “covers” only one zone of the joint (on the surface)

Uticaj geometrije. Dimenzije epruvete i oblik zareza su
standardizovani, ali je dozvoljena i njihova promena. Uloga
zareza je koncentracija napona na malu zapreminu epru-
vete. Oblik i dimenzije zareza bitno uti¢u na veli¢inu udar-
ne zilavosti, koja je manja kod epruvete sa V zarezom od
one sa U zarezom /6/. Energija udara se smanjuje sa pove-
¢anjem dubine zareza (pri istim dimenzijama epruvete), a
odnos energija stvaranja i Sirenja prsline se menja sa
promenom radijusa zareza pri konstantnoj temperaturi.
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Influence of geometry. Specimen dimensions and notch
geometry are standardised, but their variation is allowed.
The role of the notch is stress concentration in the small
specimen volume. The notch shape and dimensions greatly
affect impact toughness, which is smaller for V notch
specimens than for those with U notch /6/. Impact energy
decreases with notch depth increase (for the same specimen
size), and the ratio of initiation and propagation energies
changes with notch radius variation at constant temperature.
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NUMERICKA SIMULACIJA
Geometrija epruvete i zareza

Da bi se stekao uvid u uticaj geometrije epruvete i zare-
za, za ispitivanje su koris¢ene epruvete 10x10x55 mm sa U
nestandardnim i V standardnim zarezom, kao i epruvete
malih dimenzija 5x5x55mm sa istim V standardnim zare-
zom. Dimenzije kori$¢enih epruveta su date na sl. 9, gde je
radi jednostavnosti prikazana samo polovina epruvete.
Geometrija zareza je data na sl. 10.
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NUMERICAL SIMULATION
The specimen and notch geometry

To get the insight of specimen and notch geometry
effect, the specimens 10x10x55 mm with nonstandard U
and standard V notches, and the subsized specimens of
5x5x55 mm with the same standard V notch were tested.
Dimensions of the used specimens are shown in Fig. 9,
where only a half of specimen is shown for simplicity is
shown. Notch geometry is given in Fig. 10.

9

Slika 9. Polovina epruvete a)10x10x55 mm V zarez, b) 10x10x55mm U zarez, ¢) 5x5x55mm V zarez

Figure 9. A half of the specimen a) 10x10x55 mm V notch, b) 10x10x55 mm U notch, ¢) 5x5x55 mm V notch

Slika 10. a) V zarez, b) U zarez
Figure 10. a) V notch, b) U notch

Heterogenost materijala

Uticaj heterogenosti materijala je ve¢ opisan ranije.
Dakle, radi se o zavarenom spoju, gde su ispitane sledece
kombinacije:

1. Homogen zavareni spoj. Cvrstoée osnovnog i dodatnog
metala su istog nivoa.
2. Homogen zavareni spoj vecCe Cvrstoe metala Sava.

Dodatni materijal je vece ¢vrstoce od osnovnog metala.
3. Homogen zavareni spoj manje Cvrstoe metala Sava.

Dodatni materijal je manje ¢vrstoce od osnovnog metala.
4. Heterogen zavareni spoj. Spoj izveden sa dva razlicita

dodatna materijala (vece i manje ¢vrstoce od osnovnog

metala), a zarez prolazi kroz njih.
5. Heterogen zavareni spoj vece Cvrstoée metala Sava.

Zarez se nalazi u materijalu veée cvrstoce.

6. Heterogen zavareni spoj manje Cvrstoce metala Sava.

Zarez se nalazi u materijalu manje ¢vrstoce.

Pri analizi su kori$¢ena tri materijala ¢ije su mehanicke
osobine date u tab. 1, a dijagrami zatezanja na sl. 11.
Niomol 490 je sitnozrni niskolegirani celik visoke ¢vrstoce
koji se koristi za izradu celicnih konstrukcija. Dodatni
materijali Fitub 75 i VAC 60, proizvodnje SZ Elektrode
Jesenice, Slovenija, daju zavarene spojeve i metal Sava vece
i manje ¢vrstoce od osnovnog metala, respektivno.
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Material heterogeneity

The effect of material heterogeneity is already described.
Thus, it is a welded joint, where the following combinations
have been tested:

1. Homogenous welded joint. The strength of basic and
filler metal is of the same level.

2. Homogenous overmatched welded joint. Filler material
is of higher strength than base metal

3. Homogenous undermatched welded joint. Filler material
is of lower strength than base metal.

4. Heterogeneous welded joint. The joint performed with two
different filler materials (of higher and lower strengths than
base metal), with a notch passing through them.

