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INTRODUCTION

Large scale model and full-scale vessel destructive tests with
simulation of principal calculation situations are carried out,
as a rule, at the stage of completion during substentiation of
accepted standard approaches used for the integral strength veri-
fication and substantiation of equipment life.

MATERIALS UNDER INVESTIGATIONS AND INVESTIGATION METHODS

To perform tests to loss of tightness under cyclic conditions
Scale models of 12XIMD, 15X2MEA, 15X3HMOA steels were fabricated.
Nozzle-to-vessel weld performed by various process versions was
tested. In all more than 10 models with outer diameter of 460 ...
600 mm and wall thickness of 35 ... 40 mm were fabricated. These
models were loaded by pulsating internal pressure with a frequen-
cy of 1 cycle for 3 min when minimum pressure of 3,5 ...5 MPa and
maximum pressure of 20-25 MPa in & cycle are provided. Tests were
conducted at medium temperature of 20°C with strain gauging areas
with maximum stress concentration and estimation of effective va-
lues of strain concentration factor by the moment of fatigue
crack arising. Number of cycles corresponding to loss of tight-
ness of a model was the moment of test completion. Then failure
surface and area of crack initiation as well as variation of me-
chenical properties of model metal were studied.

To evaluate the serviceability of weldment that connects WWER1000
reactor vessel to Dy 850 pipeline and prerformed by manual arc wel-
ding on site without subsequent heat treatment test of full-scale
model /1/ of nozzle area of 15X2HMUA steel was performed. After
life tests of this model according to conditions Pmin= 4 MPa and
Pmax = 25 MPa for 5.103 cycles and check of model integrity by
nondestructive tests in the area of thermally non-treated weld in
the axial and circumferential direction on the outside were per-
formed notches with 12 mm depth. Configuration of notches corres-
ponded to surface semi-elliptical crack. The model has been load-
ed by pulsating internal pressure at temperature of 20°C accor-
ding to conditions Pmin= 4 MPa and Pmax = 28 MPs for 10 cycles
and then the model was broken down in the cooled state to -20°C
by one-fold pressure.

To evaluate brittle failure strength of WWER-440 reactor vessels,
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namely,its cylindrical part four models were fabricated. One of
the models of the core shell /2,3/ corresponded to plastic state
of metal in the initiel period of operation, the other one - to
brittle state due to the effect of special heat treatment on metal
(undertempering - simulation of metal state at the end of service
1ife). In two models with circumferential welds in the shell mid-
dle part made by one process the difference lies in the fact that
one of them was completely heat treated after welding according
to tempering conditions at 660°C for 15 hours and the other -
embrittling tempering at 620°C for 6 hours. Before tests all 4
models were notched for various depth and length.

TEST RESULTS AND THEIR DISCUSSION

Tests of models with various ways of nozzle connection to a vessel
under cyclic conditions showed that destruction is always initiat-
ed in the area of maximum strain concentration,i.e. in the point
of intersection of generatrices of vessel and nozzle cylinders.
Having known the amplitude of strain at this point (by the calcu-
lation or experiment) the moment of fatigue crack arising in the
model may be predicted with adequate accuracy by the results of
tests of specimens of the same heat. This fact is indicative of
legitimacy of using the strain criteria of low cyclic failure at
estimation of large structures life.

