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CONSIDERATION OF PORE FORMATION
AT ESTIMATION OF LIMITING STATE IN ZONE
OF PRESSURE VESSEL WALL THINNING DEFECT

V.I. MAKHNENKO, E.A. VELIKOIVANENKO, G.F. ROZYNKA and N.I. PIVTORAK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

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 um 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 &?

is more than specified value (&?), and they are

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

VP 4 P
Py =77 at e = (&),
fe (1)
py =0 at & < (ef)

n’

where V' is the pore volume; V, _ is the element
volume without pores.

ps 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)

S
__P 4 4
Ps = S;. >0 at & > (g)),, )

pg =0 at & < (¢)),,

where S » 18 the area of pores in given section of
S; . value.

[, is the total length of pores per unit of linear
dimension /; ., respectively. Then

l

__b
Pr= lf.e.

3)

Relationship between py and p; is

1 (4)
py=(+p)y -1 =3p,(1 +pl+§pl2]z3pl.

Correspondingly pg = 2p; [1 + %p,] = 2p;.

Developed plastic flow promotes growth of
pore linear dimensions according to Rice—Tracy
law [4] at & > (€)),,.

Assume that the amount of pores in given

structural volume has little changes, but their
dimensions increase:

dl

dsi

m

=0.281 exp [1 5 —J )

where o, /o, is the rigidity of stressed state;
S, =73 (o, + Opp + c,,) is the average normal
stress in coordinate system 7, B, z;
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0; = % [(Grr

+ (Gﬁﬁ - 022)2 + 6(032 + 0

- GBﬁ)Z + (o,, — 0, )2 + 6)

2B N GBZ)]1/2

is the stress intensity;

ds‘fzﬁ [(de], — dejf ) + (deP — del )* +

+ (defiy — deb)* + 6(delp)” + 6(del,) + 6(def,)’]'

is the intensity of increase of plastic strain.
Under mentioned above assumption that
amount of pores in given volume V|, has small
changes, the change of p; value corresponds with
relative variation of the linear dimensions due to
porosity.
Respectively, equation of relationship of
strain tensor de; if and stress tensor oyati, j=
z, B allowing for linear elongation equals p; can
be written in the following way:

81]6771
doy=d |~ (7
+ d?»(c = 8;;6,) +9; [d(Ko,,) +dp;],

where p, is the solution of equation (5) at [ =p
and initial p, value on (1) and (4); G=E /(2(1 +
+v)); K = (1-2v) /E; E is the Young’s Inodulus
v is the Poisson’s ratio; 8 =1ati=j and 8
=0ati=#j.

Under sequential tracing of development of

plastic strain and initial value of p{* in moment
k=0 on (1), assuming that de? value has small

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

(R+1) (k)
In Lt N [ ] (Asf)(k). ®)

k k
pg) ()

k+1)

Under values of relationship x = e close

to one, expanding In x as a power series

lnx_22[x_1j 1

x+1) n

9

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

k)
2+ App
plk b = _7]@5, where
2 -4, (10)
)
A, =0.28 exp 1.5 ;’;) (Aeh)®
3
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starting from & = 0, for which p{* is determined
by conditions (4).
Knowing p{®¥ (k =0, 1, 2, ...), an increment

of elongation of linear dimensions of given finite
element due to porosity will be found for (7)

k+1) _ (k) _ (R Ay
o PLT =PI 1054,

(k=0,1,2, ...

Apgk+1): an

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 Apf* * 1 (k=0, 1, 2, ...) value
similar to such at temperature expansion A [5].

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

values from solution of boundary value problem
(k)
1- pf
The following according to [2] are used as
criteria of the limiting state of brittle-tough frac-
ture in volume of given finite element:

equate to net-stress (Gnet)(k)

oy > S, — brittle fracture;
(12)

o
Kp > gk [G—Tj — tough fracture,

where o, is the maximum main net-stress; K, =
Idsf = Z(da”)(k) is the Odqvist parameter of
k
strain hardening; ¢® is the critical value «, in
k-th tracing step depending on rigidity of stressed
state.
For example, based on MacKenzie [2]

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 opp, op; in plain § = Bo and
62z, Oz in plain z = zg and symmetry conditions B =0, z=0

4

pue))
E’?[ j> g + a exp {—1 5 (k)J (13)

where g, and a are the experimental charac-
teristics of materials (for hull steels g, = 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 (o,,/6,)® and £® values

respectively:
ke
Agi
2 { < ]k =1,

k=0

(14)

where & 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 x
x ¢ x a (Figure 1), where s — dimension along
the generatrix; ¢ — along the circumference;
a — same to depth of the wall in which the
thinning was found. Elastic characteristics of
steel E and v, yield strength o, and index of
power strain hardening m are known

Estimation of limiting pressure Py;;,,, 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.