5. Heterogeneous overmatched welded joint. The notch is
located in the overmatched material.

6. Heterogeneous undermatched welded joint. The notch is
located in the undermatched material.

Three different materials have been used in analysis, of
mechanical properties given in Table 1 and tensile test
records given in Fig. 11. Niomol 490 is a fine grained, low-
alloyed, high strength steel for steel structures. With filler
materials Fitub 75 and VAC 60, produced by SZ Elektrode
Jesenice, Slovenia, overmatched and undermatched welded
joints, respectively, can be obtained.
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Tabela 1. Materijali koriS¢eni za simulaciju heterogenosti zavarenog spoja

Table 1. Materials used for simulation of welded joint heterogeneity

Materijal - Material E, GPa R0, MPa R,, MPa H', MPa | M = Ryp2/Rpo.20m
Osnovni metal — NIOMOL 490 202 545 648 1030
Overme¢ — Overmatch FITUB 75 184 648 744 960 1.19
Andermec¢ - Undermatch VAC 60 206 469 590 1210 0.86
* E — modul elasti¢nosti; R,,, — napon teCenja; R,, — zatezna Cvarstoca; * E — elasticity modulus; R,,, — yield stress; R, — tensile strength;

H'=(R,-)/0.1 —koeficijent ojacavanja materijala; M — mecing faktor.

BKIN Table For Material 1

BKIN Table For Material 2

(x10%+5)
(x10%+5)
8000
8000

200 7200
6400 6400

5600 T1 Sse00
4800 4800
4000 4000
3200 3200
2400 2400

1600 1600

H'=(R,-)/0.1 — material work hardening coefficient; M — matching factor.

BKIN Table For Material 3
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Slika 11. Dijagram napon-deformacija (o-¢): a) osnovnog metala b) overmec spoj i ¢) underme¢ spoj

Figure 11. Stress-strain diagram (o-¢): a) base metal, b) overmatched joint and ¢) undermatched joint

Modeliranje

Osnovna ideja je da se razvije model koji verno
prikazuje reakciju tela na opterecenje. Pored 3D, uradena je
i 2D analiza, jer se Sarpi ispitivanje moZe, uz odredenu
aproksimaciju, da predstavi kao dvodimenzionalni problem.

Zi¢ani modeli epruvete (2D, sl. 12a i iz njega izvuéen
3D, sl. 12b) su razvijeni u programima AutoCad / Solid
Works, dok su generisanje mreze konacnih elemenata (sl.
12¢,d) i prora¢un pomeranja, deformacije i napona izvedeni
u ANSYS programu. Modelirana je samo jedna polovina
uzorka, dok je za drugu polovina izvedena simuliracija uz
odgovarajuée grani¢ne uslove. Zadatak je obavljen na dve
konfiguracije:

* PC Pentium IV 2,4GHz / 256MB RAM, gde je prosecno
vreme re$avanja ravnoteznih jednacina bilo 45 do 90 min
za 3D 1 manje od 1 min za 2D model, zavisno od broja
konacnih elemenata i broja iteracija.

¢ PC Celeron 366MHz / 512MB RAM, 210 do 480 min
za 3D 11 do 1,5 minut za 2D model.

Izneti podaci pokazuju znafaj koriS¢enja brzog
kompjutera pri radu sa kona¢nim elementima.

Mpreza konacnih elemenata

Kako brzina proracuna direktno zavisi od broja kona¢nih
elemenata, optimizacijom je na najopterecenijem mestu
(zarez) mreza usitnjena (veéi broj manjih elemenata); u
zoni zavarenog spoja i na mestima oslonjanja epruvete
elementi su nesto krupniji, dok je ostatak mreze ispunjen
manjim brojem vecih elemenata /7/, /8/.
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Modelling

The basic idea is to develop a model which reliably
represents reaction of the body to loading. In addition to 3D,
2D analysis has also been carried out, since Charpy's test,
with some approximation, may be presented as 2D problem.

