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FRACTURE RESISTANCE OF SHELL-STEEL REACTOR
STEEL WITH MIXED DEFORMATION MODES
FOR JUSTIFICATION OF EXTENSION OF NUCLEAR
POWER PLANTS LIFETIME

B.B. Ilokposcekuii, B.I'. Cuoauenro, B.M. €xcos. TPIIMHOCTIHKICT, KOPIYCHUX PeaKTOPHHX cTajeill mpu 3MilUaHUX Mojax aedopmy-
BaHHSI V11 00T PYHTYBAHHSI IPOJOBIKEHHSI TePMiHY eKCILTyaTalil sAepHHX eHepreTHYHIX YCTaHOBOK. [orepeiHe TepMoMeXaHiuHe HAaBAHTAKCHHS
CIIpUSIE TMABHILCHHIO OHOPY KPUXKOMY PYHHYBAHHIO TEIUIOCTIHKHMX CTasel 3 TpIlMHAMH 1 € ()yHIAMEHTAIBHOI OCHOBOKO MEPCHEKTHBHOIO METOLY
30UIBLICHHST pecypey [UIsl 3a0e3MeueHHs Oe3MedHOl eKCILTyaTallii KOpIyCiB eHEPreTHYHHX PeakTopiB. B iCHyroUMX HOpMax po3paxyHKy Ha MILHICTB
00J1aiHaHHS aTOMHUX CHEPreTHYHNX YCTAHOBOK PO3PAXYHOK Ha TPILMHOCTIMKICTD 3IHCHIOETBCS TUTBKH [Tl TPILMH HOPMAJIBHOTO BimpuBy (Mora I),
aJie IUIONMHA TPILMHE MOXKE MaTd JOBUIGHY OpIEHTALIIO BIJHOCHO 30BHILIHIX 3ycuib. Mema: MeTolo poOOTH € eKCHepUMEHTATIBHE TOCIIKEHHS
BIUIMBY MOIIEPEAHBEOr0 TEPMOMEXAHIYHOr0 HaBaHTa)KeHH s 3a Mofamu 1 1 11 Ha B’s3KicTb pyitHyBaHHs 32 Moramu 11 1 I peakTopHHX CTasieli BiANOBinHO, a
TAaKOX IOIEPEIHBOr0 TEPMOMEXAHIYHOr0 HaBaHTaKeHH: 3a Mozoto | + III Ha B’sBKicTb pyiiHyBanHs 1o Moxi 1+ II. Mamepianu i memoou: Excuepu-
MEHTAJIbHI JIOCII/DKEHHST CTATUYHOI TPILLMHOCTIHKOCTI BUKOHYBAJIM HA 3pa3kax Ha YOTHPUTOYKOBUH 3ruH (Moxa II), Ha LWUTHAPUYHKX 3pa3kax Ha
kpyderns (mMozma III) i Ha MozxHM(iKOBaHOMY KOMIIAKTHOMY 3pa3Ky 3 MOXMICHOH TpimmHow (Moxa [+III) ms cranmeir mapox [SX2HM®A(II) i
15X2M®A(I). Pesynvmamu: IToka3aHo, 110 XapaKTEPUCTUKHU TPILLIMHOCTIHKOCTI [P TIONEPeYHOMY 1 T0310BKHbOMY 3cyBax (Mozu 11, I1T) Men, Hbx
IpH HOpMaIbHOMY Binpusi (Moza I) mpu Temmepatypi BUmpoOyBaHb, BHILII 32 TeMIEpaTypy KPHXKO-B’SI3KOTO MEPEXOAY, i, HABIAKH, OLIbLI, KOJIH
TeMIiepaTypa BUNpoOyBaHb HUk4a. ByJio BCTAHOBIIEHO, 11O TONEPEIHE TEPMOMEXaHIUHE HABAHTAKEHHS 3a MOJIOK0 1 BUKIIMKa€e 30UIBbIICHHS B’ I3KOCTI
pyiiHyBaHHs 32 MOZOIO 11 1 3HIDKEHHS B’S3KOCTI pyilHyBaHHS 32 MOIOIO | JUIs1 OKpHXUEHHX PeakTopHHX craneil. Lleif camuii OKa3HUK y 3a3HAYEHNX
YMOBaX MPAKTUYHO HE 3MIHIOETHCS S IUTACTHYHHX PEAKTOPHHX CTAJICH.

