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ABSTRACT

This paper has studied the eflcct of side—groove constraint on pre—crackedCharpy-size specimen,
and the influence of side—groove on fracturce toughness paramcters. The results indicate that when
side—groove depth approach a critical value, the maximum load toughness J | values are nearly
coincident with the initiation toughncss J; values. Thickening action of side—groove may be cx-
pressed by calculating the additional thickness of specimen.For different matcerials the additional
thickness due to side—groove is distinct. When the side—groove depth is 33% of spccimen thickness
the specimen obtains the maximum additional thickness. The side—groove constraint coclTicient(C)
prcscnicd by this paper can quantitatively evaluate the level of plastic constraint at crack tip, and ex-

plain the experimental results well.
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INTRODUCTION

Charpy—size specimens arc usually uscd in surveillance program of nuclear reactor power station
pressurc vessel by neutron radiated embrittlement. Espccially in recent years, using pre—cracked
Charpy—size specimen with: side—groove to cvaluate fracture toughness of materials has been re-
searched and paid much attention(l~ 10]. This mcthod not only satisfics the demand of small size
speeimen in surveillance test of [racturc toughness, but also could avoid complicated physical meth-
ods uscd to monitor the initial conditions of crack propagation. For most maicrials this method
solved the problem in which the small size specimen did not satisfy the valid condition of fracture
toughness measurement. Furthermore,pre—cracked Charpy—size spccimens is chcap and save mate-
rials. Comparing with the standard specimen,the side—groove ol pre—cracked Charpy=size spccimen
has changed the stress distribution at crack tip along the whole thickness dircction of specimen. The
regions of through—thickness deformation is restricted. In order Lo determine fracturc toughness
conveniently and economically, Ritchic ct al.{1,3] has proposcd that the fracture toughness of maxi-
mum load at load vs load—point displaccment curve is regarded as the initiation fracture toughness.
However,some results of a mild steel have indicated that slow crack propagation cxceceded 1 mm if

fracturc toughness of maximum load was regarded as the critical valuc of initiation and the
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sdeproove depth reached 1o 40-60% of spccimen thickness[2]. In this studies the crack initiation’

hointas estimated by the compliance changing rate [tom the load vs load—point displacement curve
S0 as to investigate how the fracture toughness of maximum load point (J) approachs that of initia-
ton point (J;) with increasing side—groove depth. This paper also rescarches the influence of
side—groove of pre—cracked Charpy—sizc specimen upon fracture toughness parameters and effect of
side—groove on through—thickness dircction constraint of specimen, and discusses the relationship

among the constraint coefficient and critical side—groove depth as well as critical J—-integral value.
TEST MATERIAL AND PROCEDURE

Material and Specimen Preparation. The malcrials for test are heavy—section nuclear pressure ves-

sel steels ASO8CL3—A and A508CL3-B produced by two works as well as BHW 35 steel. The chemi-

cal composition and mechanical propertics of (cst malcrials are given in tablcs | and 2.

Table 1 Chemical composition of test materials (W.t.%)
Mn | si s | p | N[ o Mo) v [ cu | al

Materials ‘

f
‘?.2;77 0.006 | 0.004 ; 098 | 005 | 051 | 003 | | —
9 | 024 0007 | 0.008 170.757’ 0.06 tofso hfob? 0.012
132 | 034 0012 [ 0019 | 086 | 0.39 ]“0‘2'7771I I -
Table 2 Mcchanical propcrtics ol test materials
M,al,c,ri?'s__, UTS(MPa)V (%) ‘ (%) | Strain hardening cxponent Hv
ASOBCL3-A| 642 2 | 1 | 65 'w'/"é"zb?z'ﬁ*
AS08CL3-B| ;_767507 i 24 ] 66 I‘ 6.9 ' Nleis‘:z?s*
25 e 8.0 | 260275

The pre—cracked Charpy—size spccimen s shown in .
Fig.1(a) and the direction is in L—S. The length of fa- fnlngue SAgEk Nafel
tigue crack(a / W) is 0.45~0.55. Alter pre—cracked the ﬁ[—{'a S
side—grooves with dilferent depth were machined on 55 m

the both sides of specimens in the shape of V notch and "
(n) Standard specimen

with root radius 0f 0.1 mm, as shown in Fig.(b).
. Bn
Side-groove

Experimental Procedure.  Test was carricd out in an r

Instron 1195 electromic tensile testing machine with

loading speed of 0.5mm / min at room temperature. 55
The span of supports was 40mm. During (he lesting . .

