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MODELLING OF PROCESSES OF NUCLEATION
AND DEVELOPMENT OF DUCTILE FRACTURE PORES
IN WELDED STRUCTURES

E.A. VELIKOIVANENKO, G.F. ROZYNKA, A.S. MILENIN and N.I. PIVTORAK
E.O. Paton Electric Welding Institute, NASU
11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Evaluation of serviceability and residual life of the critical welded structures with found defect, including
pipelines and pressure vessels, assumes a complex analysis of interrelated multidimensional processes,
influencing their bearing capacity. At that, grounded reduction of conservatism of such an evaluation is
rational that requires description of structure limiting state considering main fracture mechanisms. In
particular, ductile fracture is a main mechanism of development of material damage in the main pipelines
with typical surface defects of local corrosion wall thinning without accompanying sharp concentrators.
Complex methodology for numerical analysis of processes of nucleation and development of ductile fracture
pores of metal welded structures as well as criteria for determination of their limiting state was developed
in the scope of present work. Thus, a procedure for calculation of stress-strain state in-service structure
considering change of load-carrying net-section of structure areas at microporosity growth was build on
the basis of Gurson—Tvergaard model. The criteria of pore nucleation as well as mathematical description
of different mechanisms of their development depending on character of external force action were proposed
for non-isothermal metal state, in particular, in the process of welding heating. Application of the developed
approaches was shown on the example of analysis of limiting state of main pipeline element with local wall
thinning defect in area of circumferential site weld. It is shown that limiting internal pressure in the pipeline
with such service damage is determined by character of interaction of local stresses in zone of the weld and
geometrical anomaly, i.e. the lower is the distance between them, the less is the loading necessary for
formation of common zone of microdamage in which the macrodefects are formed as a consequence. Similarly,
significant effect of pores on the bearing capacity in pipeline site weld is shown. Generality of the developed
approaches of numerical analysis of ductile fracture processes allows applying them for evaluation of limiting
state and residual life of the welded pressure vessels from high-strength steels. 18 Ref., 1 Table, 3 Figures.
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Analysis of limiting state of the modern welded
structures is an important stage in diagnostics of
their real condition and prediction of safe opera-
tion residual life. At that, a description of proc-
esses resulting in breaking of integrity of the
structure material in micro- and macroscale, nu-
cleation and development of the typical defects
requires joint application of procedures for mod-
elling of stress-strain state kinetics depending on
value and nature of external force effect, basics
of fracture mechanics and current interpretations
about behavior of crystalline structures under
limiting force action. Besides, presence of the
welded joints assumes the necessity of additional
consideration of structure state in welding area
(heat treatment) from point of view of residual
stress-strain and structural states of the metal as
well as development of scattered damage based
on modelling of processes of continuous medium
thermoplasticity. As it is shown by experience,

the fracture of welded pressure vessels and pipe-
lines from high-strength steels is determined in
series of cases by the ductile fracture processes
in area of welds and geometric anomalies [1, 2].
At that, most of the existing ductile fracture mod-
els consider structurally-homogeneous materials
in isothermal case [3—5], whereas in real struc-
tures the welds are weak zones and analysis of
their limiting state is an important aspect of tech-
nical diagnostics of the critical structures. In par-
ticular, approaches of Gurson, Tvergaard and
Needleman [6—8], which make a basis of the most
current models of limiting state of the structures
tend to ductile fracture, have found a wide ap-
plication in description of the development of
stress-strain state of the materials with pores. In
addition, series of works is dedicated to expan-
sion of these models applicable to the welded
structures, but mathematical description of a
welding process itself and its influence on pecu-
liarities of the ductile fracture has rather pheno-
menological character and requires large number
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of experimental investigations. Numerical proce-
dure for analysis of the ductile fracture was de-
veloped and examples of the typical cases of main
pipeline damage were considered in the scope of
present work in order to study the peculiarities
of limiting state of welded pipeline elements un-
der internal pressure.

Studied fracture mechanism in the general case
can be divided on several successive stages:

e nucleation of ductile fracture pores in pro-
duction of structures, including in a zone of local
welding heating and at developed plastic flow in
area of physical and /or geometry concentrators;

e increase of pore sizes at plastic strain;

e interaction and coalescence of ductile frac-
ture pores;

e nucleation of macrodefect and related with
it reduction of bearing capacity of defective area
as well as structure in the whole;

e development of macrodefect.