] 0 . W

< . z

! L =50

Figure 2. Scheme of axisymmetric notched cylinder speci-
men of ¢ x 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 o, ~ 480 MPa. Two
dimensions of notch in 10 mm diameter specimens
were considered. The first is @ x b =1 x 3 and
the second is @ x b = 3 x 1 mm at theoretical
concentration factors ay.,, = 1.60 and 3.45.

ol = 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
ol MPa
220 |
200 -
180 F
160 F
(Ugg)zw
140 + /\
/z_. ~ ~
120 |
1 1 1 1 | | 1 1 1
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Table 1. Variants of initial data responsible for pore formation

N‘i;“rli’:;t(’f oy, MPa Py S., 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
1 480 0.05 1000 0.14
Note. (g!), = 0.01.

of axial movement W = AWn, where n is the

loading step.

cl" MPa
700
600

(O'g)u\' /\
500 / A
/ \J

400
300 1 I 1 1 1

1 2 3 4 5 6 7 8 9 Number of variant

Figure 3. Results of computer simulation of the nominal limiting stresses ou™ in section z = L and spontaneous fracture
in section z = 0 of notched specimen of @ x b =3 x 1 (a) and 1 x 3 (b) dimensions (atheor = 3.45) for different variants
of change of oy, pv, Sc, m (Table 1) in comparison with experimental data on (c%:)ay (o2 is set at z = L for variants
1-10; increment AW = 0.00261 mm is set per each step for variant 11)
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Figure 4. Results of simulation of load P; on the edge z = L = 50 mm for notched specimen of @ x b =3 x 1 (a) and 1 x
x 3 (b) mm dimensions depending on step n at AW = 0.00261 mm
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Table 2. Initial and calculation data for considered wall thinning
defects (¢ = 40 mm, @ = 14 mm)

N?,?rti):;t()f s, mm [P], MPa Py, MPa Ngaf
1 66 7.50 18.8 2.5
9 100 5.15 17.4 3.3
3 200 4.15 14.0 3.2

For this case Figure 4 shows the kinetics of
load change P, in the process of n value growth
up to coming of spontaneous fracture (without
further increase of load P,).

Correlation of ¢l™ value with specified aver-
age value shows that taking no account to po-
rosity (variant 4 in Figure 3) provides conserva-
tive values of cl™. At the same time reduction
of 6, below 300 MPa or S, below 700 MPa as

well as increase of m 51gn1f1cantly reduce ol

P =18.6 MPa

value. Change of porosity py (the main factor of

fracture zone embrittlement) in the range of py ~

~ 0.03-0.07 provides insignificant effect on
ol 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 (py,
Se Oy m) for steel under study from this analysis.
This allows using their approximate values for
practical estimations.

py = 0.05, S, = 1000 MPa, o, = 440 MPa,
m = 0.14 and (&?),=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
8 = 20 mm from steel under consideration at 3D
analysis.

£, mm

-

2.0 261.5434.5548.8626,7678.0712.1734.9750.1760.2767 0771.6774.6776,6778.5780,5782.5784.5786 5798.5790.5792 5704.6796.5728.5800.5802,5804.5806.5808 .5

