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The tough fracture models allowing for pores forming in plastic flow either at non-metallic inclusions or
in matrix from the microcracks that do not propagate by cleavage mechanism provide for the corresponding
algorithms of growth of the pore due to plastic strains and respective redistribution of the stress-strain
state. At present, the interest in these models is determined by growth of the scope of prediction and expert
estimates for the welded structures, based on calculation estimation of the limiting state. In a number of
cases, in view of the trend to utilization of high-strength and sufficiently ductile materials in the welded
structures, the limiting state occurs under the tough deformation conditions at the rigid stressed state,
which contribute to the pore formation. Fracture as a result takes place at relatively small plastic strains
that rapidly reduce deformation capacity of corresponding welded assemblies before fracture.
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Operational defects of wall thinning in current
welded pressure vessels are the most widely iden-
tified defects of long-term service structures
(main pipeline, oil and gas storages, tank cars
etc.). At periodic technical diagnostics of such
structures the identified defects are estimated
from point of view of safe operation of the struc-
ture for a period at least up to the next technical
diagnostics. Specific rules based on correspond-
ing calculation and experimental investigations
are applied at that. These rules are improved
according to accumulation of facts of their ap-
plication, change of operation conditions for spe-
cific type of structures, development of calcula-
tion models of loading (fracture) as well as meth-
ods of realization of these models.

Observed significant progress in computer en-
gineering, deformation and fracture mechanics
of structural materials, respectively, provides for
realization of the more complex physical models.
It is a good basis for development of more detailed
models of behavior of structural material at de-
formation (in stage close to fracture) as well as
at fracture to certain extent. This makes the cal-
culation approaches to prediction of a limiting
state for complex cases of deformation suffi-
ciently suitable to that is observed in experiment
allowing reducing the scope of expensive experi-
ments. Such an approach is connected with at-
traction of additional physical and mathematical

models for development of information related
with the coming of limiting state. Work in this
direction is actively performed in different coun-
tries. Works of scientists of Siberian school of
Prof. V.E. Panin in scope of new scientific di-
rection, i.e. physical mesomechanics of materials
[1], are worthy of notice among the current in-
vestigations. Deformation of material on
mesolevel, i.e. considering significant physical
discontinuity determined by presence of different
interfaces (for example, gain boundary) with fur-
ther estimation of reaction of material on
macrolevel by means of average of characteristics
of stress-strain state along representative meso-
volume is considered in scope of this direction.
Primitive example of inelastic material behavior
according to [1] is a «shear + rotation» that al-
lows preserving continuity condition up to frac-
ture. The latter is a final stage of material frag-
mentation on macrolevel when global shear buck-
ling takes place.

Pore formation in many cases is an important
phase of material deformation before fracture
stage. The pores are formed in plastic flow at
non-metallic inclusions or in matrix from the mi-
crocracks that do not propagate by cleavage
mechanism, i.e. being almost essential attribute
of material tough fracture. It is not surprising
that a great attention is paid to the issue of for-
mation and growth of pores at tough fracture of
materials [2—4]. Initial dimensions of appearing
pores are not large around 1 μm as a rule. There-
fore, their influence on deformation processes and
fracture can be considered in scope of mesolevel
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models, i.e. corresponding inhomogeneity of ma-
terial properties in pore volumes and out of these
volumes.

The results obtained under the following as-
sumptions are given below.

The pores are nucleated in an arbitrary finite
element (structural volume) under isothermic
conditions, when intensity of plastic strain εi

p

is more than specified value (εi
p)n and they are

uniformly distributed along the element vol-
ume, i.e. concentration of pores per unit of ele-
ment volume is

ρV = 
Vp

Vf.e
 at εi

p ≥ (εi
p)n,

 ρV = 0 at εi
p < (εi

p)n,
(1)

where Vp is the pore volume; Vf.e is the element
volume without pores.

