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ABSTRACT

A basically new method for the estimation of the fracture
toughness of the plastic metal materials has been proposed
which 1s based on the results of speclal tesiing of
small-size specimens. It allows to give the qualitative and
%uantitative estimation of the influence of the stress state

on the material fracture toughness characteristics. The
test results for the pressure vessel steels used in the
reactor construction are discussed.
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PRELIMINARY NOTES

The available methods for the determination of fracture
toughness characteristics of plastic materials are generally
based on testing specimens whose geometry and dimensions
provide plane strain conditions at the crack tig irrespective
of the stress state of the subject of I1nvestigation as a
whole. At the same time a number of home and foreign
investigators (Sun, 1987; Sun et al., 1990; Holland et al.,
1990; Lebedev et al., 1991 b) testify to the fact that at
least such %arameter as the severity of the material stress
state, which 18 characterized by the ratlio of the first
invariant of the stress tensor to the second invariant of the
deviator, may influence appreclably 1its_resistance to the
crack 1nitiation and propagation. In view of the
above-mentioned, 1n the general problem of the plastic
materials fracture toughness one can highlight at least the
rollowm% two groblems that are of fundamental theoretical
and greaf practlical importance.

The first problem appears 1in connection with the lack of
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hysically  grounded and reliable methods for the

getemination of the classical characteristics of the plastic

Enaterials fracture tou%hness by testin.% small-size specimens.

d the second problem 1is assoclated with the evident

}lecessity Of estimating the Telationship between the material

Tacture toughness and 1ts stress state which dePends on the
0

hausov 1983; Lebedev et al., 1991 a, b) and, in articular,

TEST METHOD AND EXPERIMENTAL DATA
PROCESSING PROCEDURE

AS 1t was shown previously (Lebedev and Chausov 1983
complete Stress-strain diagrams, i.e. the ones mclud’ing the)
sg%ond Section descending along the abscissa axls, can be
obtained using the test machines of great rigidity only or
Tégh accuracy machines fit with high steed feedback device.
€re are also limitations on the specimens dimensions be

used. Those con
carried out. ditions are met in rull 1in the experiments

Descendi branch of the com lete stress-strain diagram
%nc%gdesn%w %iCh (the first) corresponds
o € period of the accumulation of scattered damages which

parameters of the second section of the complete
Stress-strain diaﬁ'am descending branch and P the
chgracteristlcs of € material fracture toughness( ILebedev
ant Chausov, 1983). 1In particular, a linear relation is
established between the critical stress Intensity factor Ko

and the coefficient K
& = Vs, -4Ip-&

Where s, 1s the material resistance to tearing, AIp is the

Specimen elon%ation in the crack owth stage which 1is
normalized on the basis of the 1n1tia§rcross—seacgtion area of
a standard Specimen,E 1s Young's modulus.

The coerficient K, depends also on the severity of the

material stress state at the moment of the crack growth onset
which can be varied within appreciably wide ll%li‘ts by the
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parameter k; =o, /G, 1s assumed to

be a characteristic of

the stress state severity, where O ,0 are the average stress

and stress intensity, then as it appeared (Lebedev et al.,
1991 b) the K, (K;) dependence has an asymptote with the

ordinate Ki.» that gives the possibility to propose a

basically new scheme for the estimation of the material
fracture to €ss by testing small-size specimens t

Into account the type of stress state
Influence the fracture toughness.

and other factors whicﬁ

Indeed 1t 1s shown in the work by Lebedev et al., 1991 a,
that a decrease 1n the plastic steel fracture energy, when

the severity of the materlal stress
moment of the crack growth onset,

State enhances at the
1s connected with the

varlation of parameters which characterize the material

accumulation, in particular,

with a decrease in the

process zone width where ‘an Intensive growth and coalescence
of volds and microcracks Into a macroorack occur, and also

with cha.nfes in the type of dgénggl?s and their statistical

distributfon. For this reason (

1g.1) 1n the case of the

material embrittlement, for Instance 1n the coarse of
definite service time, the K,» (Ko) curve will shift downwards

as the fracture toughness characteris

tics decrease and to the

left since for a more brittle material the plane strain

condition 1s reached at lower severi
In tgg 1imit the curves contract to a

KK=K10 that corresponds to the cri

ty of the Stress state.
tpoint; with the ordinate
ical stress intensity

factor of the completely embrittled material.

ol A Fig. 1.
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One can estimate the severity of t

Dependence of plastic
Steel fracture toughness
characteristics on the
stress state severity
and accrued service
time: 1...3 - see in the
text; 4 - for standard
Speclmens with a pres-
cribed notch with dif-
ferent accrued service
time; 5 - for smooth
Specimens with the thic-
kness less thah that of
a standard specimen made
of the material with
different accrued ser-
vice time; 6 - for spe-
cimens with a prescribed
notch with the thickness
less thah that of a
standard specimen with
different accrued ser-
vice time.
he stress state in the

specimen neck in different ways. According to the results of
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Speclal 1nvestigations involving the stress-strain state
analysis for axlally symmetric specimens {(including those
with different Initial stress concentrators) by experimental
and ~calculation methods the most substantlated 1S
Britdgeman's formula

Ko=:15+ln(1+2-1-'n] (1)
where r, R_are the neck geometrical parameters (radius and
profile). From relationship (1) 1in the case of brittle

fracture when R = » we get Kor = 1/3.

