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Abstract

The lower-bound initiation wighness of two different heats
of A 533 B reactor-grade sieel was determined over wm-
peratares in the brittie-to-ductile ransition region. The
lower-bound toughness was measured by depressug the
initation toughness with dynamic loading, high constraint
offered by notched round bars, and axial precompression of
the material in the fracture process zone.

This report first describes the test method employing a pre-
compressed round bar subjected to impact loading to 1niti-
ate a cleavage fracture. The procedure 10 convert sirain
measurement into dynamic initation oughness K g is
described. Also, the results of a fractographic analysis are
correlated with the features observed on the strain (ime
traces, and techniques used 1o distinguish mitiaton by
either cleavage or ductile tearing are presented.

The effect of the amount of precompression on Cleavage
initiation and K1g was examined at two temperatures, T* =

43 and 65°C, It was determined that the amount of precom-

pression required o initiate cleavage increased with tem-
perature T, It was observed that increasing precompres.
sion deformauon increased the probabudity of, but did not
ensure, cleavage imtiation. Although the number of tests
were lumited, the amount of precompression deformation
appeared o influence Kig results. Specifically, a range of
precompression for each test temperature seemed to pro-
duce successful cleavage iniuatons and valid Kyy determi-
nations. Insufficient or excessive amounts of precompres-
sion gave incormect Ky measurements. Al these relatively
high temperatures, the A 533 B steel exhubits sigmificant
ductility, and it was observed that Kjg associated with
initiation by cleavage or by ductile tearing was nearly the
Same,

NUREG/CR-5847






List of Figures

Figure Page
1 Axial precompression load yields notched region of bar and forms pseudo erack oo 1

2 @ Onginal round-bar qaectmen with cut-away beanng shoulder, and (b) moditied round-

L

3 Featares at delivery end of lensilempact-10ading dOVICE i i e 4
' 4  Fracture surface showing uniform depth of pseudo crack about circumference ..o PEpReer 5
| §  Split spacing rings for controlling plastic deformation imposed AUANG PIECOMPIESSION oo om e s 6
6  Strain-time trace associated with valid 1est (BAZe-BVETRRE WACE) . oo i s i s K
7 Strain-time trace associated with invalid st (BAZC-AVEIARE WFACE) o owi i i s 9
§  Typical featares observed on strain-time (races associated will valid impact Factures .o 10

9  Lower-bound initiation toug!mus as function of mnpcrmm T= for A 533 B reactor- uach steel,
heat No. 1 wath RTypr=-2°C .. s TR A L VS-S T 1

10 Lower-bound initiation touxhncsa as function of tcmpcraumT‘forA 533 B steel,

e e b el oy e

11 Summary of dynamic initiation mug!messl\uasfumnm of amount ofpmomprmxm&rur
T = 20°C (T* =43°C) ... A T i6

12 Summary of dynamic initiation toughness Kig as function of amount of precompression § for

13 Fracture surface exhibiting extensive ring arca where crack exiension occurred by hole

14 Feacture surface exhibiting very mited RO JOMRE ..o s s e 19

15 Fracture surface exhibiting moderate amount of crack extension by hole joining before cleavage
initiation from limied number OF INTLHBUON SIS ..ot e o s s s o 20

16 Strain-time trace associated with borderiine o5t (ZARC-AVETARE IRICE) oo p

vii NUREG/ATR 5847






Nomenclaiure

a = radius of the notched section (mm)
8, = effective radius of the notched secuon (mm)
J b = radius of the shoulder section (mm)
, d = diameter of the nowhed section (mm)
, D = diameter of the shoulder sectien (mm)
E = Young's modulus of elasticity (MPa)
& Fi (ag/b) = a numerical function
g K or Ky = opening mode stress-intensity factor (MPgsy'm )
% K]s = crack-arrest toughness (MPaey'm
| K = stane imuation toughness m
: Kig = dynamic initiation toughaess m)
e Kig = lower-bound initiatiun toughness (MPasy/m )
¢ ry = exciusion adjustment for residual stress effects (mm)
RTnpr = reference nil-ductility temperature (°C)
T = test temperaware (“C)
T* = difference between test temperature and RTnpt (°0)
. 8 = axial deformation due to precompression (mm)
| £ = Rross section strain (m/m)
r Emax = Maximum strain (m/m)
Gp = gross section stress (MPa)
. = net section stress (MPa)
oy = plastic flow stress (MPa)
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1 Introduction