Each of these steps has different physical-me-
chanical nature, therefore, their description re-
quires construction of the corresponding interre-
lated models.

It is accepted that the pore nucleation in zone
of the structural defects and inhomogeneities
(primary pores) is related with significant devel-
opment of the plastic strains that can be described
by Odkvist parameter [9]:

B (1)

\2
where dé/ =3 Vdsg‘dsfj, ds’l?]. are the compo-

nents of tensor of plastic strain increment (i, j =
=x,y, 2).

Respectively, if current value of Odkvist pa-
rameter exceeds critical value x,, it serves as a
condition for pore nucleation in the isothermal
case.

Appearance of metal structure inhomogenei-
ties, in particular, in area of its solid-liquid state
interface (between the liquidus and solidus tem-
peratures) takes place in the process of welding
as a result of local welding heating, first order
phase transformations and concurrent liquation
processes. At that, general sized dependence of
Odkvist parameter critical value k., on metal state
at different temperatures T can be used for de-
scription of micropores nucleation:

2)

)

_ B
Ke(T) = ke exp {{W}

where F(T) is a function of material resistance
to plastic strain; x, B, F, p are the constants.
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If the expressed temperature embrittlement
interval and significant strengthening are not
typical for the studied metal, then the yield
strength temperature dependence c,(T) can be
taken as F(T) function. Thus, it follows from
(2) that k. and F, are the critical values of
Odkvist parameter of the studied metal at room
temperature and its normative yield strength o,
respectively, and temperature dependence of the
Odkvist parameter critical value can be repre-
sented in the following way:

{[cv - G},(T)r }
K (T) =k, exp T .

B value for structural steels B~ 3 [10] is char-
acterized by material susceptibility to pore for-
mation and lies in (1.0-1.5)c, ranges.

Criterion of pore nucleation in the metal at
variable temperature field with developed kinet-
ics of plastic strain accumulation can be described
by following relationship:

_I dx -
N

3

(4

If condition (4) is fulfilled, it can be assumed
that an inhomogeneity in a form of spherical mi-
cropores with volume concentration f,; is nucle-
ated in studied area of the structure.

It should be noted that the second typical
mechanism of pore nucleation in welding is a
formation of impurity bubbles in a welding pool,
which do not have enough time to evolve in a
gas phase before metal solidification [11]. Mod-
elling of such a process is sufficiently complex
and is not included in the scope of present work.
Effect of indicated process can be taken into ac-
count as a priori either by setting of the spherical
macrodefects in the weld area or considering the
total volume concentration of nucleated pores f
in the specific studied volume:

fOzfpl+fev’ (5)

where f, is a volume concentration of pores,
nucleated as a result of evaporation processes.

Further growth of ductile fracture pores de-
pends on a rigidity of stressed state and intensity
of plastic strain of the metal and is described by
Rice—Tracy law [9]:

c m

dR = RyK exp (KZ ?J def,
1

(6)
where R, R are the current and initial radiuses
of pores, respectively; o, = (o + o, c,)/3
is a membrane stress; o, = (o, 0, ./2)1/12 is a stress
. . . i

intensity; o, / o, isa parameter of stressed state
rigidity; K, = 0,28, K, = 1.5 are the constants.
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If the parameter of stressed state rigidity in
studied area of the structure is not enough for
intensive growth of pores according to (6), then
significant influence of the plastic strains can
result in appearance of the secondary disconti-
nuities. Speed of nucleation of the secondary
spherical pores depends on concentration of in-
clusions in the structure metal and development
of plastic strains on the following law [9]:

%
K
_ ’
K KC

where f; is a volume concentration of the inclu-
sions; k is a metal constant characterizing maxi-
mum possible increment of Odkvist parameter.

It should be noted that f; value in the studied
case depends on a structure state of metal in weld
area and heat-affected zone (HAZ), in particular,
on quantity of cementite (Fe;C) as well as initial
and acquired non-metallic inclusions in the proc-
ess of welding [12]. Analysis of stress-strain state
of the welded structure from point of view of
ductile fracture was carried out in the present
work from point of view of numerical solution
of boundary problem of non-stationary ther-
moplasticity by means of tracing of elasto-plastic
strains from the moment of welding beginning
up to complete cooling of the structure and at
further loading up to limiting pressure in the
scope of finite-element model. Relation of
stresses and strains is determined by Hooke’s law
and associate law of plastic flow, originating
from the following relationships:

fr o g

Ae;; = \P(c 61]67”) + 3, (Kc + Ag,, + Af/3) —
(8)
( - 9d:.0 ) + (Ko )

ij m m

_E

Figure 1. Scheme of pipeline section with local wall thin-
ning and circumferential weld (in cylindrical coordinate
system, 7, a, z)
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1—-2v . .
where K = T ; E is an Young modulus; v is
a Poisson ratio; G = L; ¥ is a function of