ρS concept of pore concentration per unit of
sectional area of the element (that can be ob-
served in sample fracture) is introduced. By anal-
ogy with (1)

ρS = 
Sp

Sf.e
 > 0 at εi

p ≥ (εi
p)n,

ρS = 0 at εi
p < (εi

p)n,

(2)

where Sp is the area of pores in given section of
Sf.e value.

lp is the total length of pores per unit of linear
dimension lf.e, respectively. Then

ρl = 
lp
lf.e

. (3)

Relationship between ρV and ρl is

ρV = (1 + ρl)
3 — 1 = 3ρl 

⎛
⎜
⎝
1 + ρl + 

1
3
 ρl

2
⎞
⎟
⎠
 ≈ 3ρl.

(4)

Correspondingly ρS = 2ρl 
⎛
⎜
⎝
1 + 1

2
ρl

⎞
⎟
⎠
 ≈ 2ρl.

Developed plastic flow promotes growth of
pore linear dimensions according to Rice—Tracy
law [4] at εi

p ≥ (εip)n.
Assume that the amount of pores in given

structural volume has little changes, but their
dimensions increase:

dl

dεi
p
 = 0.28 l exp 

⎛
⎜
⎝
1.5 

σm
σi

⎞
⎟
⎠
, (5)

where σm/σi is the rigidity of stressed state;

σm = 
1
3
 (σrr + σββ + σzz) is the average normal

stress in coordinate system r, β, z;

σi = 
1
√⎯⎯2

 [(σrr — σββ)
2 + (σrr — σzz)

2 +

+ (σββ — σzz)
2 + 6(σrz

2  + σrβ
2  + σβz

2 )]1/2
(6)

is the stress intensity;

dεi
p = 

√⎯⎯2
3

 [(dεrr
p  — dεββ

p )2 + (dεrr
p  — dεzz

p )2 +

+ (dεββ
p  — dεrr

p )2 + 6(dεrβ
p )2 + 6(dεrz

p )2 + 6(dεβz
p )2]1/2

is the intensity of increase of plastic strain.
Under mentioned above assumption that

amount of pores in given volume V0 has small
changes, the change of ρl value corresponds with
relative variation of the linear dimensions due to
porosity.

Respectively, equation of relationship of
strain tensor dεij and stress tensor σij at i, j = r,
z, β allowing for linear elongation equals ρl can
be written in the following way:

dεij = d 
⎛
⎜
⎝

⎜
⎜
σij — δijσm

2G

⎞
⎟
⎠

⎟
⎟ +

+ dλ(σij — δijσm) + δij[d(Kσm) + dρl],

(7)

where ρl is the solution of equation (5) at l = ρl
and initial ρl value on (1) and (4); G = E/(2(1 +
+ ν)); K = (1—2ν)/E; E is the Young’s modulus;
ν is the Poisson’s ratio; δij = 1 at i = j and δij =
= 0 at i ≠ j.

Under sequential tracing of development of
plastic strain and initial value of ρV

init in moment

k = 0 on (1), assuming that dεi
p value has small

changes in a course of tracing steps k-th and k +
+ 1st, solution of equation (5) relatively to value
ρl will give

ln 
ρl
(k + 1)

ρl
(k)  = 0.28 exp 

⎛
⎜
⎝

⎜
⎜
1.5 

σm
(k)

σi
(k)

⎞
⎟
⎠

⎟
⎟
 (Δεi

p)(k). (8)

Under values of relationship х = 
ρl
(k + 1)

ρl
(k)  close

to one, expanding ln x as a power series

ln х = 2 ∑ 
n = 1

∞ ⎛
⎜
⎝
x — 1
x + 1

⎞
⎟
⎠

n

 
1
n

(9)

and being limited by member n = 1, the following
will be obtained:

ρl
(k + 1) = 

(2 + Ak)ρl
(k)

2 — Ak
, where

Ak = 0.28 exp 
⎛
⎜
⎝

⎜
⎜
1.5 

σm
(k)

σi
(k)

⎞
⎟
⎠

⎟
⎟
 (Δεi

p)(k)

(10)
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starting from k = 0, for which ρl
(0) is determined

by conditions (4).
Knowing ρl

(k) (k = 0, 1, 2, … ), an increment
of elongation of linear dimensions of given finite
element due to porosity will be found for (7)

Δρl
(k + 1) = ρl

(k + 1) — ρl
(k) = ρl

(k) 
Ak

1 — 0.5Ak

(k = 0, 1, 2, … ).