Kmouosi cnosa: TPILMHOCTIHKICTD, 3MIILIAHI MO PyHHYBaHHS, PEAKTOPHI CTaJ, TPILMHOCTIHKICTB IIPU ONEPEIHOMY 3CYBI.

V.V. Pokrovsky, V.G. Sydiachenko, V.N. Ezhov. Fracture resistance of shell-steel reactor steel with mixed deformation modes for justification
of extension of nuclear power plants lifetime. Preliminary thermomechanical loading promotes increase of resistance to brittle fracture of heat-resistant
steels with fractures and is the fundamental basis of the perspective method of increasing the resource for ensuring safe operation of power reactor corps. In
existing standards for calculating the strength of equipment of nuclear power plants, the calculation for fracture toughness is performed only for plane
opening mode of fracture (mode I), but the plane of the fracture can have an arbitrary orientation with respect to external forces. Aim: The aim of the
research is an experimental study of the effect of the preliminary thermomechanical load under modes I and II on the fracture toughness for modes II and I
of reactor steels, respectively, as well as the preliminary thermomechanical load under the I+ III mode for the fracture toughness under the I+ III mode.
Materials and Methods: Experimental studies of static fracture resistance were performed on samples on four-point bending (mode II), on cylindrical
specimens torsion (mode I1I), and on a modified compact sample with an oblique fracture (mode I + III) for ISCi2NMFA(II) and 15Ch2MFA(II) steels.
Results: 1t is shown that the fracture toughness characteristics for transverse and longitudinal displacements (modes II, III) are smaller than for normal
detachment (mode ) at a test temperature exceeding the brittle-viscous transition temperature, and vice versa, more when the test temperature is lower. It
was found that the preliminary thermomechanical load under mode II causes an increase in the fracture toughness under mode II and a reduction in the
fracture toughness under mode I for tempering embrittlement reactor steels. Under these conditions, this index practically does not change for plastic reactor
steels.

Keywords: fracture toughness, mixed fracture modes, reactor steels, fracture toughness at transverse shear.

Introduction. The preliminary thermomechanical loading contributes to increasing the resistance
to brittle fracture of heat-resistant steels with fractures and is the fundamental basis of the long-term
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method of increasing the resource for ensuring safe operation of the WWER reactors.

Experimental data on the effect of the preliminary thermomechanical load on the brittle strength
of heat-resistant steels are limited to the investigation of fracture resistance by the normal detachment
mechanism (mode I) [1...5].

Information on the effect of the preliminary thermomechanical load under various modes on the
fracture toughness of steels with fractions is very limited and contradictory [6...10]. At the same time,
in real constructions the orientation of the fracture plane with respect to the applied loads is arbitrary.
Therefore, it is very important to take into account that the preliminary thermomechanical load, as well
as the further operational load, leads to deformation of the elements with a fracture not only under
mode I but in any mode, including mixed modes: I+ II or I + IIl. In general, the available data for
reactor vessel steels indicate that the preliminary thermomechanical load under mode I causes an
increase in the fracture toughness at the lower shelf of the temperature dependence [1...6]. However, it
is noted that the increase in the load of the component of the transverse shear (mode II) promotes the
transition from brittle (shatter) to viscous (dimple) even under low temperatures (up to —120 °C) [6].
In these cases, the preliminary thermomechanical load under modes I and II does not affect the
fracture toughness of materials under transverse shear. When the preliminary thermomechanical load
is carried out under mode II, the fracture toughness under mode I is reduced by 60 % compared to the
initial [6].

The authors of [7], as a result of the finite element analysis of the plate with an inclined fracture
after the previous thermomechanical load at various load modes, confirmed the data obtained earlier in
[6]. An exception was the case of a decrease in the fracture toughness under mode I after the prelimi-
nary thermomechanical load under mode II. According to calculations, there is an opposite trend, that
is, an increase in the fracture toughness of materials is 190 ... 280 %, depending on the relative fracture
length [7].