730. 635, 620. 650, 665. 655. 670, 660. 690. 680. 685. 675. 695, 695. 720, 705, 705. 700. 725, 685, 745. 745, 700. 620. 705. 715. 730. 740, 750. 755. 760,
728, B50.685. 660. 645. 660. 710. 675. 680. 715. 690. 715, 725. 745, 755. 750. 780, 790. 810. 815, 835. 950, 845, 815. 855. 845, 840, 840. 795. 805. 800.
726. 645,690, 635, 655, 665, 690, 685, 680, 695, 695, 740, 755, 800. 835, 845, 895, 835. 965, 880, 960, 945, 870, 960, 930, 920. 910, 910, 920. 915. 915.
724.  630. 6G85. 630, 660. 665. 660, 685, 715. 715. 740. 735, 835. 905. B95. 870, 945, 930. 935.1005 950. 715,
722, B35.615, 650, 645. 665. 670, 690. 690. 695. 730. 840. 920, 935, 885, 920, 880. 840. 885,
_E_ T20.  640.620. 650, 655, 665. 68B5. 680, 695. 725. 765. 905, 905, 885. B75. 815, 860.
= T8, 635, 700. 645, 660, 660. 690, 715. 715. 730. 810, 910, 920, 885, 885, 835,
< 716, 635, 700. 660, 680, 680. 685. 710, 730, 795, 840, 895. 905, 915, 745,
714,  640.705. 665. 670. 685. T05. 715, 770. 770. 885. 915. 890. 755.
712, 645, 660. 670. 680. 705. 720. 740, 780, 785, 895, 895. 895. 830.
710, 645, 660. 670. 680, 705, T720. 740, 780, 7BS5. BBS5, BO9S. 895 B3D.
a
= I8, b \1 Pa
0 261.5434.5545.B626.7678.07T12,1734.8760,1760.2767 0771.6774.5776,5778.5780.56782 6784 5786.6788,6790.5792.5754,5796.5798.5800.5802.6804.56806.5808.5
730. 620 610. 635. 645, 645, 680, 720, 780, 800, 810, 800. 725, 690, 735, 775, 825, 785, 865, 845, 825, 900. 750, 785, 245, B70. 885, 890, 885, 885, 885,
728. 640,675, 645. 630, 650. 725. 740, 805, 815.815. 750.810.690.0950. 0. 0. 0 0. & 0 0. 815 880.905.920. 890, 905. 945, 945, 950,
T26 640. 685. 630. 645. 660. 710. 760. 795. 820. 850. 770. 790. 580. 745, 940. 1 0 o u U (I 390, 655, 745. 825, 895, 865, 890. 905.
J24. 625.685.625. 655, 665, 685, 765, 825. 860. 880, 665. 730, 410.490. 0. 805.735. 765, ! 0 0,
722, 6535.615. 650. 645. 670, 700. 775. 835. 865. 915. 635. 540. 450. 225. 375. 250. 265. 305.
720, 645.620. 650. 655. 675.720. 770. 815. 885, 890. 285, 305. 0. 345, 395. 0.
718,  640.705. 645. 665. 675. 730. 805. 860. 880. 865. 255. 20. 775.-105.550.
716,  645.710. 665. 685, 700. 730. 810, 875. 860. 875.345. 0, ¢, 0,
714, 650, 715. 675. 680, 705. 755, 820. 840. 875. 855, 555. 0. 0.
712, 665, 675. 680, 695. 735. 775. 845, 880, 890. 900, 955, 570. 05,
710,  665. 675, 680, 695, 735, 775, 845. 860. B90, 900, 955, 570, 95,
b
=188 MPa
2.0 261.5434 5549.8626.7678.0712.1734.3750.1760.2767.0771.6774.5776.5778.5780,5782.5784.57686.5788.5790.5792.5794.5796.5798.5800.5802.5804.5806.5808.5
730, 625.615. 640. 650, 650. 685. 720, 785. 805. 815. 810. 735. 700. 750, 800, 825. 780. 890. 845, 845. 920. 760, 790. 855. 875. 895, 900, 895, 890. 890,
728. 645.680.655. 635. 660. 730. 745. 815. 820, 820. 760. 815.705.970. 0, O, O. 0, & 0. 0, 840.900.925.935. 905. 920. 960. 960. 965.
726. 640,690,635, 650, 670. 720. 765. 815. 830. 855. 780. 795. 590.760. 960. 0. 0. 0. 0, 0, 0. O 405 675.765. 845, 915. B85. 910. 925,
724 630. 690. 630. 660. 670. 695. 775. 800. 875. 890. 675. 745.410.490. 0. 810.765.795. 0. 0 0O
722. 640, 620. 655, 650, 675. 705, 785, 825. 885, 930. 640, 550, 450. 215, 355, 255. 270. 310.
720, B50.630. 660. 660. 680. 730. 780. 855. B75. 905. 285. 310. 0. 365.420, 1
718,  645.710. 655. 670, 680. 740, 815, 835. 880, 880. 265. 25. 775.-100.565.
716 650. 715. 675. 695. 705. 740. 820. 855. 890. 895. 355. 0, o
714,  660. 725. 685. 685. 715. 765. 840, 875. 890, 875. 555. 0. 0.
712,  670.680. 685. 705. 745, 785. 840. 865. 895. 920. 955. 565. 95.
710, 670.680.685. 705, 745. 785. 840, B65. 895. 920. 955, 565. 95,
C
= 18.8 '\’IF'
251 5434,5540.8626,7678.0712.1734,9750.1 780.2767.0771.57T74.5776.6778.5780 5782.5784,5786,5788,.6 790,56 792,5794.6 796,5798.5800.5802,5804.5806.5808 5
T30. 340 545.420,720.970.12602965 0. 5. 0, 835. 0. -10. 0. 0, 0 0 0, € 0 0 0 <15 45 0 0 0 Q1 0 9
728, 340. 640. 675, 780.10301290 -5. 0 ] 0, -B0. 0 0 6. 0 0 b, 0 L L] L | 0, 0 n, 0 ] fi 0 0,
726. 340. 640, 665, 865.107512502740 u. . 0. 495 0. 0. O 0. oW oL oL # i i L @ # 0. & n 0
T24. 340. 645. 715. 865.11001280 0 i l i 175, 0. 505. 0 I ! i L L i U
T2, 340. 630,730, 845.11151240 0. 0 G 0, 140.4200 6, 0. 1015 O, 0. 640.
T20. 340. 660. 760, 915,11251265 0 i h 0, 3501405 0, 0. 450,
718, 340, 680,765, 905.11251325 0. ¢ w0, 150.800.925. 495, 200.
7186, 340, 685. 755, 895,11201265 © 0 =20, 0 4 U it U
714, 340.700.775.890.112012701435. o. O 0. & O, 0
12, 340.705.785,885.11101240825. 0 0 0 0. 15651590,
Ti0. 340.705.785. 885.11101240825. « N n ¢ 15651590,
d