The wire frame models of specimen (2D, Fig. 12a and
from it extruded 3D, Fig. 12b) have been developed using
AutoCad / Solid Works softwares, while generation of finite
elements (Fig. 12c,d) and calculation of displacement, strain
and stress have been performed using ANSYS program.
Only one half of the specimen has been modelled, the other
one being simulated by appropriate boundary conditions. The
task has been accomplished on two configurations:

* PC Pentium IV 2.4GHz / 256MB RAM, where average
time for solving equilibriun equations was 45 t090 min
for 3D and less than 1 min for 2D model, depending on
the finite elements number and number of iteration.

* PC Celeron 366MHz / 512MB RAM, 210 to 480 min for
3D and 1 to 1.5 minute for 2D model.

Presented data show the imortance of using fast
computer when dealing with finite elements.

Finite Elements Mesh

Since the processing speed is dependent directly on finite
elements number, by optimisation in the most loaded point
(notch) the mesh is refined (great number of small elements)
in the zone of welded joint and specimen supporting points
the elements are somewhat larger, while the rest of the mesh
is filled with a small number of coarser elements /7/, /8/.
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Slika 12. Zi¢ani modeli epruvete 10x10x55mm sa U zarezom: a) 2D i b) 3D. Model sa konaénim elementima c) 2D i d) 3D

Figure 12. Wire frame models of specimen 10x10x55mm with U notch: a) 2D and b) 3D. Models with finite elements ¢) 2D and d) 3D

Pri izradi mreze koriSceni su 2D elementi sa 8 ¢vorova i
3D cigla elementi sa 20 ¢vorova. Svaki ¢vor ima tri stepena
slobode (translacija po x, y i z pravcu). Element ovog tipa
moze zauzeti bilo koji polozaj u ravni / prostoru, a
omogucéava simuliranje plastinosti (uz nelinearno
ponasanje materijala), puzanja, deformacijskog ojacavanja,
savijanja i deformacije. Izuzetno su zahvalni za modeliranje
mreza konacnih elemenata nepravilnog oblika, kakve
obi¢no generiSu CAD/CAM sistemi.

Ulazni podaci potrebni za kreiranje ovakvih konaénih
elemenata su geometrija, koordinate ¢vorova, koordinatni
sistem samog elementa, mehanicke osobine materijala (uz
definisanu anizotropnost, ako se razmatra), temperatura,
opterecenje 1 grani¢ni uslovi. Izlazni podaci su pomeranje
¢vornih tacaka, temperatura i naponsko stanje. Pravci u
kojima deluje napon odgovaraju koordinatnom sistemu
elementa. Naravno, tu su i neizbezna ogranienja, te je
vazno postovati sledeca pravila:

1. PovrSina (2D) / zapremina (3D) elementa ne sme biti
manja ili jednaka nuli.

2. Element se ne sme uviti tako da formira dve nezavisne
povrSine / zapremine (najceSée usled pogresne
numeracije elementa)

3. Ukoliko se ukloni ¢vor iz sredine ivice, podrazumeva se
da je pomeranje po njoj linearno (a ne paraboli¢no).

4.Paznja je potrebna prilikom transformacije elementa u
trougao / piramidu. Naime, dimenzije elementa u tom
slu¢aju moraju biti dovoljno male da bi se obezbedio
gradijent napona. Trougaona / piramidalna opcija je
najbolje resenje u prelaznim zonama modela.

5. Prilikom transformacije elementa u trougao (2D),
tetraedar, prizmu ili piramidu (3D), i dalje se koriste
jednacine originalnog oblika. One se naravno
prilagodavaju novoj geometriji, ali ipak, reSenje se
donekle razlikuje od onog koje bi se dobilo koris¢enjem
pravog trougla, tetraedra, prizme ili piramide.

Mreza konacnih elemenata je automatski generisana,
mapiranjem.

Granicni uslovi i parametri proracuna

Grani¢ni uslovi moraju obezbediti $to realnije ponasanje
modela, pa treba voditi racuna o tome da je modelirana
samo polovina uzorka, da se uzorak na masini za ispitivanje
postavlja na odgovarajuée oslonce, i da u njega u
odredenom trenutku udara teg i lomi ga. Problem je resen
uvodenjem potrebnih opterecenja i ograni¢enja pomeranja u
odgovaraju¢im ¢vornim tackama
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Meshing has been performed using 2D elements of 8
nodes and 3D brick elements of 20 nodes. Each node is
provided with three degrees of freedom (translation along x,
y and z axis). Element of this type can take any position in
the plane / space, and it enables simulation of plasticity
(with nonlinear material behaviour), creep, work hardening,
bending and deformation. They are exceptionally suitable
for modelling finite elements meshes of irregular shape, as
usually generated by CAD/CAM systems.