2(1 + v)

material state. ¥ function is determined by con-
dition of the plastic flow according to Mises cri-
terion with additional consideration of reduction
of bearing net-section of the finite element as a
result of formation of the discontinuity in scope
of Gurson—Tvergaard model, namely:

1
Y >—=

1 . .
‘P:—G, if oi < o5, 2G,1f6i=65, o
3
Gs = Oy \/1 +(q3f")* = 2q1 cosh LqZ 2GmJ
Gy
where g, = 1.5, g, = 1; g, = 1.5 are the constants;

f isan equlvalent Volume concentration of pores
considering their interaction in the finite ele-
ment.

Value of equivalent pore concentration, ap-
pearing in (9), is determined from a relation,
proposed by Gurson and Needleman [7]:

f! if f<f6?
F=\p f ’}(f for it fofe 10

where f_is a critical concentration of the discon-
tinuities up to which separate pores do not in-
teract (taken as /. = 0.15); fy is a pore concen-
tration at which fracture of the finite element
takes place; f; =1/q,.

Limiting state of each finite element is deter-
mined from two possible fracture mechanisms
[15], i.e. plastic instability in ¥ — 0 case accord-
ing to McClintock condition and microcleavage.

Limiting state of the pipeline element (diame-
ter 1420 mm, wall thickness 20 mm, material —
steel 17G1S, properties of which is given, in par-
ticular, in [16]) with circumferential weld and
external surface wall thinning of metal loss type
(Figure 1) of 2s = 50, ¢ = 5 mm size which is
allowable according to [17], was considered as
an example of application of the developed com-
plex model for analysis of the welded structures.
The following values of parameters and necessary
constants were taken as input data of the present
numerical investigation, i.e. f, = 0.01; f; = 0.01;
K =0.1; K. = 0.05; B = oy Ry = 0.0167 mm. It
should be noted that influence of possible errors
in determination of the values of given constants
on the results of investigations reduces signifi-
cantly at approximation of loads to limiting ones
(i.e. in the case, if at least one of the finite ele-
ments had lost the bearing capacity and macrode-
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Figure 2. Distribution of volume concentration of micropores f in studied pipeline section at limiting pressure Pmax
depending on Al distance between weld and wall thinning defect: @ — Al =5 mm, Ppax = 18.8 MPa; b — Al = 50 mm,
Pmax = 19.8 MPa; ¢ — Al = 150 mm, Pmax = 20.2 MPa; 1 — half of symmetrical weld; 2 — defect

fect appeared), since at that state of the structure
is characterized by plastic strain.

Different mutual location of the weld taking
into account residual stress-strain state as well
as scattered damage, accumulated in the process
of welding, and concentrator in area of geometry
anomaly assume different fracture mechanisms
[15] as well as different limiting pressure in the
pipeline. The results of numerical experiments
showed that the appearance of small pore con-
centration (around 0.05) along the fusion line
was promoted by local thermal cycles and corre-
sponding to them kinetics of stress-strain state
of the structure metal in area of weld metal and
HAZ. Such a damage has insignificant effect on
the structure bearing capacity, since rigidity pa-
rameter of stress-strain state o,,/o; of the pipe-
line element does not achieve significant values
under internal pressure effect due to absence of
sharp concentrators. Therefore, plastic strain in
the studied case does not promote significant pore
development in welding according to (6) and
prevailing mechanism of damage development is
the appearance of new pores in area of concen-
trator and secondary pores from plastic strain on
(4) and (7), respectively.

At that, the damage develops independently
in area of maximum defect depth and in HAZ of
the weld at the initial stages of structure loading
by internal pressure. Typical peculiarity of the
limiting state is an obvious interaction between
two types of studied inhomogeneities from point
of view of microporosity formation (Figure 2).
At that, the larger is the distance between weld
and surface thinning Al, the more is the force
action necessary for formation of volume of metal
damage between them, where microfracture (Fi-
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gure 3) is nucleated at further increase of load.
As can be seen from the presented data, close
location of allowable thinning defect and site
weld can reduce bearing capacity of the pipeline
up to 10 %.