Crack-arrest toughness Ki, indicates the stress miensity K
below which fine-scale cleavage events, even when initi-
ated, are unable 1o spread and join, thus representing a
lower-bound toughness. However, the current understand-
ing of cleavage-fibrous behavior for nuclear reactor vessel
steels suggests that a method of cleavage inuation testing
with small specimens may provide the same lower-bound
data for toughness with more d‘ﬁcimc;. The large amount
of scatter observed in the test resuits !~ handicaps slow-
load, small-specimen testing to determine cleavage initia-
tion toughness. This large scatter indicates that cleavage
initiation along the crack front in a small specimen must be
considered as a rare event. Ouly when the number of small
specimen tests 15 large do the lowest observed values corre-
spond with the oughness determinations from large speci-
mens with long crack fronts, However, the prehability for
cleavage initiation is enhanced by noich embrittiement,
rapid loading, and constraint. Lower-bound determinations
of iniiation toughness reported here are based on the fail-
ure of the cleavage sites o initiate, spread, and join.
Recently, Dally et al 4 have developed a testing procedure
that uses relatively small specimens for determining the
lower-bound initiation toughness of A 508 reactor-grade
steel. The results show much less scatier than slow-load
testing methods; this is a valuable attribute relative 1o the
number of specimens needea to obtain valid lower-bound
toughness values.

This report nresents rapid-load measurements of the cleav-
age initiation toughness of A 533 B reactor-grade steel over
a hmited range of temperatures near the batte-to-ductile
wransition region. The approach described in Ref. 4 was
used in this series of measurements. A critical element in
the success of small-specimen determination of the lower-
bound cleavage initiation “ughness is 10 increase the sever-
ity of the local stresses ad). vent 10 the precrack. By
increasing the stresses local to the crack front and using
plastic deformation of the material in the neighborhood of
the crack tip, it 1s possible W more nearly match the proba-
bility of cleavage initiation siles that occur in farge speci-
mens of in components with a long crack front.

The specimen used in this study is a circumferentially
notched round bar that provides significant constraint with
a large elevation of the flow stress, Impact loading also
serves to clevate the flow stress due t strain rate effects.
Finally, a circular precrack, concentric with the round bar,
is formed by axial compression. The axial compression,
which produces yielding and plastic flow at the notched
section, closes a small segment at the root of the notch to

farm @ pseudo crack, as indicated in Fig. 1. Upon release of
the compression load . a small nasural crack is formed at the
tip of this pseudo crack. The precompression process also
produces residual tensile stresses at the orack tp; this
further elevates the stress 10 ncrease severity of the Jocal
stress staie and enhance the probability of a lower-bound
cleavage initiation.

This repont describes in detail the method of applying the
impact load o the specimen. Also described 1s the method
of precompression and the inPuence of the amount of this
precompression. Strain-time traces are included to charac-
terize the response of the specimen W the impact loading. A
method (s presented o determine if the initiation was valid.
A method for interpreting the strain-time traces (o give the
dynamic initiauon ughness Kiq, corresponding © the
lower-bound toughness Kg. is shown, An interpretation of
he fracture behavior of the specimen based on the strain-
t'me response is given, The resuits of a fractographic
analysis are presented and correlated with the benavior
observed from the strain-time traces. Finally, te results
trom this study are compared with the crack-arrest wugh-
ness K, of the same material, established through indepen-
dent programs that involved extensive testing.

region of residuai
lonslie slressss

natural crack

/pum crack

L./'\‘_"_’__,.—---\____,____.

Figure 1 Axial precompression load yields notched
region of bar and forms pseado crack. Upon
unloading, a natural crack develops in region
of residaad tensile stress
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2 Notched Round-Bar Specimen

Themofmlmhedmmwinndmmic
fracture-initiation experiment is 1o simulate, with a rely-
ﬁwlymﬂdhmusw.mmmmi&dbnwy
thick, plate-type fracture specimen. A rigorous comparison
of constraint afforded by a plate specimen of thickness B
and a notched round bar with a shoulder diameter D has not
been established: however, it is believed that the constraint
provided by a notched round bar s at least equivalent to

bearing shouldar for aignment

that provided in central regions of a plate specimen with &
thickness equal 10 % times the net-section diameter d.°

The round-bar speciniens used in this initial study are illas-
trated in Fig. 2. In bath geometries, the nominal shoulder