Input data necessary for creation of such finite element
are geometry, coordinates of nodes, coordinate system of
the element itself, material mechanical properties (with
defined anisotropy, if considered), temperature, loading and
boundary conditions. Output data are displacement of
nodes, temperature and stress state. Directions of acting
stress correspond to the elements coordinate system. There
are, of course, inevitable limitations and it is very important
to observe the following rules:

1. The surface (2D) / volume (3D) of element must not be
less or equal to zero.

2. The element must not be bent in a way to form two
independent surfaces / volumes (usually due to wrong
numbering of elements).

3. If the node is removed from the middle of the edge,
translation along the same is linear (not parabolic).

4. Transformation of element into triangle / pyramid must
be done very carefully. In fact, dimensions of element in
this case must be small enough to ensure stress gradient.
Triangular / pyramidal option is the best solution in
transition zones of the model.

5. When transforming an element into triangle (2D),
tetrahedron, prism or pyramid (3D), the original form of
the equations are still to be used. They have, of course, to
be fitted to the new geometry, however, the solution
differs somewhat from that which would be obtained by
using the real triangle, tetrahedron, prism or pyramid.
The finite elemants mesh has been automatically generated,

by mapping.

Boundary conditions and calculation parameter

Boundary conditions must assure as realistic behaviour
of the model as possible; therefore, care should be taken
that only one specimen half is modelled, that the specimen
is positioned on appropriate supports on the testing machine
and that it will be hit by but at a certain moment and
broken. The problem was solved by introducing necessary
loading and limitation to displacement in the proper nodes.
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Kod 2D modela, sl. 13, pomeranje ¢vornih tacaka na
osloncu je blokirano u y pravcu, na osi simetrije u x pravcu,
a na delu ivice gde udara teg je definisano opterecenje kao
sila u y pravcu. Kod 3D modela, sl. 14, primenjen je isti
princip, stim §to su ogranicenja uvedena po povrsini, a ne
po ivici modela kao kod 2D modela. Prema tome:
pomeranje dodirnih povrSina sa osloncem je spreceno u y i
z pravcu, povrSina simetrije u x pravcu, a sile koje
simuliraju udarac tega su definisane u y pravcu.

EAARLARE

Slika 13. Grani¢ni uslovi na 2D modelu
Figure 13. Boundary conditions on the 2D model

Vazno je da se prilikom modeliranja pomeranja i sile
rasporede i na susedne ¢vorove, jer u protivnhom rezultati
mogu biti pogresni zbog velike koncentracije napona samo
u jednom c¢voru. Ovde je bitna raspodela napona po
¢itavom modelu, a na nju uti€u heterogenost materijala i
geometrija zareza / epruvete. Zbog toga je u numerickom
reSavanju problema usvojeno:

- da je opterecenje staticko;

- da je merodavno opterecenje 2500 N; ono je odredeno na
osnovu sukcesivnih aproksimacija polazeéi od izabrane
male sile, koja je povecavana sve dok se u homogenom
uzorku ne pojavi plasti¢na deformacija; ova vrednost sile
je uvecana za 20% i usvojena za proracun; za epruivetu
malih dimenzija usvojeno je opterec¢enje 833 N

Rezultati proracuna simuliranih epruveta

Rezultati opisane numericke analize se odnose na sve
kombinacije, kako sledi:

Epruvete 10x10x55 mm, sa U i V zarezom

1  Homogen uzorak

2;3 Homogen zavareni spoj sa metalom Sava veée (2) i
manje ¢vrstoce (3) od Cvrsto¢e metala Sava.

4;5;6 Heterogen zavareni spoj, izveden sa oba dodatna
materijala, sa zarezom u metalu Sava vece (4), odnosno
manje ¢vrsto¢e (5) ili pak prolazi kroz oba dodatna
materijala (6, sl. 15).

