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Welded Structures

Yield strength mismatch of welded joints
The welding process induces a large microstructural gradient across the weld,
resulting in a gradient in mechanical properties.

WM

(OM or UM
Y

4 / »
A ¥,
A 2,

) )

mismatch ratio B ‘SY WM

o 0‘

R’
0‘0.0
% \

e2000e!

AR

-
0. %% %07,

-
K XA

Sy BM

AAFCTrorg
M +

S

KD

S 0T o
§;>5;.o.
DRSS
DO

M <1 undermatch
M>1 overmatch
M=1 evenmatch

oTe v o

The welded components are often the places where the FLAWS or
damage can occur during their exploitation, but in fabrication stage also.






Local approach to ductile fracture
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Modified Gurson flow criterion

Strain hardening Softening due to voids
S Actual yield stress
S.

i Deviatoric comp. of the stress tensor

ql’ qz Constitutive parameters

m Mean stress

*

Modified void volume fraction (damage function, used in the
GTN model)



Voids nucleation and growth

for STEELS:

Primary voids: around non-metallic inclusions (sulfides, oxides, silicates)
Secondary voids: around iron carbides (Fe;C)
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Determination of Gurson parameters (f,, fy)

f, — Initial void volume fraction
Quantitative microstructural analysis - approximated by
volume fraction of non-metallic inclusions (f,)

fy — volume fraction of (secondary) void nucl. particle S
Steel - depends on the fraction of Fe,;C — could be determined
by lever rule

C(%)- C(%)inferrite <1000
C(%)inFg G C(%)inferrite '

fy » weight % cem=



Determination of Gurson parameters (f,, )
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f,and are determined by Quantitative
microstructural analysis according to
ASTM E1245-89

or

f, can be determined by Franklin’s
formula from material contents:
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Damage criterion

f for f £ f f- f
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The complete Gurson model

fC - afunction of f, and stress state. CGM

\

Calculated during FE analysis



Complete Gurson model

GTN flow criterion + void coalescence criterion based on the
PLASTIC LIMIT LOAD model (Thomason)

I ) 5 0-0) homogeneous deformation state during
\0 ) . .
void nucleation and growth

early stage of deformation —
homogeneous deformation

S |localised deforpghation

/ \. homogeneous
/ \, deformation

Localized deformation phase

%4 |

localised deformation state of void

coalescence ' ' ' J
increase of plastic deformation - localization &

Thomason, Ductile Fracture of Metals, 1990



Complete Gurson model

| s, _ 1 b
G . void coalescence starts: —= a =:1+_—= (1- [@
1 S

maximum principal stress

I void space ratio, i.e. ratio of the 3 f o
void radius and the intervoid distance c] = AR
€, , 5 principal strains _V4ap
] ] Je%—+%
a,b=f(n) 5

fc - not a material constant in CGM,
but material response at void coalescence

In CGM, voids are assumed to be always spherical

Zhang et al, EFM, vol. 67, 2000



Fracture behaviour of welded specimens

Precrack in WM Precrack in HAZ
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» Welded joint consists of 4 zones: BM, HAZ (CGHAZ, FGHAZ) and WM.
* Base metal is a High-strength low-alloyed (Niomol 490K) steel

* Precrack is positioned between CGHAZ and FGHAZ.
» Shielded metal arc welding process (SMAW) has been used with
consumable; VAC 60Ni, wire diameter was 1.2 mm.

* A mixture of shielding gases; 3.8% CO,+93.7% Ar+2.5% O,, was used to
get the acicular ferrite

« K welded joint shape to make easier positioning of a crack in HAZ.

« CGM model was used to study of fracture behaviour of welded specimens



Chemical composition in wt.%

Material C Si Mn P S Mo Cr N
NIOMOL 490K 0.122] 0.32 | 0.5€¢ | 0.002]0.00z| 0.3¢2 | 0.57]| 0.1¢
VAC 60 Ni 0.096|] 0.58| 1.24, 0.0183 0.160 0.02 0.07 0|03

Gurson parameters
Material f fy | (mm) N S\

Vv

HAZ 0.0096| 0.014748 487 0.3 0.1

WM 0.0194| 0.010685 202 0.3 0.1

-




Determination of mechanical properties
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Determination of mechanical properties

« HAZ is divided into two sub-zones (CGHAZ and FGHAZ).
« Experimental results from force and stain measured by ‘Aramis’ on
all welded joint zones + Hollomon’s law

« 3D FE model of tensile specimen with three-dimensional
8-node brick elements was used.

e Numerical strains were compared with experimentally
measured ones for different regions of the joint

e [teration procedure was performed by varying yield strength and
hardening exponent n in numerical model up to obtaining a good
combination, which matches numerical strains with experimental
ones.