*This Oslimate assurties the thickness of » plate specimen () 18 equivalent

Vo the pe section arcumivmence of the rouind bar, Bivang the relation
Berd

o radius of 3 in v esd
perpendicular 1o axis -y refiel groove ] unc-1-e
Z | ' \\ ",J :’Lﬁ -’!j____
T VoA
] 7 !
T s (Y1t |
P11 | - -- - B I R — +r 44444 38
L | l [ rediue et noteh tip . _!. bearing shouider for |
J MUt b leay than 0 13 : < axial pra-comprassion - ’ l
,‘." e ,fﬁ
78 el § b 28—y
e i e ] @ s e L { !
P T——— SRt [ - L S S o]
(a) * ali dimansions are b mm
bearing shouider tor alignment 45® J radive ef 3 In theaed
- parpendicuiar to axis \"“‘f relel groove | UNC-1-8
'\ { I S
/ j ‘\ ‘i') ') ,/
e A — T
N ol finne
28 . - i e i — _i.‘ +44 28
lv ' ] ' I l radius atrotchllp — o ; -_.Qj- i bearing shouider far } ‘
A must be less than 0.13 _‘,/‘ axlal prea-compression g i
s Umcany o
L-—‘——-—-'— " - '-l #—» 28 pr 83 s -l
e S S | ] T Y VS
L.—.__.m_‘ﬁ_,_ R - 1 | [ e E——

e ey i -
'

(b) * ol dimenaiony are in mm

Figure 2 (@) Original round-bar specimen with cut-awa ¥ bearing shoulder, and () modified round-har specimen. Net

diameter d is a variable ranging from 13 to 19 mm
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diameter D is 38 mm, and the diameter d defining the notch
section varied from 13 10 19 mm. The notch was machined
with a 45° included angle using a tool with a up radius r =
0.13 mm. The specimen was shouldered at each end w0
provide accurately machined beanng surfaces perpen-
dicular to the specimen axis. These bearing surfaces were
essential o ensure alignment of the specimen in the impact
loading device. Both ends of the bar were threaded (1-8
UNC) 10 provide a means for ataching the specimen to the
loading train,

I

Notched

The total length of the bar was 200 10 215 mm, with
150 mm used for the center section. This section accom-
modaied the noh while provading a uniform cross-
sectional area of length L = 2D ahove and below the noich.
Shoulders located in ling with the notch are used 10 mea-
sure and control the amount of permanent, axial deforma-
ton imposed on the notch duning the initial precompres-
sion. Strain gages weie mounted at a distance D above and
below the notch o measure the nominal strains imposed on
the specimen during impact loading.

3 Tensile Impact Loading Tower

The essential features of the loading tower are shown in
Fig. 3, where the delivery end of the system is illustrated.
The impact load is developed by dropping a weight of 59
kg fror & height that is adjustable from 010 1.8 m. The
weight »s fitted at its upper end with a brass bushing and ai
its lower end with a hardened sieel insert {A1S] 4340 with
Rockwell C scale hardness R = 48). The bushing and
insert both serve as bearings and keep the weight in align-
ment with the center rod.

The center rod is {abricated from 50-mm-diam drill stock
and fitted with an intermal 1-8 UNC thread at its lower end.
This rod suppons the top end of the round-bar specimen. A
load ransmission tube fits over the round-bar specimen
overlapping the center rod by 25 mm. An anvil, threaded
anto the other end of the specimen, supports the load
transmission tube. All of the contacung surfaces ou the
loading fixwre, namely, the weight insert, transmission
tube, and anvil, are flat and square to the axis of the center
rud to ensure axial impact. These surfaces are hardened to

timit localized surface yiwlding: this facilitates a high load-
ing rate.

The weight delivery systom is supported by a four-column
frame. Heavy steel plates SO mm thick serve as the wp and
bottom platens. The center rod extends through the wp
platen. The wp end of the center rod 1s threaded so that it
can be positioned vertically with two hex nuts located on
each side of the op platen.

The impact velocity of the weight with the maximum drop
distance 1s 6 m/s. The energy delivered 1o the load trans-
mission tube is 1053 N-m. However, the loading rate and
the stress in the specimen depend mainly on the impact
velocity rather than the available drop-weight encegy. In
addition, the stresses and ihe load rate depend on the
geometry of the specimen and the yield characterisucs of
the material being tested. The load imposed on the notched
round bar 1s measured directly duning the impact period
wiui strain gages that are mounied on the st specimen.