As was mentioned above, the possible nuclea-
tion of pores in the weld as a result of evaporation
of interstitial impurities in a case, when gas bub-
bles do not have enough time to appear on the
surface before complete metal solidification, is
one more factor affecting pipeline bearing capac-
ity. This situation was investigated by means of
setting of hollows (linear size 1 mm) near the
fusion line, i.e. being macrodefects and taking
total volume fraction of weld metal around 0.07.
Calculation of microporosity development, ac-
cording to the created procedure, results of which
are given in the Table, showed a tangible influ-
ence of macropores on the pipeline bearing ca-
pacity, namely, reduction of internal limiting
pressure from 20.4 up to 17.6 MPa. This result
correlates with known experimental investiga-

Puax, MPa

204

18.8 L L L
0 30 100 150

A, mm

Figure 3. Dependence of limiting pressure in the pipeline
from distance between thinning defect and circumferential
weld
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Concentration of micropores in weld area of pipeline element taking into account presence of macropores at limiting pressure
17.6 MPa

o 1 2 3 4 5 6 7 8 9 10 1
z, mm

1 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0

5) 0.064 0.052 0 0 1.0 0 0 0 0 0 0

6 0.104 0.063 1.0 1.0 0.05 1.0 0.057 0.051 0 0 0

7 0.102 0.085 0.05 0.05 0.05 0.05 0.058 0.051 0 0 0

8 0.096 0.101 1.0 1.0 1.0 1.0 0.153 0.118 0.089 1.0 1.0

9 0.101 0.123 0 0 0 0 0.13 0.135 0.143 0.05 0.05

10 0.117 0.163 0 0 0 0 0.088 0.115 0.097 1.0 1.0

1 0.079 0 0 0 0 0 0.058 0.063 0.063 0 0

12 0 0 0 0 0 0 0 0 0.086 0.051 0

13 0 0 0 0 0 0 0 0.061 0.056 0 0

14 0 0 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0
Cont.

oo 12 13 14 15 16 17 18 19 20 21

z, mm

1 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0.05

3 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0.06 0.057

6 0 0 0 0 0 0 0 0.057 0 0

7 0 0 0 0 0 0 0.063 0 0 0

8 1.0 1.0 1.0 1.0 1.0 1.0 0.086 0.062 0 0

9 0.05 0.05 0.05 0.05 0.05 0.05 0.082 0.062 0.05 0

10 1.0 1.0 1.0 1.0 0.05 0.05 0.067 0.062 0.06 0.059

1 0 0 0 0 1.0 1.0 0.09 0.081 0.07 0.073

12 0 0 0 0 0 0 0.07 0.074 0.08 0.075

13 0 0 0 0 0 0 0.056 0.066 0.07 0.071

14 0 0 0 0 0 0 0 0.059 0.06 0.064

15 0 0 0 0 0 0 0 0.054 0.06 0.059

16 0 0 0 0 0 0 0 0 0.05 0.055
Note. Weld area is marked by grey color.
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tions [18] and existing requirements to quality
of site welds of the main pipelines.

Conclusions

1. Complex procedure for numerical evaluation
of limiting state of the welded structures inclined
to ductile fracture under effect of external
stresses was developed. A model of nucleation,
development and interaction of ductile fracture
micropores as well as the criteria of microdefect
formation and coming of structural element lim-
iting state were proposed for this based on the
finite-element solution of nonstationary ther-
moplasticity boundary problem.

2. Regularities of the development of damage
in metal structure under effect of the internal
pressure were considered on the example of main
pipeline section with the external defect of local
metal loss near the site circumferential weld. It
is shown that the limiting state of defective struc-
ture is characterized by formation of the general
damage area between weld and geometry anom-
aly. At that, the less is the distance between
defect and weld, the lower is the service loading,
necessary for showing the mutual effect between
them and further appearance of macrodefects.
This, in turn, can reduce the pipeline bearing
capacity to 10 % in comparison with defect-free
structure.

3. Considered are the peculiarities of effect of
macropore type weld defects, formed from gas
bubbles solidified in the weld metal. Possible
significant effect of indicated defects on the struc-
ture bearing capacity is shown, i.e. reduction of
the pipeline limiting pressure to 17.6 MPa for
volume concentration of arbitrary distributed
pores 0.07 in the weld metal.
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