Determination of mechanical properties




Determination of mechanical properties
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Determination of mechanical properties

True stress — true strain curves

Mechanical properties of the various zones of welded joint:

Material E, [GPa] Sy [MPa] n
BM 203 520 0.219
CGHAZ 203 550 0.170
FGHAZ 195 500 0.231
WM 200 530 0.212




Numerical modelling

ABAQUS + CGM user subroutine (by Z.L. Zhang)
2D plane strain, 8 nodded FE, FE size» / , FE size (0.2 x 0.2 mm)

Precrack in WM
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Numerical modelling

ABAQUS + CGM user subroutine (by Z.L. Zhang)
2D plane strain, 8 nodded FE, FE size» / , FE size (0.5 x 0.5 mm)

Precrack in HAZ
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Prediction of crack initiation
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Comparison of experimental

and numerical results

Damage parameter is monitored
In front of crack tip

Fracture toughness values

Material Jo e INFMm] (exp.) | J [N/mm] (num.)
HAZ 84 104
WM 65 58




Prediction of crack propagation

FE fails completely when f reached. === Crack grows, f- =0.15+ f,

Distribution of void volume fraction in (a) WM and (b) HAZ.
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Conclusions

Ductile crack initiation and propagation for welded joints have been analysed using
micromechanical CGM model. The following conclusion can be drawn:

Crack resistance curves (J-R curves) and crack initiation values were
successfully predicted using the CGM and true stress — true strain curves of the
welded joint zones.

Combination of experimental and numerical procedure can be used to estimate
mechanical properties of very narrow and heterogeneous zones such as heat-
affected subzones.

The heterogeneity of the examined joints cannot be adequately represented
only by the ratio of the vyield strengths, because hardening behavior and
microstructure also influence the fracture behavior.

Finite element size near the crack tip strongly influences the prediction of
crack initiation and growth, and there is a significant difference in appropriate FE
size between the WM and HAZ.



Acknowledgement

Authors acknowledge the support from the Serbian Ministry of
Education and Science under the project ON 174004 and
Serbian and Slovenian MES — project E!5348.

They would also like to thank Z.L. Zhang for the CGM user
subroutine.






Critical values of J integral (according to ESIS P2-92)

Jo.o/gL — Used for determination of J,.
in ASTM E 1820 Standard

SZW can be determined using a scanning electron microscope
(examination of the fracture surface)

Other critical fracture mechanics parameters can also be determined this way,
e.g. CTOD,, CTOD, 55, and CTOD, ,



Determination of mechanical properties

« HAZ is divided into two sub-zones (CGHAZ and FGHAZ).

* In iteration data for numerical model was estimated using
experimental results from force and stain measured by Aramis
on all welded joint zones.

« Experimental data from yield strength up to ultimate one was
fitted by Hollomon’s law.
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Determination of mechanical properties

Mechanical properties of the various zones of welded joint:

True stress — true

strain curves

/
Material E, [GPa] Sy [MPa] n
BM 203 520 0.22
CGHAZ 203 550 0.17
FGHAZ 195 500 0.23
WM 200 530 0.21







Determination of mechanical properties
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Quantitative microstructural analysis

- Measurement fielden the prepared surfaces on samples

- Planimetric procedure
- Semi-automaticmage analysis

AIM of measurements: Determination of

Mean free path between therff

Non-metallic inclusions volume fractionf,, and

Volume fraction of non-metallic inclusionsis determined

according to equality with surface fraction[ASTM E1245]: W= A

A

A

whereV,, andA, are volume and surface fraction of detected inclusidns area

of detected inclusions alA; is measurement (field) ar

f,was determineds the mean value of surface
fraction of non-metallic inclusions for all
measurements fieldn eachmeasurement position

wheren is the number of measurement fields.

f, =W =

SWi
1




Quantitative microstructural analysis

Final non-metallic inclusions volume fractionf, is calculated as:

Measurement fields inne of
— the measurement locations

Vj | ™\
wherek Is number o
measurement locations

Mean free path between inclusion4

In order to determinemean free path between non-

metallic inclusions [ASTM E1245] linear method is |\|i
usec«. The value of N, was determine - the numbe of N|_ - —
Interceptions of oxides and sulphides per measurement L-|-

line unit (in mm):

whereN; is the number of inclusion interceptions dnds the true length of scan
lines (number of scan lines multiplied by length of scan lines dividedebgdplied
magnification) in mm.



Quantitative microstructural analysis

The mean free path’, as themean edge-to-edge 1- AA
distance between inclusions, was determined as [ =
follows: N|_
Final value of mear free path, takinc into accoun all measureme location:
k —
/]
/ =1=
K
wherek is number of measurement locatic

NOTE: final values of thevolume fraction of inclusionsand mean free path
between themare obtained as MEAN values for all measurement locations.

Each measurement location is characterised by alistribution of both
guantities, which can be represented e.g. by histograms