4 Axial Precompression of Notch

While the tip of the notch was machined with a radius r of
gbout (1,13 mm, the sharpness of the notch tip is much less
than that of a faugue precrack. Moreover, with tough stecls,
fracture cid not initigle during impact with the maximum
available drop-weight velocity and r = .13 mm. Previous
studies conducted by Mylonas® and Turner”* showed
that initiation of cleavage fractures in mild steels could be
assisted by application of a compressive load 1o a notched
specimen, thus producing plastic deformation and residual
tension in the nowh region, When the specimen is

subsequently loaded in tension, cleavage muation might
occw” after an extremely short extension of the crack up by
ductile hole joining. Following this concept, the notches on
the specimens were sharpened before westing by applying
an axial compressive load that exceeded the uniaxial yiweld
strength of A 533 B sicel (483 MPa) by a significant factor.
Yielding at the notched section of the bar caused the sides
of the notch near the tp 1o move logether 1o produce 8
pseudo crack as shown in Fig |

NUREGATR-5847
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Axial

In addition to the control of the deformation of the notched
section about the circumference, it is also necessary 1o con-
troi the amount of axial compression. Sufficient axial
deformation must occur 10 sharpen the notch tip and 1o
induce large residual iensile stresses at the root of the
natch. To beuer control the axial deformation, stoel spacing
rings of a suitable thickness were placed n the noich area
shorlders (Fig. 5). The rings acted as mechanical stops,
conwolling the axial deformation so that it was uniform
around the circumference. By using several rings with
varying heights. different amounts of deformation were

' imposed.

The compression load required o produce the axial defor-
mation was measured directly on the universal testing
machine that was used in precompressing the round bars.

Six strain gages were employed 10 determine the load
uwdwmwm-wwimduﬂng
impact. The gages were oriented 1 the axial direction and
placed at 120° intervals around the specimen at a distance
of 1D above and below the notch. The gages exhibited a
nominal resistance of 350 £ and a gage length of 1.6 mm.
The individual gages were connected 10 a Wheatstone
bridge/amplifier unit, capable of 100 kHz, for appropriate
signal conditioning.

A type J, ironconstantan thermocouple with a resolution of
0.1°C was adhesively bonded in the noich 10 measure the
test iemperature of the specimen. The specimens were
tested over a range of temperatures from 3 1o 60°C. When
the test emperatare differed from room temperature, dry
ice was used 1o cool the specimens, and a resistance heater
qumbommvilwasusedwlwatmespew
mens.

Allofd\elemwmcasdmwdusm;ﬂwnmhnumcapac-
ity of the loading frame, with a drop of 1.8 m for the
weight. As the weight strikes the transmission tube, 4
compressive Liress wave propagates through the tube and

NUREG/CR -5847
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Figure § Split spacing rings for controlling plastic
deformation imposed during precompression

5 Test Procedure

Irto the anvil. Uipen encountering the boitom free surface
of the anvil, the compressive pulse s reflected as a tensile
pulse and propagates upward into the nowhed-bar speci-
men. As expected, the strain gages mounted below the
notch responded first, and the gages mounted sbove the
noch respunded shout 15 ps later. This lag is due o the
ume required for the tensile stress wave, propegating at
about § mmys, 10 travel the distance between the gage
sets. The loading of the specimen increases monotoncally
at a raie on the order of 10/ in the shoulder section. OF
course, the strain rate in the notched section is higher due 10
the reduced cross-secuional area and the strain concentra-
tion effect of the nowa. It 18 believed that the strain rate
exseds 500" at the notch tip. The symmetry among the
gages in cach set is very g.nod. indicating & uniform axial
loading of the specimen.’

The voltage output from one of the botiom strain gages was
used to initiate the sweep of three dual-channel, digital
storage oscilloscopes 1o ensure that the voltage-time race
for cach gage was recorded on a common time base. The

-
Five perment strain i 1000 us
An exaimpile of the symmetry i the sifmin-time taces ir shown m Ref. 4
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analcg-to-digital convenier on each of the osciiloscopes was
st o sample al a rate of 200 ns/point. Afwer the 1est, the
voltage-time traces were Jownloaded from the oscillo-

Test

scope memaories 10 a personal computer for Turther data
processing.