Figure 5. Distribution of main stresses o in the longitudinal section § = 0 at various internal pressure: a, b — P =
= 18.6 MPa during the first (¢) and the last (b) iteration; ¢, d — P = 18.8 MPa during the first iteration (¢) and the
last (d) (zeros indicate the finite elements where fracture takes place)
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P =186 MPa
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—_—F, mm

20 2615434565498626.7678.0712.173497501 760276707716 774577667785 7806782,5784.5 7866 78B.67906792,5794.6 7966 798.5800.5802.5804.5806.5808.5

730. 0.0210.0200.024 0.028 0.0290.031 0.033 0.037 0.041 0.044 0.048 0.049 0.049 0.050 0.051 0.052 0.054 0.064 0.058 0.060 0.063 0.072 0.076 0.077 0.078 0.072 0.081 0.082 0.083 0.083
T28. 0.0220,0200.025 0.029 0,031 0.0330.037 0,042 0.047 0.054 0,060 0.067 0.0720.077 0.0830.089 0,098 0.1020.116 0,126 0.1260.1490.144 0.1400.137 0.1360.1356 0.1320.1320.132
Ta6. 0.024 0,022 0.026 0.031 0.0330.036 0.041 0.047 0.056 0.065 0.075 0.086 0.086 0.1060.1160.126 0.1450.147 0.1730.180 0.217 0.242 0.216 0.208 0.200 0.194 0.1689 0.183 0.181 0.181
_ 724, 0.0260.0230.0280.0320,0350.0390.0450,0520.0620.0750.0890.1030.1170.1300.147 0.168 0.184 0.198 0.227 0.2561 0.290
E 7122, 0.027 0.025 0.029 0.033 0.037 0.042 0.049 0.057 0.070 0.085 0.102 0.1200.137 0.1530.168 0.1840.197 0.185
E T20. 0.0280.026 0,030 0.0350,0400.045 0,053 0.063 0,077 0.084 0.1160.137 0.156 0.168 0.178 0.170
~ 718, 0.0300.027 0.031 0.036 0.0420.047 0.058 0.068 0.0830.104 0.1280.1630.1730.1830.173
718, 0.0310,0280.0320.038 0,045 0.051 0.061 0,073 0.0900.1120.1400.168 0,192 0,209
T4, 0.0330.030 0,033 0.0320.047 0.064 0.0650.078.0.097 0.1180.1800.183 0.223
712, 0.0350,0320.0340,0420,0490.057 0,068 0,0850.104 0.125 0,156 0.185 0.200
Ti0. 0.0350,032 0.034 0,042 0,048 0.057 0.068 0,085 0.104 0.125 0.156 0,186 0.200

[T
P =18.6 MPi

20 2615434.66498626.7678.0712.1734.9760.1760.2767.0771.6 77467766 778.6780.6782.6 784.6 786,6 788.6 7906 7925 794.6 796,56 798.6 800.6 802,65 8046 806 5 808.6

730, 0.0210,0200.024 0.0280,0290.031 0.0330,038 0,043 0.049 0 056 0.062 0.066 0,0690.0720.077 0, 084 0.084 0.088 0 050 0.021 0,097 0.097 0.097 0,057 0.057 0.0280,0980.100 0.100
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Figure 6. The same as in Figure 5 but for x; = _[ def = z (dsé’)(k) value

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 Py, and safety factors
Rsaf = 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 n; =
= 2.0-2.5, shows their good compliance.

CONCLUSIONS

1. Mathematical modelling of the limiting state
for steel pressure vessels involving geometrical
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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. Itisshown 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
nge ~ 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 STRUCTURE AND PROPERTIES
OF MICROALLOYED STRUCTURAL STEELS

V.A. KOSTIN, G.M. GRIGORENKO, V.D. POZNYAKOV, S.L. ZHDANOV, T.G. SOLOMIJCHUK,
T.A. ZUBER and A.A. MAKSIMENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

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 (we,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.

Keywords: arc welding, structural steels, carboni-
tride strengthening, welding thermal cycle, Gleeble
3800, microstructure, bainite, MAC-phase, mechanical
properties

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_;y = 39 J /cm?,
KCU_3y=34J /cm? 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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