(11)

It follows from mentioned above that consid-
eration of porosity affects to certain extent the
strain and stress fields due to additional volu-
metric changes of Δρl

(k + 1) (k = 0, 1, 2, … ) value
similar to such at temperature expansion Δϕ [5].

Besides, realization of flow conditions and cri-
teria of limiting state requires consideration of
net-stress in sections of finite elements, i.e. σij

(k)

values from solution of boundary value problem

equate to net-stress (σij
net)(k) = 

σij
(k)

1 — ρs
(k).

The following according to [2] are used as
criteria of the limiting state of brittle-tough frac-
ture in volume of given finite element:

σ1 > Sc – brittle fracture;

κk > εcr
(k) 

⎛
⎜
⎝

σm
σi

⎞
⎟
⎠
 – tough fracture,

(12)

where σ1 is the maximum main net-stress; κk =
= ∫ dεip = ∑(

k

dεi
p)(k) is the Odqvist parameter of

strain hardening; εcr
(k) is the critical value κk in

k-th tracing step depending on rigidity of stressed
state.

For example, based on MacKenzie [2]

εcr
(k) 

⎛
⎜
⎝

σm
σi

⎞
⎟
⎠
 > ε0 + a exp 

⎛
⎜
⎝
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⎟
⎟
, (13)

where ε0 and a are the experimental charac-
teristics of materials (for hull steels ε0 = 0.07,
a = 2.99).

Method of accumulation of tough fractures in
the volume of given element can be used accord-
ing to [2] in the next form for the case of rapid
change in tracing of (σm/σi)

(k) and εcr
(k) values

respectively:

∑ 
k = 0

kcr

 

⎛
⎜
⎝

⎜
⎜
Δεi

p

κ

⎞
⎟
⎠

⎟
⎟
k
 = 1, (14)

where kcr is the limiting value of tracing step at
which given finite element will «fail», i.e. its
mechanical properties rapidly change for proper-
ties of air or corresponding aggressive liquid (in
presence of respective access).

Present procedure at this step of tracing on
loading is performed in iteration way with con-
stant external loading since such a replacement
of properties results in redistribution of loads in
adjacent finite elements. The case when replace-
ment procedure in the given finite element leads
during the next iteration to the replacements in
the adjacent elements up to «spontaneous frac-
ture» (when replacement procedure covers large
volume of considered structure at specified load-
ing) is quite natural at that. Corresponding con-
ditions for coming of such a state are considered
as macroconditions of coming of the limiting
state.

Described approach is to be applied to steel
pressure vessel with defect overall dimensions s ×
× c × a (Figure 1), where s – dimension along
the generatrix; c – along the circumference;
a – same to depth of the wall in which the
thinning was found. Elastic characteristics of
steel E and ν, yield strength σy and index of
power strain hardening m are known.

Estimation of limiting pressure Plim, at which
macroscopic spontaneous fracture of the wall
takes place in zone of thinning, is necessary under
conditions of three-axial stressed state with in-
ternal pressure P.

Figure 1. Scheme of fragment of pipe casing with defect of
thinning being loaded by internal pressure P on the surface
r — R = 0 and nominal stresses σββ, σβz in plain β = β0 and
σzz, σzr in plain z = z0 and symmetry conditions β = 0, z = 0

Figure 2. Scheme of axisymmetric notched cylinder speci-
men of a × b dimensions
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Algorithm of numerical determination in
scope of 3D stress-strain state in zone of consid-
ered defect taking no account to porosity is given
in work [6]. The latter was considered in this
work using equations (1)—(14).