) (b) With side-groove
process curve of the load vs load—point displacement

was recorded. When load reached to the maximum Fio.1 P ked Ch
} ) ig.1 Pre—cra i i
point, the specimen was unloaded, and then the speci- & ke Stpy-izespedioen,
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mens were broken at liquid nitrogen temperature.  The initial crack length (a,) and growed crack
length (Aa,) corresponding to the maximum load were mcasured by means of 5 points average
method. The relative depth of side—groove is dilined as lollows:

d, =[(B—1NR_)/B]x 100% 1
where B is the specimen thickness, and B, is the net thickness of cross scction of specimen, as shown
in Fig.1(b). The maximum load absorbed cnergy, E_, can be calculated from load vs load—point dis-
placement curve, and the J—integral valuc of maximum load,J,, can be expressed as :

J. =2Em/[1}~(W-—a¢) )

The elastic—plastic fracture toughness K, can bc cvaluated by

Ke=JE-J_70-¥% 3
where E is the Young’s modulus of clasticity, v is the Poisson’s ratio.
The compliance changing rate of specimen during loading proccss was used to determinethe initia-
tion point of crack growth. The compliance changing ratc can he calculated by [11]:

Ac/c,=(C~-c,/cC, @

where C, is the elastic compliance, C is the assumcd lincar compliance at arbitrary point on load vs

load—point displacement curve.
The valid elastic—pldstic fracture toughncss is cstimaled by means of method of Jgresistant curve of
the National Standard of China,i.c.GB2038[12], which requires specimensize as follows: B=20mm,

W =24mm, S=4W, and bluntening lincisJ=3 . gp* Aa.

RESULTS AND DISCUSSIONS
Effect of Side—groove Depth on Fraclure Toughness Parameters. Fig.2 shows the results
of J, vsd, .Itis found thatJ, values decrcase
rapidly when side—groove depth incrcasc. As soon
as the d, reaches the critical valuc (d,), J, also
achieve the critical value (Jm)e » and kecping con-
stant. For a certain material, when d, value is
larger than (d,), value, J» valuc would keep con-
stant, which is so—called platform valuc Un)p -
From the experimental results ol
A508CL3-A,A508CL3-B and BHW3S5 stccls, the
(d,). are 25%, 30% and 20% respectively, the
(Jm)e are 302.4KJ/m?269.3 KJ/m? and
148.0KJ / m? respectively, and the (Jn), arc 300
+ 14.6KJ/ m%,265.8+ 10.8KJ/ m? and 149.8 +
12.8KJ / m? respectively.
Fig.3 shows the results of Aa, changing

JliJum (Kil/m2)

(a) A508CL3-A stecl

385




with side—groove depth. When side—groove

depth increases, the Aa,, valucs drop grad-
ually, and the curve has no obvious turn
point. At the critical depth of side—groove
for A508CL3-A, AS08CL3—B and BHW35
steels, Aa,, , the length of slow crack growth

at maximum load point is 230um, 234;um

Jidm (KI/m2)

and134um respectively.

For pre—cracked Charpy—size specimens 1004

with side—grooves, slow crack growth is very

short when side—groove depth get to the 00 10 2‘0 3'0 m 5'0 6‘0
critical value (d,), . For the spccimens with ds (9 )

critical side—groove depth, the siow crack
growth is the 4.5% , 4.7% and 2.7% of the
initial crack length a, for AS08CL3-A,
A508CL3—-B and BHW35 steels 500

respectively, where it is assumed that

(b) A508CL3-B stcel

a, =5mm. It is clear that the crack growth
is very small, and the maximum load point
almost approaches the initiation.

In order to further confirm the above con-

clusion, the [racture toughness at initiation,

Jidm (KI/m?)