Thus the whole r of possible values of the material
fracture to €38 characteristics corresponding to different
severity of the stress state and accrued service time 1in the

K?L‘ Ko' coordinates 1s bounded by a certain curvilinear

tri le (see Fig.1), the sides of which offer the
dependences of fracture toughness characteristics upon the
stress state severity: one side (curve 1) for the initial
material with stress concentrators of different severity, the
second side (curve 2) for a smooth specimen made of the
material after different operation time and the third (curve
3) - for specimens made of the material after different
accrued operation time with concentrators which ensure the
stress sState severity at which the plane strain conditions
are reached (quasibrittle fracture occurs).

Naturally, by testing small-size specimens of plastic
materials even with an initial stress concentrator in the
form of a fatigue crack it is impossible to achleve the
strain constraint at the moment of the crack growth onset
which corresponds to the plane strain conditions. In similar
cases, only a limited range of the Ko parameter variation at

the moment of the crack growth onset is generally covered.
Thus for the pressure vessel steel In the 1initial state the
K5 value that 1s reached in testing small-size specimens with

various stress concentratorgigoes not exceed 2.0, while the
maximum possible value of Ko 1s about 3.5. However, it {Is

Important here to determine experimentally the moment when
the curve K}\(Ko) reaches the asymptote which corresponds to

the material K. value. Then from the small-size specimen
test data the K1c value In regions A, B, C (Fig. 1) can be
predicted with sufficient accuracy for a material being 1in
operation during any period of time.

It 1s Interesting to note that the a proach mentioned allows
the material Ky, value to be determlned from the test data

for specimens whose thickness 1s smaller thah that of
standard tensile specimens (with the diameter 8...10 mm),
includ lane ones. The maln condition In those tests 1is
the possibllity to register the first linear sectlion on the
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complete stress-strain dlagrams which corresponds to the

In
cture by ductile tearing (mode 1) fracture .
T%grégéergge Ky pagameters correlation 1s realized with the

values of K, parameters obtained in the regions to the left
of regions A, B, C (see Fig. 1).

THE RESULTS OF REACTOR STEEL TESTING

scheme for the estimation of the material

?ggct%p%%eughnd ess by testir}g %malé—ssitz;ates ecf;intx;aerg1 zégrirggg
en of the type of stres

g.gcc%%rét staél%mens made yc?f the pressure vessel steel 15X%}£é

after different time of operation. The steel structure SKP6O

was simulated by thermal treatment. Steels of the type Feo

(oo 2= 584 MPa, o= 700 MPa), KP80 (00.2= 782 a, 0,=

=12é4 MPa), KP10O (00.2= 954 MPa, 05 1069 MPa) were studied.

100
eel simulates the metal initlal state, the KP
'glgge{m (10 tshte state of the metal after radiation - m%‘ilr(r:lcead
embrittlement at the end of the reactor shell service a1 I.‘
the KP80 steel simulates a Xertgéilngintfometc}ligtedﬁgat%Ia tﬁe
some time of operation. cco , Of e
accomplished earlier the critica str
}gggg;% yt}fglé%or K1C gf the steel studied varied from 170 to

64 MPa.vm depending on the accrued service time.

king
ns (Fig. 2) were cut out from the nonwor
’gggg1o%eco?ecompéctgtension s ectzlilmer%s. trilat% eweg;)er sggggfggg ct)?
fracture toughness testing a e Ins e O

of the Academy of Sciences of the a P
%ﬁgg%ggs of compact tension %%ecimens was 150 mm, and that
of the KP80 steel specimens - mm.

R R A =]
P2,4;10;20 2 4

b . R5;20

]

e gI* O &

37
58,5

Fig. 2. Test specimens (a...e are types of stress
concentrators).

The tests were performed on the test setup with a controlled
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rigidity of the loading system which was
mod
ggrclcgnd ti@e and was provicfed Wwith the addiv:1otlfl{a'riiz(etcrllef?;rhirdtm)e
oo %légdo parasys%éﬁla%l%igisc welemf[rllts. T}(lie 1imit rigidity ot
as creased to the Jleve] that

appeared fo ‘pe sufficient for the Te
conditions of e uilibrium deformation o%lizs%g%?nengr wf?ﬁ

stress
States. COHcentra%ors 0f the 15X°MFA Steel "1in different

The S,, ATp values calculated from the test results for

Smooth specimens with the 1nitia
ggggég??gtoror steleils KP60, KP&IBO,diamK%?%S 8w1"g1 anéltreagg
S are Sted in Table 1, as well
fggl{lgtrical parameters r and R at the moment 01’a smatc};%cggglé
atlion, parameters Kx and coefficients K :