The aim of the research is an experimental study of the effect of the preliminary
thermomechanical load under modes I and II on the fracture toughness for modes II and I of reactor
steels, respectively, as well as the preliminary thermomechanical load under the I + III mode for the
fracture toughness under the I + III mode.

Materials and Methods. Experimental studies were performed on heat-resistant hull steels of
grades 15Ch2NMFA(II) and 15Ch2MFA(II) (Table 1).

Table 1
The mechanical properties of materials of the studied materials
Material t,°C Go2, MPa o, MPa
180 949 1129
15Ch2MFA(II) 20 1014 1193
-150 1311 1486
180 590 668
15Ch2NMFA(II) 20 636 735
-150 970 1024

To investigate the effect of the preliminary thermomechanical load for mixed modes 1+1I, a
prismatic sample was used for asymmetric four-point or three-point bending.

Investigation of the characteristics of static fracture resistance at transverse shear, as well as in-
vestigation of the influence of the preliminary thermomechanical load on the characteristics of the
fracture toughness of steels were performed on a Schenck servo-hydraulic test machine. A detailed
procedure for carrying out the experiment, as well as the dependence for determining the stress inten-
sity factor, are given in [9, 10]. In the process of carrying out the experiment, the diagram “load —
displacement of active capture” was recorded.
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When calculating the critical values of the stress A
intensity factor, a load calculated from the 5% cut -
from the above diagram and the fracture length that 62.5 60°
corresponds to the fracture shear were used. The 30 25
fracture length was refined with fractures of the

samples after destruction.
Thus, in this paper, the fracture toughness ‘ Y N

implies the conditional value of the stress intensity | _:_,_. _____ L _{%_ =
factor corresponding to the fracture shear. r—— \L25°

The longitudinal shear tests (mode III) were __ N
carried out on cylindrical samples with a pre-grown
circumferential fracture on the BiSS Bi-00-701 unit,
which allows simultaneous testing of the specimen Fig. 1. Modified compact CT-1 sample
for tension and torsion. To investigate the characteris- with oblique fracture
tics of fracture resistance at combined load under the
I + III mode, the modernized compact sample used. It is shown in Fig. 1 [11].
To estimate the stress intensity factors (SIF) for loads under mode I and mode III ( K; and K,

respectively), the recommendations of [11] were used.
The load (F) applied to the sample can be decomposed into components:
F, =F -sinb,
F, =F -cosb, (1

where 0 — the angle of the slit guides in the sample.
To account for the effect of the presence of guide slots in the specimen at an angle 0, a correction
is made for the net cross section of the sample:

t,,=0.8-1/sinB, )
where ¢ — the thickness of the sample shown in Fig. 1 (=25 mm).

The values of Kj and Kjj;; can be estimated using the decomposition of the applied load on the
components £} and Fy;; using formulas:

i [ %) sin0)y

YN f(Wj(Sme) ’ v
P o[ 9

Km_O.S-t\/W f(Wj(smecose), 4)

where f (%j — calibration function that takes into account the load characteristics and the geometry

of the sample;
a — fracture length;
W — distance from the line of application of force to the lateral surface of the sample in Fig. 1
(W =50 mm).
At the selected angle of the guide slots in the sample 6 = 25° the ratio K/Kj; = 2.14 fulfilled for
all tests.
Calculation of the equivalent stress intensity factor (K,) was carried out in accordance with the
recommendations of work [12]:

e

K} |K?
K =\/71+ T‘+41<;}I : 6]
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The preliminary thermomechanical load was carried out according to the scheme with full
discharge, namely: the sample was heated to a temperature above the brittle-viscous transition — it was
loaded to the level of 85...90 % of the fracture toughness value of the steel Kg with the appropriate
“load-cooling-destruction” mode. The following combinations of the effect of the preliminary
thermomechanical load (PTL) on the fracture resistance were studied:

— PTL under mode I — destruction under mode II;

— PTL under mode II — destruction under mode I;

— PTL under mode II — destruction under mode II;

— PTL under mode I + III — destruction under mode I+I1I.

Results and Discussion.

The temperature dependences of the fracture toughness and the effect of the preliminary
thermomechanical load under transverse shear (mode I1).