J;, calculated by means of compliance
changing rate is also shown in Fig.2. The

tendency of J; vs d, curve is thc samc as

that of J, vs d, curve, but the curve ol J; 0 i ; X R . ;
vs d, is lower and gentler. When d,>>(d,),,
J; value keep constant, which is so—calicd
platform value (J)),- For AS508CL3-A,
AS08CL3-B and BHW35 stccls, (Ji), val-
ues are 2732+ 6.7KJ/m’ 2526+
9.2KJ/ m? and 138.6+ 7.2KJ/m? Fig.2 Results of Ju orJ; vsside—groove depth.

(c)BHW35 steel

respectively. Thus, J,, value would graduai-

ly approach the fracture toughness at initia-

tion J; while d; increases. When valucs of d, rcach and cxceed the critical depth of side—groove,
the ratio of (J;/ J ) is abproximalcly cqual to one, as shown in Fig.4. It is shown that the fracture
toughness at maximum load is nearly cqual to that at initiation for pre—cracked Charpy—size speci-

mens with deep side—grooves.

Constraint Effcct of Side—groove and Constraint Coclficient.  The side— grooves in a specimen is

cquivalent to thickening the specimen,  and strengthening  the level of stress triaxiality along the
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thickness direction of the specimen. It also

. 600
changes the stress state at crack tip,and ‘\ o A508CL3-8

make the mixture stress statc in small

\\o 0 A508CL3-A

Charpy—size specimen become morc planc
A BHW35

strain state. The rcsearch rcsults on a g
ICrMoV steel indicated that{4,5] when 3;300
side—groove depth of pre—cracked g

Charpy—size specimen was 20% ,the region 200k —e—
of plane strain got to 88% ol thc wholc A\N\K o
thickness of the specimen, by contrast, the Loof" A\a\\n\.
region of plane strain of standard specimen =

i ¥ c 0 i 1 Iy L 1 1
was only 25% of the whole thicknessof the o ¥ L o o = -
specimen,i.c.in the center of spccimen thick- ds( % )

ness therc existed a narrow rcgion of planc

strain. The efTect of side—groove on l.h]Ck. Fig.3 Results of Aa,, vs side—groove depth.
ening pre—cracked Charpy—sizc spccimen

may be expressed in terms of cquivalent

thickness Be as follows :

B, =8 [1+067(8B_ /B)|—-8B /B) 5)
The curves of B, and B, changing with d; arc shown in Fig.5. Considering that the different mate-
rials have the dillerent sensitivity to side—grooves,the cquation (5) should be revised, and two
paramecters of matcrial,that is, the stramn hardening cxponent n cxpressed by Ramberg—Osgood

cquation and the ratio of (ay / g y1s) arc introduced as [ollows :

(B')’ = Bn[l + 0,67(m1y / Jurs)(l}n / B)(1 — IIA / B)] (6)
where (B, ), is the revised equivalent thickness. According to Equation (6), the curves of (B, ), and
B, changing withd, areshown in Fig.6. Il'both sides ol the Equation (6) minus B,

AB=(B)) — B =0678 (no /o (B, /B —(B? /B )]

where AB is the additional thickness ol the specimens caused by constraint clfect of side—grooves.
Then, we calculate the first derivation ol AB with respect to B, for Equation (7), and the extreme

value:

d(AB)/ dB = 134(B /1)~ 2008,/ B)' =0

Therefore, as B, cquals 6.67mm,i.c.d, cquals 33% ol the specimen thickness, the maximum addi-

tional thickness of pre—cracked Charpy—sizc speccimen is obtained, as shown in Fig.6. For
AS508CL3—A, AS08CL3-B and BHW3S5 steels, the maximum values ol additional thickness are
54mm, $.3mm and 9.4mm rcspectively, and the cquivalent thickness arc 12.1mm, [2.0mm
and16.1mm respectively. It is found that the cffect ol side—groove constraint is explicit in specimens.
In order to evaluate the level of plastic constraint of side—grooves at crack tip,and make the con-

straint effect of side—grooves quantitative and convenient, cllect of side—groove constraint can be
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expressed in terms of constraint cocllicient(C).

side—grooves C can be written as [ollows:

C=P_-S/[B - w?. Tprs * (L—a/ W)

where P, is the maximum load of load vs

load—point displacement curve. Relation of

C changing with d, is shown in Fig.7. Tt is
found that as side—groove depth increase, C
values also increase gradually,i.c.the plastic
constraint When
depth reaches and exceedes the critical value
d,)., C values would keep constant, The

increascs. side—groove

critical J—integral values depend upon the
stress state at crack tip. For the pre—cracked
Charpy—size specimen with side—graoves, C
values can be used to evaluatc stress statc
under the action of side—groove constraint
quantitatively. That C values keeps constant
means the stress state is steady along the
thickness direction of spccimen,
Corrcspondenily, the critical J—integral val.
ues keep constant, it is due to constancy of
C values that result in the critical J=intcgral
values keeping steady. The cxperimental re-
sults proved the above.