Experimentall b
M‘Z ; dependences v K?\,(KO()) taix;gg
m Steels KP60, KP8sQ are
shown 1n Fig. 3. ' ‘F100

It 1s or Interest to
that for steelg kP60, Kggg?
KP100 the curves KA(KO) are

described well eno by a
common exponentialughdep};n-

750

KAFKim‘ (HQXT?B_'KE)] 2)

Where a and 8 are the
const
Steels KP60 o et

’ m b d
1s equal to 15, 90, 120; 8
1s equal to 2.14, 4.28,
| 6.42, Trespectively).

¢ | The analysis of the results
] 2 18 20 24 28 Ky obtained reveals that
Sgggggggg " to . r;the scheme
or e

FIg.S.Kx(KO) dependence for the after a certain serv?géeﬁgé
15HZMFA steel 1n diffe- "™1en  the  gigng = = og
rent states:{ - stee] or embrittlement appear (steel
Ehe KPtso type; 2 e KPS0 80) the K Kg curve 1is

ype steel;” 3 - Kp10Q Sltuated below the one f
type steel. tgxet mat(ext'ia% in the initig{

State (stee

shifted to the lert. With an increase 1in the aclg)r?lgzi gggvicizg
time (steel KP100) the corresponding K?L(Ko) curve 1is really

transformed in such a4 way that in e limit 1t
into a point with the ordinate K{’g correspond&eggel%%mgﬁg

300
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critical sipgss mtensit{ factor of the completely embrittled
material (K5 belng equal to 1/3).

The whole area of possible values of the material fracture

toughness characteristics, which correspond to different
gtress state severities and accrued service time 1in the
coordinates K?L“Ko 1s really bounded by a certain curvilinear

iriangle marked by dashed lines in Fig. 3. The experimental
ints obtained by testj.n§ plane specimens of steels KP6Q,
Egso. KP100 are marked on the corresponding curves K?\.(KO)'

It 18 necessary to emphasize that the character of the KA(KO)

curve 1s determined by the features of the micromechanisms of
mode I macrocrack initiation and growth which in their turn
depend on the severity of the stress state. For this reason,
1t 1s possible to Jjudge about the slope of the K?L(Ko)
dependences by the rate of the process zone width w decrease
(Lebedev et .5 1991 a) with an increase in the severity of
the material stress state.

Table 1. Mechanical and geometrical characteristics of the
test specimens made of the pressure vessel steel
1SX2MFA in different states (steels of the types
KP60, KPS0, KP100).

.~

Steel Specimen Alp, S, r, R, L
state type m<1073  MPa m<107" mx1Q0~ MPaxm'/?2
KP60 Smooth 1.560 1510.9 2.120 2.32 0.706 1T08.3
R20 1.800 1388.3 2.390 2.60 0.693 729.2
R10 1.765 1257.0 2.647 2.78 0.722 687.1
R4 0.983 1240.1 3.147 2.61 0.809 521.9
R2 o 0.805 1290.9 3.400 1.86 0.982 470.4
<120, 0.692 1300.0 3.040 0.96 1 .280 437.5
< 90 0.420 1232.6 3.173 Q.67 1.547 331.7
KP80 Smooth 1.116 1672.0 2.965 6.28 0.542 630.1
R10 1.010 1567.2 3.390 4.67 0.640 609.7
R4 0.590 1524.1 3.637 3.6T 0.732 437.8
R2 0.284 2060.0 3.780 1.93 1.010 353.1
KP100 Smooth 0.752 1842.9 1.625 7.12 0.438 543.0
R10 0.640 1639.4 1.865 6.40 0.466 481.3
R4 0.346 15T4.3 2.050 4.12 0.552  340.4

Figure 4 shows as an example changes occurring in the width
of the process zone, where pores and microcracks coalesce
Into a "macrocrack, 1in the tests of KP100 steel plane
gpecimens with different stress concentrators (see F&. 2
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¥e must note in the conclusion that the elaborated scheme for
the estimation of the pressure vessel steels fracture
toughness taking Into account the material stress state and

= Fig.4. The influence of

‘,‘M 7 ida the s};-gess st%;:le
e T e T e severity on e
WS o v A width w of the
2 - - zone where the
- pores and micro-
{ ’ cracks coales-
> ¢ 1 cence Into a mac-
) . rocrack  occurs
- 3 PO for plane speci-
e éﬂ i+ mens of pressure
A T w vessel steel
5 ' A 15X2MFA of  the
Y . KP100 type: a -
) ) oy “ specimen with
. _ ' initial radius
, N (VY R R5; b - a smooth

o v &3 o : 1 specimen.

b x 100

different accrued service time running may appear to be very
promising for predicti fracture toughness of the nuclear
reactor elements material taking into consideration real time
of operation.
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