6 Lower-Bound Fracture-Initiation Toughness

The method of analysis to deicnnine the dynamic initiation
weghness K4 from strain-ume traces recorded from the
round bar duning impact testing is hased on relations
derived for static loading. For a nowhed, round bar sub-
jected 1o uniaxial ension, the stress-intensity factor is given
by Tada et al.? as

Ki = 0, VEbFa{a/b) | (0
where F (4 /) is a funcuon defined by

F(ae/t) = (V2)yf (ae/") [1 = (e /0)][1 + 0.5(ac /b)

+0.375(a/b)* - 0.363 (ag/0)" + 0.711 (a,/s)“] @

Note also that
o, = (ba. ) ap . (3
The effective radius a. of the net section is given by

Be®B-TY . )

where ry is an exclusion adjusument 1o aceount for the
effect of residual stress at the tip of the pseudo erack, The
adjustment ry 18 expressed as

= (ipn)(Kjoy) . )

in determining ry, the plastic flow steess oy, allowing for
constraint and rapid loading, was assumed to be 1091 MPa,
and K was the estimate of ihe stress-intensity facior before
the adjustment of the radius of the net section, Note that vy
15 not determined in #n sterative manner hecavse only the
initial estmate of K is subsiituted into Eg. (5).

The flow stress was determined by first mereasing the static
yield strongth of A 533 B stee! by a factor of 1.87 from 483
10 908 MPa w account for the constramnt. Next, striun-tale
effects were considered by adding another 186 MPa, a
common practice for soructural steels. These adjustments
for constraint and stran-rate effects gave a dynamic, plasuc
flow stress estimate of 1091 MPa.

For uniaxial loading, the strain measured on the shoulder
section of the bar 15

&g = Op/E | (6)
where E is 207 GPa for carbon steel. [ the strain €0 in
Eq. (6) is the stram measured at mitiauon (€qay ). then
application of Egs. (1) through (5) gives the dynamic
initiation wughness Ky

The difference between the static and dynamic solutions for
the stress-intensity factor K and the J-integral for notched
roundd bars has been analyzed with finite elements by
Nakamura, Shih, and Freund. 'Y The dynamic loading was a
tension pulse that increased linearly with time for a SO-us
period. Nakamura et al. found that the J-integral resulting
from the tension pulse was essentially the same as that pro-
duced by static loading of the same magnitude, The refer.
enced study was performed to justify the data analysis
method used by Costin, Duffy, and Freund! ! in Jdetermin-
ng Kyq and Jjg from data taken with Hopkinson bar experi-
ments. Because the round-bar experiments described here
involve nomingl sorair rates two o three times lower than
the strain rawes produced in a Hopkinson bar, it is evident
that the static analysis described above is adeguate for pre-
dicting the dynamic inittation toughness Ky from the strain
data from the notched round bar.

7 Test Results

Two series of wes's were performed in this program o
determine the lower-bound initiation toughness of A 533 B
reactor-grade sieel. In the first senes, 20 nowched round
hars were fabricated from heat No. 1 of the A 533 B sieel
that exhibited a reference nil-ductility wemperature of

RTnDT = =2°C. These specimens were lested with axial
impact loading at lemiperatures ranging from 3 w 60°C
The objective of this llrst senies of tests was W determing
Kiq 0s a function of tlemperatire m the britde-to-ductile
transition regon

NUREGAR-5847
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Figure 7 Strain-time trace associated with invalid test (gage-average trace)

i
F
i
f specimens failing by brittle cleavage from those failing by
; excessive ductile tearing before cleavage initiation,
1
3

Several common features are observed in all of the strain-
time traces that yield valid K4 values (Fig. 8). Three traces
| are shown: (1) the average of all three bottom gages, (2)
i the average of all three top gages, and (3} the average of all
. six gages. It is clear that the botiom gages initially resnond
befare the top gages becanse of the delay due to the time
| required for the stress wave to ravel between the gage sets.
Both seis of gages initially increase monotonically, with the
bottom gages registering higher strains than the top gages.
This initial part of the loading process is dominated by
stress-wave behavior, At <95 us, after the stress wave
reaches the lower gages, the strain-time traces Cross over,
and the top gages indicate strains slightly higher than the
botiom gages. It is believed that the crossover is due 10
stress-wave reflection from the notch discontinuaty, which
suppresses the strain on the lower gages. After the cross-
; over point, the traces from both gage sets correspond
i closely with the average of all six gages until failure at
[

g

120 us. This close correspondence indicates that stress-

wave offects have diminished and that 2 quasi-static load-
ing is prevalent. Both traces record simultancously the
strain at failure, which is the highest point on cach trace.
The simultsneity is expected because the notch is centra’ly
focated between the gages, and the time for the unloacing
waves 1o reach the bottom and top gages is equal. Fr the
time period between crossover and failure, the tvo different
averages give the nominal strain €p with deviauons of £9%.