The Comparison Between Jn and Valid
Elastic—plastic Fracture Toughness.  J,
resistant curves of A508CL3-A,
A508CL3-B and BHW35 stecls were meas-
ured, and the results of valid Jic arc shown
in table 3. According to the slope of J
resistant curves, the tearing modulus, Ty,
can be obtained as follows:

Ji/l._..

For pre—cracked Charpy=size spccimen with |

8)

e @ A508CL3-A
L © A508CL3-B
0.50 A BHw3s
025
L 1
0% io 20 30 m 50 60
ds (%)

Fig.4 Results of the ratio of (J,/ J ) vs d,.

12

Be. Bn(mm)

0 1

——=—Bn

e

0 20

10

100
ds (3¢)

Fig.5 Curves of B, and B, vs d,.

T, =(E/a)d] / da)

The Ty valucs and the K,c values converted rom valid J

&)

i by cquation (3) arc also shown in ta-

ble 3. In Lable 3, Jn valucs corresponding Lo critical side—groove depth of pre—cracked Charpy-sizc

specimen  and  the Kjc

values  converted

from the J,
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arc

also listed

to compart

Table 3 The comparison between valid Jio(Kc) and J (converted Kje)

Materials Valid J;c | Valid K,c(MN / m*/?) Tu | (a)e |Kc[Converted from (J,)]
AS08CL3-A| 322.4 w00 Wi.{l“.q 303.1 262.8
AS508CL3-B| 304.7 2626 '”3705.377 2690 2476
BHW35 203.0 2044 2982 | 1480 184.6

with the valid values of fracture toughness.
It can be found that J, values arc a bit
smaller  than valid J¢
A508CL3-A, AS508CL3-B and BHW3S
values converted from J

values.For

steels,the Ko
values are smaller than valid K,c valucs by
2%, 6% and 13.8% respectively. Neverthe-
less, according to the maximum load ab-
sorbed energy E_, the conservative valucs of
clastic—plastic fracture toughness ol pres-
surc vessel matcerials can bc obtained by
means of pre—cracked Charpy—size spcci-
men with deep side—groove. This is a conve-
nient single—specimen method that is cspec-
ially suitable for embrittlement survcillance
of nuclear pressure vessel duc to nuctron

irradiation.

18 ——A5080L3-A

——A508CL3-B
——BHW35

14

12

(Be}rBa(mm)

I

0% 30 10 60 80 100
ds (%)

Fig.6 Curves of (B,), and B, vs d,.

=
180 ®

140 %4

1.60 o //‘Z_/e_é

¢ A508GL3-A
© A508CL3-B
ABHW 35

2
v e ¥ h 3 LI

i 1 1

120 L L

1
30 10 50 60
ds( %6 )

Fig.7 Relation of C changing with d,.
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CONCLUSION

(1) When the side—groove depth is larger than the critical value (d,)es the J, values would almost
equal to the J; values, and the P, point nearly coincides with the fracture initiation point on the
load vs load—point displacement curve.

(2) Constraint of the side—grooves may bec cvaluated by mcans of constraint cocllicient(C) values
quantitatively while side—groovc depth changes.

(3) Side—grooves have the action of thickening the specimen, and (or a certain material there exist an
optimal side—groove depth of which specimen gains the maximum additional thickness.

(4) The critical value of side—groove depth, (d,),, determined by curves of Jn vsd, arethe same as
that determined through curves ol C vs d, . In fact, the tendency of J | vs d, depend upon that
of Cvalue vsd, .

(5) According to the maximum load absorbed cnergy ol load vs load—point displacement curve,the
conservative values of clastic—plastic fracture toughness can be obtained.This small size
single—specimen method is cspecially suitable for cmbrittlement surveillance of fracture
toughness of nuclear pressurc vessel duc to nuctron irradiation.
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