The preliminary thermomechanical load affects the resistance to brittle fracture of heat-resistant
steels under certain thermal power regimes. Therefore, in order to carry out experimental studies of the
effect of the preliminary thermomechanical load on the strength characteristics of heat-resistant steels,
it is necessary to know the values of their fracture toughness, and to establish the nature of destruction
of these steels, depending on the test temperature. A fracture toughness test was carried out under
mode II load. The obtained data were compared with the temperature dependence of the fracture
toughness for the mode I load calculated in [13]. The patterns of change in fracture toughness testify to
different characteristics of fracture resistance of reactor steels as a function of the test temperature
(Fig. 2). The destruction of CT-1 samples (Fig. 1) from steel grade 15Ch2MFA(II) at a temperature of
20 °C is brittle, while the temperature of the viscous-brittle transition at the fracture toughness under
mode I load K;s=100 MPa'? is +50...+70 °C, and for steel grade 15Ch2NMFA(II) is —50...—70 °C.

Analysis of the destruction of the second mode of loading of 15SCh2MFA(II) steel shows brittle
fracture at temperatures of —150...—90 °C, as evidenced by the brittle fracture nature of the fracture and
the fracture propagation angle close to 70 © relative to the initial plane of the fracture when the
specimen was finishing breaking. The obtained results correspond to the criterion of maximum normal
stresses (generalized separation).

At the same time, at a test temperature of —60 °C there was an insignificant viscous growth of the
fracture in the plane of maximum shear strains that preceded brittle finishing breaking of the sample,
and at a temperature of 20 °C and higher, the fracture grew in the plane of maximum tangential
deformations until destruction.

Analysis of the fractures of 15Ch2NMFA(II) steel specimens, tested at transverse shear, shows
that at all the investigated temperatures, fracture initiation was observed in the direction of maximum
tangential deformations, and the angle of deviation from the original fracture plane was insignificant
(about 5...8°). In general, Fig. 2 shows that the transition to the mode II load leads to a decrease in the
fracture toughness, determined from the fracture shifts at a temperature above the brittle-viscous
transition temperature. When carrying out experimental studies it was established that when a load is
applied to mixed modes of I+II or to pure mode II, an inhomogeneous stress field is produced at the
fracture edge. By this, it is meant that one side of the fracture near its top is blunted, and tensile
stresses predominate, and the other (opposite) shore becomes aggravated, and shear deformations
prevail in this region. The predominance of one of these mechanisms depends on the coefficient of
mixed loads, strain hardening, plastic properties and microstructure of the material. This ultimately
determines the direction of further fracture development, as well as the magnitude of the fracture
toughness characteristics in the case of a load under transverse shear. It should be noted the following
regularities: for viscous materials, the fracture toughness with mixed modes decreases with the
increase in the load of the landslide component (in mode II); for brittle materials, there is a reverse
trend. Therefore, calculations on the fracture resistance of structural elements deforming in a mode
different from the mode I, and made of plastic materials, based on fracture toughness characteristics
obtained by a standard procedure, can lead to a non-conservative estimate.
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In general, the generalization of the experimental data and data from [14] shows that an increase
in the yield strength leads to an increase of Kjs in the fracture toughness under the mode II load and
decrease of Kis. Thus, for steel grade 9ChF, depending on heat treatment, an increase in the conven-
tional yield strength 6o, from 350 to 450 MPa leads to a 16 % increase in Kjs and a 33 % decrease in
Kis (Fig. 3). Thus, the ratio of Kis/Kys decreases with increasing, which is also characteristic of the
steels studied, especially in the temperature range +50...+200 °C.

SIF,
MPam'” 2 B Kis/Kus 1
200 .
. L
150 LA /:H\l"""-n.‘,:| 3 3
A
. /"'::"'/--n.._ 2
100—o* + - =N
u ) 2 | Ld
] r— *x 3 \
50 o ' " l-n
-200 -100 O 100 200 300 ¢ °C 400 600 800 1000 oy, MPa
Fig. 2. Dependence of the fracture toughness of Fig. 3. Dependence of relative fracture viscosities
reactor steels under mode I (light points) and mode Il ~ under normal separation and transverse displacement
(dark points) loads on the test temperature: on the relative yield strength: 1 — 15Ch2MFA(Il);
1 — 15Ch2MFA(I); 2 — 15Ch2NMFA(II) 2 —15Ch2NMFA(I); 3 — 9ChF [14]

Thus, the ratio of the fracture toughness characteristics under normal separation and transverse
shear in the general form can be represented as follows:

Ks —Fo,,.n ¥, d), ©)

s
where n — coefficient of strain hardening,
YV — mixed modes coefficient,
d — grain size of steel.