Epruveta malih dimenzija 5x5x55 mm, sa V zarezom

7 Homogena epruveta (sl. 16).

U tab. 2 su obuhvacene maksimalne vrednosti napona po
von Mizesu (S) i pomeranja (P), za 2D i 3D analizu i
njihove tipi¢ne varijante.
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In the 2D model, Fig. 13, nodes displacement on the
support is blocked in y direction, on simetry axis in x
direction, and on the edge part where the but hits loading is
defined as a force in y direction. In 3D model, Fig. 14, the
same principle is applied, but the limitations are defined at
the surface, and not at the edge as in 2D model. Thus the
displacement of contact surfaces on support is blocked in y
and z direction, simetry surface in x direction and the forces
simulating the weight hit are defined in y direction.

=
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Slika 14. Grani¢ni uslovi na 3D modelu
Figure 14. Boundary conditions on the 3D model

In the process of modelling, it is important to distribute the
displacements and forces to the adjacent nodes as well, since
otherwise the results can be wrong due to high stress concentration
in only one node. Here the stress distribution over entire model is
substantial, and it is affected by the material heterogeneity and the
geometry of notch / specimen. Therefore, in numerical solving of
the problem the following has been adopted:

- that the loading is static;

- that appropriate loading is 2500N; this was defined based
on successive approximation, starting from chosen small
force, which has been increased up to the appearance of
plastic deformation in homogenous sample; this value is
increased by 20% and accepted for the calculation; for
subsize specimen loading of 833 N is accepted..

Results of simulated specimens calculations

The results of the described numerical analyses refer to
all combinations, as follows:

Specimens 10x10x55 mm, with U and V notch

1 Homogeneous specimen

2,3 Homogeneous welded joint, overmatched (2) and
undermatched (3).

4,5,6 Heterogeneous welded joint, performed with both
filler materials, with notch in overmatched weld metal
(4) and in undermatched (5) weld metal, or passing
through the both filler materials (6, Fig. 15).

Specimen of subsized dimension 5x5x55 mm, with V notch

7 Homogeneous specimen (Fig. 16)

Table 2 includes maximum values of stress according
von Mises (S) and displacement (P) for 2D and 3D analysis
and their typical variations.
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Slika 15. U zarez, 3D heterogen zavareni spoj metala Sava manje ¢vrstoce, zarez prolazi kroz oba dodatna materijala

Figure 15. U notch, 3D heterogenous undermatched welded joint, notch passing through both of the filler materials
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Slika 16. V zarez, 3D homogena epruveta malih dimenzija

Figure 16. V notch, 3D homogenous subsize specimen

Tabela 2. Rezultati proracuna simuliranih uzoraka

Table 2. Results of simulated specimens calculations

2D 3D 3D/2D 2D/H 3D/H 2DV/U | 3DV/U

S P S P S P S P S P S P S P

Homogen U |548(0.004959|576|0.003218 [ 1.05[0.65| X X X X X X X X

< é V[561(0.02289959510.009996 | 1.06(0.44| X X X X [1.02(4.62]1.03|3.11

<>,: E Over U [694]0.0029931699(0.001875{1.01{0.63|{1.27]|0.60|1.21[0.58| X X X X

’: p V1699(0.016665|656|0.007868 [ 0.940.47|1.25|0.73|1.10{0.79|1.01|5.57|0.94 | 4.20

j é OvUnd U|690]0.002501 | 6890.001542{1.00(0.62|1.26{0.50|{1.20({0.48| X X X X

E = V1695(0.015293|653|0.007187(0.94(0.47|1.24|0.67|1.10{0.72|1.01|6.11|0.95|4.66

= 8 Under U|527]0.006982|5230.004597(0.99(0.66|0.96|1.41{091(1.43| X X X X

é m V[52410.029082|518{0.012565[0.99|0.4310.93|1.27|0.87(1.26{0.99|4.17]|0.99|2.73