After operational-life proof of full-scale model of WWER-1000 re-
actor nozzle area no fatigue failures were revealed. Subsequent
test of this model with electro-arc notches according to condit-
ions 4 —=28MPa resulted in the fact that after 7.103 cycles wes
recorded an increase of notch edge separation by 0,005 mm. This
fact,apparently, is indicative of fatigue crack being initiated
from the notch. However, nondestructive control methods failed to
determine the value of crack depth i&cre&se and tests were conti-
nued under the same conditions to 10%cycles (notch edges separat-
ion increased by 0,007 mm)/3/. Further cyclic lo%ding of the model
according to conditions of 5==45 MPa during 5.10” cycle resulted
in continued increase of separation corresponding to the average
rate of fatigue crack growth of 1,3.107 m/cycle final size of
fatigue crack estimated in fracture analysis was 10 mm). Since
failure occurred along the weld, in operation the estimation of
failure strength was carried out at the stage of crack initiation
and extension at 20°C for the weld metal performed by manual arc
welding with YOHEI-13/45 electrodes in the initial state /1/. The
results of comparison of cyclic strength characteristics during
tests of a model and specimens under identical conditions are
given in Fig.1. They are indicative of the fact that at the stage
of initiation and extension of a fatigue crack durability by the
moment of crack arising due to the notch during test of the model
and constant "m" of Paris equation determined along the fatigue
crack front of nozzle area model correspond to 50% probability of
respective characteristic during small specimens testing. This
confirms that the characteristics obtained at cycliec loading du-
ring specimens testing with sufficient reliability control the
behaviour of real structure. Hydrostatic tests of the model were
carried out after preliminary cooling by dry carbon dioxide. Mo-
del was broken down at pressure of 52,5 MPa due to axial notch.
The weld was the initiator of failure (temperature was -20°C, hoop
gtresses amounted to 407 MPa). Brittle crack propagated to the
both sides of the weld. The crack moved into the massive fillet of
the nozzle of 15X2HMEDA steel for 100...120 mm and stopped and tube
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of 10I'H2MDA steel failed along the generatrix and the ring near
the weld of process pPlug.Fracture pattern is quasi-brittle since
on its surface behind the section with pronounced front of fa-
tigue crack there was an area of 2...6 mm length indicative of
remarkable plastic strains taking place in the apex of fatigue
crack after one-fold loading to destruction of the model. The
value critical coefficient of stress intensity of the model of
85 MPa /M corresponded to about 10% of probability of this cha-
recteristic obtained by fracture toughness tests of specimens
(Fig.1,c)
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Fig.1. Test results obtained on specimens cut out of

weld joints compared to those obtained on & full-
scale nozzle~zone model No 1:

& = crack initiation criterion (fa = 0,36% t=20°C)
b = crack growth criterion ( t=20°¢)
¢ = fracture toughness criterion ( t= -20°¢)

At hydrocyclic tests of models of 15X2MDA steel movements of in-
ternal edges of notches were recorded with the help of inductive
transducer allowing (Fig.2) to determine roughly the moment of
fatigue crack initiation from the notch in models Nos 4 and 5.
During control by non-destructive method the crack depth was not
successful to be estimated and the fact of the crack development
had been recorded only after the model failure (crack depth was
0,5...1mm). For models Nos 2 and 3 indications of inductive tran-
sducer during internal pressure tests did not change as loading
cycles accumulated.

The main loading paremeters are 8iven in the table.
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Fig.2. Notch edge displacement in vessel 2,4 and 5 under
static and cyclic loading

Fig.4 represents fracture toughness temperature dependence for

weld metal in 15X2MDA steel. Fracture toughness of weld metal in

this model of 88MPa (/m was compared to similar characteristics of
- weld metal in the embrittled state obtained during specimen tests.

CONCLUSIONS

Low fatigue tests of full-scale models showed the validity of the
accepted standard methods for the estimation of serviceability of
large structures by criteria of fatigue failure initiation.

Model brittle failure strength tests are indicative of the appli-
cability of fracture mechanics criteria for verification of struo-
tural reliability of the reactor vessels when loaded in the tem-
perature area below the critical one and availability crack-like
defect of 0,3-0,6 of steel thickness.

The analysis of vessel life shows that welded joints are the most
damageable components of vessels.
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Fig.3. Test results obtained by testing to failure model No 4
completed with a circumferential weld seam
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Fig.4 Fracture toughness temperature dependence for weld
metal in 15X2MDA steel: o -after thermal treatment
simulation; e - irradiated by neutron fluence

F = 2x1023n/m2
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