For the preliminary thermomechanical load, a temperature of 180 °C was chosen. This is because
at this temperature the viscous fracture took place for viscous materials. The preliminary
thermomechanical load was carried out to the level of 85 % of the value of the corresponding critical
value of the stress intensity factor for a given load and temperature. In Fig. 4 shows the data illustra-
ting the effect of the preliminary thermomechanical load under mode II on the static fracture toughness
obtained with a similar load.

From the data given, it can be seen that the previous thermomechanical load of the “full
discharge” model for steel grade 15SCh2NMFA(II) both at a temperature of 20 °C and at —150 °C does
not affect the fracture toughness. And for steel grade 15Ch2MFA(II) at a temperature of —150 °C there
is an increase in the fracture toughness by 1.8 times with respect to the value of K5 at the value of the
stress coefficient at the previous thermomechanical load Kpr (Kpr=100 MPaxm"?) (Fig. 4). Analysis
of the experimental data for 15Ch2MFA(II) steel, illustrating the effect of the preliminary
thermomechanical load in mode II on the static fracture resistance for mode I, showed that after a
preliminary thermomechanical load, the value of the critical stress intensity factor for fracture of the
sample with fracture K, is only 24 % and 64 % of Ky at temperatures of —150 °C and 20 °C, respec-
tively. At the same time, for the more plastic steel grade 15Ch2NMFA(II), the preliminary
thermomechanical load in mode II does not affect K, (K, = Kis) (Fig. 4).
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SIF, 1 The difference in the fracture toughness characteristics
Mpa'r;oo / i of the steels studied after the preliminary thermomechanical
Bt (__zﬂ__m load in mode II can be caused by the deformation features
150

~

A
100|—cot E/ﬁ 1
ga !

50

0
—200 -100 O 100 200 300¢ °C

Fig. 4. Temperature dependence
of the fracture toughness for various
deformation schemes: 1, 2 — mode I;
3, 4—mode II; ©, O — preliminary
thermomechanical load according to
mode 11, destruction under mode II;

@, A _preliminary thermomechanical

load according to mode II, destruction

under mode I; 1, 4, ©, A —indicators
for steel of grade 15Ch2NMFA(II),

2,3, O, O —indicators for steel

of grade 15Ch2MFA(II)

near the fracture top.

As noted above, with a transverse shear, one bank at the
fracture top is dulled, and in this region the maximum hydro-
static stress is localized, and the equivalent plastic defor-
mation is localized near the sharpened fracture bank [15, 16].
The intensity of these processes can be different depending on
the mechanical properties of the material. Therefore, in the
case of a predominance of residual asymmetric blunting of
one fracture edge because of the preliminary thermo-
mechanical load, a region of tensile residual stresses is
formed near the other shore, causes redistribution of stresses
under repeated loading in mode I, and a decrease in the frac-
ture toughness. If, under the preliminary thermomechanical
load in mode II, the plastic deformation processes dominate
in the fracture plane, this has little effect on the fracture
toughness in mode I.

Temperature dependences of the fracture toughness and
the effect of the preliminary thermomechanical load with longi-
tudinal shear (mode Ill) and mixed mod I+ Il load. Table 2

shows the values of fracture toughness characteristics with simultaneous loading in the I + III mode.
From the analysis of the obtained results, the next is following. As the test temperature decreases,

the critical fracture toughness characteristics (Kjs) obtained on standard compact samples is signifi-
cantly reduced. They become approximately equal to the fracture toughness characteristics for the III
(Kms) load at —196 °C, which are obtained by torsion of cylindrical samples with a radial fracture. The
characteristic (Kjys) increases somewhat with decreasing temperature. This behavior was noted for
other materials [14].