E % UndO U|[519]0.007689|515]0.005065[0.99(0.66|0.95|1.55|0.89(1.57| X X X X

%5 navv V|516(0.031331|510|0.013467{0.99/0.43|0.92|1.37]0.86(1.35(0.99|4.07|0.99 |2.66

g a Horiz Ul X X X X X X X X [1.01(2.68| X X X X

n 5 V| X X X X X X X X [1.00[1.72| X X 10.93(2.70

Sub V{580(0.050906|560|0.021943{0.97(0.43|1.03|2.22|0.81({2.20| X X X X

DISKUSIJA REZULTATA RESULTS DISCUSSION

Diskusija rezultata je zasnovana na analizi raspodele The results discussion is based on the analysis of iso-

izonaponskih polja i ostvarene plasticne deformacije u  stress fields distribution and the achieved plastic deforma-
epruveti. Simulirani epruvete imaju mali mecing faktor  tion in the specimen. The simulated specimens have small
(1,18 za metal Sava vece Cvrstoce i 0,86 za metal Sava  mismatching factor (1.18 overmatch and 0.86 undermatch).
manje ¢vrstoce). Numericka simulacija je pokazala sledece: Numerical simulation showed the following:
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Kako je i ocekivano, tri su mesta izrazene raspodele
napona na epruveti: koren zareza, mesto udara tega i pod-
ru¢je kontakta epruvete sa osloncem. Raspodela i intenzitet
napona zavise od materijala u zavarenom spoju.

Maksimalni naponi se kod 2D modela sa V zarezom
razlikuju od vrednosti za U zarez za -1% (homogen i
heterogen zavareni spoj sa metalom $ava manje cvrstoce)
do 2% (homogen zavareni spoj), a kod 3D modela od -7%
(heterogen spoj sa zarezom koji prolazi kroz oba dodatna
materijala) do 3% (homogen zavareni spoj).

Plasticna deformacija u 2D analizi se razlikuje kod V
zareza u odnosu na U zarez od 407% (heterogen spoj
metala Sava manje cvrstoce) do 611% (heterogen spoj
metala Sava vece Cvrstoce), a u 3D analizi za 266%
(heterogen spoj metala Sava manje cvrstoce) do 466%
(heterogen zavareni spoj metala Sava vece ¢vrstoce).

Kod modela epruvete malih dimenzija uoceno je vece
rasipanje polja napona oko oslonca, koje se proteze sve do
krajnje (slobodne) ivice, a u podrucju oko ose simetrije
visSe nema karakteristicnog pada napona. Mesto pojave
maksimalnog napona kod ovog modela je isto kao i kod
standardne epruvete sa V zarezom, ali je njegova vrednost
za 5% veca. Plasticna deformacija je za model malih
dimenzija veca za 263%. Maksimalni napon u 3D modelu
je manji za 19%, a plasti¢na deformacija veca za 220%.

Kada se zarez nalazi u zavarenom spoju metala Sava
manje ¢vrstoce (kako za homogen tako za heterogen spoj,
izuzimajuéi slucaj kada zarez prolazi kroz oba dodatna
materijala), maksimalna vrednost napona je u podrucju
udarca tega iako je maksimalna deformacija u korenu
zareza. U svim ostalim sluéajevima, bez obzira na
dimenzije epruvete, geometriju zareza ili primenjenu
kombinaciju materijala, maksimalne vrednosti napona i
plasti¢ne deformacije su u podrucju korena zareza.

ZAKLIUCCI

Na osnovu diskusije dobijenih rezultata, mogu se izvesti
slede¢i zakljucci:

U radu primenjena numericka simulacija omogucava
proracun slozenih realnih problema, i pruza precizne
podatke o naponskom i deformacionom stanju unutar
modela, kao i o uticaju geometrije i heterogenosti materijala
na te veli€ine.

U ovakvim slucajevima 2D simulacija moze dati
rezultate koji su dovoljno pouzdani za pribliznu procenu.
Ukoliko se zele precizni rezultati, koji odgovaraju
eksperimentalnim vrednostima, mora se izvesti 3D analiza.
Do razlike u rezultatima 2D i 3D analize dolazi zbog
Cinjenice da se u 2D analizi ne uzima u razmatranje
deformacija modela po debljini (po z-osi).

Potvrdeno je da zavisnost napona i deformacije ne mora
biti linearno-elasticna. Naime, ako zarez prolazi kroz metal
Sava manje ¢vrstoce (kako za homogen tako i za heterogen
zavareni spoj), maksimum napona je u podrucju udara tega,
a maksimum deformacije u korenu zareza. U ostalim sluca-
jevima, oba maksimuma su u korenu zareza.