Necessary data for such a model connected
with specified steel are proposed to be determined
using simple tensile experiments of axisymmetric
notched cylinder specimens (Figure 2) from pipe
steel with yield strength σy ≈ 480 MPa. Two
dimensions of notch in 10 mm diameter specimens
were considered. The first is a × b = 1 × 3 and
the second is a × b = 3 × 1 mm at theoretical
concentration factors αtheor = 1.60 and 3.45.

σzz
lim = 500 and 130 MPa are the corresponding

average fracture axial stresses on clamps. For
these data the process of loading of the specimens
was simulated at different variation of initial data
(Table 1) responsible for pore formation (Fi-
gure 3). At that variants 1—10 correspond to pre-
determined loading on the clamps (section z =
= L) and variant 11 – to predetermined value

of axial movement W = ΔWn, where n is the
loading step.

Figure 4. Results of simulation of load Pz on the edge z = L = 50 mm for notched specimen of a × b = 3 × 1 (a) and 1 ×
× 3 (b) mm dimensions depending on step n at ΔW = 0.00261 mm

Table 1. Variants of initial data responsible for pore formation

Number of
variant

σy, MPa ρV Sc, MPa m

1 480 0.07 1000 0.14

2 480 0.05 1000 0.14

3 480 0.03 1000 0.14

4 480 0 1000 0.14

5 400 0.05 1000 0.14

6 300 0.05 1000 0.14

7 480 0.05 1000 0.05

8 480 0.05 1000 0.25

9 480 0.05 700 0.14

10 480 0.05 1500 0.14

11 480 0.05 1000 0.14

Note. (εi
p)0 = 0.01.

Figure 3. Results of computer simulation of the nominal limiting stresses σzz
lim in section z = L and spontaneous fracture

in section z = 0 of notched specimen of a × b = 3 × 1 (a) and 1 × 3 (b) dimensions (αtheor = 3.45) for different variants
of change of σy, ρV, Sc, m (Table 1) in comparison with experimental data on (σzz

cr)av (σzz is set at z = L for variants
1—10; increment ΔW = 0.00261 mm is set per each step for variant 11)
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For this case Figure 4 shows the kinetics of
load change Pz in the process of n value growth
up to coming of spontaneous fracture (without
further increase of load Pz).

Correlation of σzz
lim value with specified aver-

age value shows that taking no account to po-
rosity (variant 4 in Figure 3) provides conserva-
tive values of σzz

lim. At the same time reduction
of σy below 300 MPa or Sc below 700 MPa as
well as increase of m significantly reduce σzz

lim

value. Change of porosity ρV (the main factor of
fracture zone embrittlement) in the range of ρV ≈
≈ 0.03—0.07 provides insignificant effect on
σzz

lim critical value.
Fracture process taking into account pore for-

mation which promotes embrittlement of the
fracture zone has sufficiently high resistance to
main parameters of the considered model (ρV,
Sc, σy, m) for steel under study from this analysis.
This allows using their approximate values for
practical estimations.

ρV = 0.05, Sc = 1000 MPa, σy = 440 MPa,
m = 0.14 and (εip)0 = 0.01 were used in accordance
with indicated for determination of critical load
in the zone of local thinning of the wall of casing
of 2R = 1420 mm diameter pipe at wall thickness
δ = 20 mm from steel under consideration at 3D
analysis.

Figure 5. Distribution of main stresses σl in the longitudinal section β = 0 at various internal pressure: a, b – P =
= 18.6 MPa during the first (a) and the last (b) iteration; c, d – P = 18.8 MPa during the first iteration (c) and the
last (d) (zeros indicate the finite elements where fracture takes place)

Table 2. Initial and calculation data for considered wall thinning
defects (c = 40 mm, a = 14 mm)

Number of
variant

s, mm [P], MPa Plim, MPa nsaf

1 66 7.50 18.8 2.5

2 100 5.15 17.4 3.3

3 200 4.15 14.0 3.2
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Three variants of geometrical defects from Ta-
ble 2 were studied. The Table shows the results
of calculation of allowable pressures [P] for con-
sidered thinning defects. Figures 5 and 6 illus-
trate the result of calculation of the limiting pres-
sure at which spontaneous fracture takes place
for variant 1. Similar data are given for variants
2 and 3. Respectively, Table 2 also shows infor-
mation about limiting Plim and safety factors
nsaf = Plim/[P].