Table 2
Characteristics of fracture resistance at a load under the I+1II mode at various temperatures
t, °C K], MPa ml 2 KH], MPa ml 2 K]/K]S KIII/KHIS P, H
+180 117 54 0.53 0.88 67300
-90 68 32 0.744 0.91 54000
-196 34.2 16 0.85 0.37 18700
-196 38.5 18 0.96 0.42 31500

Fig. 5 shows that when the temperature is lowered, the fracture changes its development plane in
accordance with the criterion of maximum normal stresses and is directed to destruction by normal
separation both in pure shear (torsion of a cylindrical sample in Fig. 5, d) and under mixed load modes
I+II (Fig. 5, b).

In Fig. 6 shows the dependence of the fracture toughness characteristics on the I and III models
of steel grade 15SCh2NMFA(II) on the test temperature, as well as the results of the K, calculations
from formula (5) in the investigation of failure by mixed modes I[+II after the preliminary
thermomechanical load and without it.

Let note the increase in the coefficient K, as a result of the preliminary thermomechanical load
for a modified compact sample by 75% at a temperature of —196 °C, at which the brittle fracture com-
ponent is more pronounced for the material under study than at —90 °C, when the growth of K, was
33 % with the same characteristic without a preliminary thermomechanical load.
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As is known from previous studies, the positive
effect of the preliminary thermomechanical load,
that is, the increase in the fracture toughness, is
manifested to the greatest extent in brittle fracture.
Therefore, in the case of normal separation, the
preliminary thermomechanical load can increase the
fracture toughness (Kjs) by two or more times,
including for the material under investigation [2].
Therefore, as it follows from the data shown in
Fig. 6, the longitudinal displacement component
reduces the effect of the preliminary thermo-
mechanical load on the brittle fracture toughness.
Based on the results of experimental studies, it is
possible to construct a diagram of the limiting state
of bodies with fractures (Fig. 7). With mixed macro
mechanisms of failure, the boundary conditions are
reflected as follows:

c d ﬁ:f( Ky J (7)
. . . K Kiys
Fig. 5. Fractures of specimens:
a, b —with an oblique incision modified To describe the surface of the limiting state, we
compact; ¢, d— cylindrical. can use the recommendations of the work [14]:
Test temperatures: 2 2
180 °C (a, ¢), —90 °C (b), +196 °C (d) ( K, J +( Ko J -1 ®)
Kis K s

Analyzing the diagram in Fig. 7 it is possible to estimate the permissible value of the forces that
can be applied to the structural elements.

KlSa KlllSa I(l't/fa
MPa%O ’ ' Ki/Kis Pl
14 1
100 0.8 ]
S ' ' 0.6 ! 2‘7’
50 0.4
' . ° ® L e 02 \ 4
0
-200 -100 0 100  1°C O 02 04 06 08 1Ku/Kms
Fig. 6. Temperature dependence of fracture Fig. 7. The diagram of the limit state of steel grade
toughness: ® —K;;, ® —K,,c A _ K, (without 15Ch2NMFA(I) at different temperatures:
preliminary thermomechanical load), B _ without PTL, ® — afier PTL. Temperature:
A K, (after preliminary thermomechanical load) 1—-196 °C; 2—+180 °C; 3—-90 °C;

4 — calculation by formula (8)

Conclusions. Comparison of the critical values of stress intensity factors for normal separation,
longitudinal and transverse displacements at temperatures below and above the temperature of the
change in the character of fracture of steel from brittle to viscous shows the need for modification of
normative documents for estimating the ultimate load-carrying capacity of structural elements with
fractures, in particular, nuclear reactor vessels, the equipment of the 1* and 2™ circuits, pipelines, as
well as gas and oil pipelines and other critical structures.
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As a result of a complex experimental investigation, it was shown that the fracture toughness
characteristics for transverse and longitudinal displacements are smaller than at normal separation at
the test temperature, and higher than the brittle-viscous transition temperature. Conversely, these
values are greater when the test temperature is lower than the brittle-viscous transition temperature.

It was found that the preliminary thermomechanical load under mode II causes an increase in the
fracture toughness under mode II and a reduction in the fracture toughness under mode I for tempering
embrittlement reactor steels. For plastic steels, the fracture toughness does not change, which is due to
the system of residual stresses that is asymmetric along the fracture edges.

The component of the longitudinal displacement reduces the fracture resistance, which was
increased as a result of the preliminary thermomechanical load.
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