Bilinearna kriva zatezanja moze obezbediti dovoljno
precizne rezultate, uzimajuéi u obzir da su modul ojacanja i
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As expected, the stress distribution on the specimen is
expressed in three locations: notch root, but impact point
and specimen contact with support. Stress distribution and
intensity depend on materials in the welded joint.

Maximum stresses in the 2D model with V notch differ
from the values of U notch from -1% (homogeneous and
heterogeneous undermatched welded joint) to 2%
(homogeneous joint), and in 3D model from -7%
(heterogeneous joint, the notch passing through both filler
materials) to 3% (homogeneous welded joint).

Plastic deformation in the 2D analysis differs for the V
notch in comparison to the U notch from 407% (heteroge-
neous undermatched joint) to 611% (heterogeneous over-
matched joint), and in 3D analysis from 266% (hetero-
geneous undermatched joint) and 466% (heterogeneous
overmatched welded joint).

In the subsize specimen model larger scattering of stress
field has been observed, extended to the very end (free)
edge, while in the region of axes of symmetry there is no
more typical stress drop. The location of maximum load in
this model is same as in V notched standard specimen, but
its value is 5% higher. Plastic deformation in the subsized
model is higher for 263%. Maximum stress in 3D model is
smaller for 19% and plastic deformation is higher for
220%.

When the notch is in the undermatch welded joint (for
the homogeneous joint as well as for heterogeneous one,
except the case when the notch passes through both filler
materials), maximum stress value is in the region of the but
impact, although maximum deformation is in the notch
root. In all other cases, regardless specimen dimensions,
notch geometry or the applied combination of the materials,
maximum values of stress and plastic strain are in the
region of notch root.

CONCLUSIONS

Based on the discussion of obtained results, the
following conclusions may be derived:

Numerical simulation, applied in the paper, enables
calculation of complex, real problems, and provides precise
data about stress and deformation state within the model as
well as about the effect of geometry and material
heterogeneity on those parameters.

In such cases, the 2D simulation can provide the results,
which are sufficiently reliable for approximative assess-
ment. If precise results are required, that corresppond to the
experimental values, 3D analysis should be performed. The
differences between the results of 2D and 3D analysis are
due to the fact that in the 2D analysis the strain of the
model along the thickness (z-axis) has not been considered.

It is confirmed that stress - strain dependance need not
be linear - elastic. In fact, when notch passed undermatched
weld metal (for both homogeneous and heterogeneous
welded joints), the stress maximum is in the but impact
region, and strain maximum in the notch root. In other
cases, both maxima are in the notch root.

Bilinear tensile curve may provide sufficiently precise
results, taking into account that the work hardening module
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veli¢ina plasti¢ne deformacije obrnuto proporcionalne.

Uticaj geometrije koncentratora napona na stanje napona
i deformacije modela je veliki. Malim povecanjem radijusa
korena zareza (sa 0,5 mm na 2mm, pri istoj dubini zareza),
plasti¢na deformacija se smanjuje nekoliko puta, iako je
polje napona samo neznatno promenjeno.

Homogen zavareni spoj metala Sava vecCe Cvrstoce je
ocenjen kao najbolja kombinacija, jer je ostvaren maksi-
malni napon, a veli¢ina plasti¢ne deformacije je mala.

Plasti¢na deformacija se dalje moze smanjiti ako se kombinuju
dodatni materijali vee 1 manje CvrstoCe, sa koncentratorom
napona u prvom slucaju, a mestom udara tega u drugom slucaju.

Kod modela malih dimenzija, zbog malog poprecnog
preseka velika su rasipanja polja napona na osloncima, §to
bitno utice i na vrednosti napona i plasti¢ne deformacije.
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and value of plastic strain are in inverse proportion.

The effect of stress riser geometry on stress and strain
state of the model is significant. By small increase of the
notch root radius (from 0.5mm to 2 mm at the same notch
depth), plastic strain is decreased several times, although
the stress field change is negligible.

Homogeneous overmatched welded joint has been
evaluated as the best combination. exhibiting maximum
stress, followed by small plastic strain value.

Plastic strain may additionally be reduced combining
overmatched and undermatched filler materials, with stress riser
is the first case, and but impact location in the second case.

In the subsized model, due to small cross-section great scatte-
ring of the stress field over the supports occurr, with substancial
effect on the values for both the stress and the plastic strain.
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