Matching of calculation limiting loads on the
results of given work, i.e. considering pore for-
mation, with calculation allowable loads from
work [7], obtained based on broad experiment,
related with fracture of full-scale specimens
through the safety factor in the range of nsaf =
= 2.0—2.5, shows their good compliance.

CONCLUSIONS

1. Mathematical modelling of the limiting state
for steel pressure vessels involving geometrical

defects of wall thinning requires more general
models for description of not only deformation
process (for example, considering larger defor-
mation), but fracture process as well after devel-
oped plastic flow stage (for example, pore for-
mation).

2. It is shown that the attraction of sufficiently
known physical models of pore formation at plas-
tic flow results in certain «embrittlement» effect
of fracture zone at that sufficiently reducing the
limiting calculation loading (per 20—70 % and
more).

3. The results of matching of limiting calcu-
lation loads from Table 2 on procedure of this
study with that allowable on work [7] based on
the broad experiment show that the safety factor
nsaf ≈ 2.0—2.5 specified at that has good enough
correspondence with data of Table 2 as a rule.
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Influence of welding thermal cycle on microstructure and properties of HAZ metal in new steels with
carbide and carbonitride type of strengthening, namely 06GBD, 10G2FB, 15KSATYuD, was studied. It
is shown that under the influence of welding thermal cycle an optimum complex of ferritic-bainitic structures
forms in a rather broad range of cooling rates (w6/5 = 10—30 °C/s), which is characterized by values of
strength, ductility and cold resistance on the level of requirements made of base metal of strength class
C440.
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At present transportation engineering and build-
ing industry of Ukraine are the main users of
higher strength steels with yield point of up to
400 MPa. Today, however, they no longer satisfy,
by a number of objective factors, the require-
ments of high-speed traffic or modern concepts
of urban planning, both by the level of strength
and impact toughness.

Over the recent years, PWI in cooperation
with metallurgists developed a number of new
steels with 440—590 MPa yield point, based on
the principle of carbide and carbonitride
strengthening [1, 2].

As welding is the main technological process
of fabrication of structures from these steels, im-
proved performance of the new steels (by
strength and impact toughness level) should be
preserved also in the welded joints. However,
HAZ formation in the metal being welded leads
to deterioration of mechanical properties under
the impact of welding thermal cycle (WTC),
both as a result of grain growth, and in connec-
tion with formation of quenching structures.
Wide introduction of new steels should be pre-

ceded by profound comprehensive investigation
of these steels reaction to WTC.

Disembodied published data on the features
of structural changes in the new steels with car-
bide and carbonitride strengthening under WTC
conditions are obviously insufficient [3, 4].

In addition, the clearly increased require-
ments to impact toughness of new steels of
strength class C345—440 (KCU—40 = 39 J/cm2,
KCU—70 = 34 J/cm2 to GOST 27772—88) require
studying WTC effect on strength and impact
toughness levels in HAZ metal.

The objective of this work consisted in inves-
tigation of the features of formation of HAZ met-
al structure under WTC impact and assessment
of microstructure influence on mechanical prop-
erties and impact toughness in this zone, in order
to select optimum welding modes, ensuring high
performance of the welded joint.

Table 1 gives the composition of the studied
steel grades. Steels 10G2FB and 06GBD belong
to steels with carbide strengthening type, and
15KhSATYuD steel is of carbonitride strengthen-
ing type. Mechanical properties of steels in as-de-
livered condition are given in Tables 2 and 3.

In order to evaluate WTC effect on the struc-
ture of welded joint HAZ metal, investigations
were conducted on model samples in Geeble 3800
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