The maximum strain determined from the stram-time traces
was used as the failure STain £y, for the 11 qualifying
tests, Values of Kjg were calculated for cach of the six
strains recorded. i wo averaging methods were then used to
determine a total K4 for each specimen. First, the pe: ©
values €mqx from the six individual strain-ime fraces were
averaged 1o compute Kig. Second, all of the strain-time
traces were averaged into a single trace, and Fjy was com-
puted from the peak value of this combined trace. The dif-
ference in Kjg between these methods was only 4%,
demonstrating the equivalency of both procedures. All
subsequent Kiq values presented were determined by using
the first method. The results for Kiy, which approximates

NUREG/CR-5847
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Figure 8 Typical features observed on strain-time traces associated with valid impact fractures

the lower-bound initiation toughness, sre shown as a func-
tion of emperatare in Fig. 9.

Examination of Fig. 9 shows that Kig varied from 74 1o

HGM»MWT‘-(’T»-RTW)
increased from 5 to S2°C. There is a clear trend for the

initiation toughness (0 increase with temperatare; however,

the scauter in the data, particularly at the higher tempera-
tures, prevents one from quantfying this trend The resulis
from all 20 of the rotched round bars tested in this first
senes of experiments are listed in Tahle 1.

Al reladvely low temperatures, T* ranging from 5 10 11°C,

all three tests (B-. 5 6, and B-8) were valid, and the
results for K¢ weie tightly clusered, as shown in Fig, 0.
Also, valid deerm inations could be achieved with d =

19 mm. As the temperatuse T* was increased (0 midrange
in this series (22 w 34°C), valid initiation was more diffi-
cult 10 achieve. Of the en specimens tested (B-1, B-2, B-4,
B-5,B-7,C-2,C 5.C-8, C-9, and C-11), only four pro-
vided valid data for determining Kjg. It was necessary
{except for specimen B-1) o decrease d from 1910

NUREG/CR-5847
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15.2 mm w0 increase the strain at the notch and promote
valid initiations, The precompression was also increased
with T* in an attempt o increase the number of initiation
sitey available to trigger cleavage at the higher tempera-
tures. Note from Fig. 9 that the degree of scatter increased.

For the highest temperatures with T* in the range from 44
10 52°C, valid results were achieved in four of the six
experiments conducted (C-1, C.3,C4, C6, C-7, and
C-12). The high rate of success was partly forwitous, bui
decreasing the notched diameter to 152 mm and increasing
the amount of precompression at the higher emperatures
enhanced the probability of cleavage mitation. Again the
scatter in these four data points was moderate (£10%:).

One test (C-10) was conducted at T* = 62°C: however, the
specimen exhibited appreciable ductile tearing before
Cleavage initation and, accordingly, did not provide data
for a vald Ky determination. It may be possible to mea-
sure i lower-hoand Kja at T* = 62°C or above if the neck
diameter of the round bar Is decreased © 12.7 mm and if
the precompression is increased. Unfortunately, sufficient
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Figure 9 Lower-bound initiation toughness as function of temperature T*
for A 533 B reactor-grade sieel, heat Mo, 1 with RTypy = -2°C

Table 1 Summary of results for the first test series of A 5§33 B reactor-

grade steei with RTxpy = -2°C
Test Ky N ¥ T d Test
114] (MPasym ) {mm) ) (*C) tmm)  validity
B-1 9313 a 22 142 .o Yes
B-2 98.5 (1 406 6.1 28.1 19.0 No
B3 739 0406 28 48 9.0 Yes
B4 100.7 (.38) 261 281 19.0 No
B-5 Q4R (0432 283 303 19.0 No
B-6 820 0,381 ]9 109 19.0 Yes
B-7 9.9 D432 8.3 03 19.0 No
1 By 845 0,406 29 46 190 Yes
f C41 116.0 0.940 50.1 521 152 Yes
C-2 5258 2210 200 220 5.2 No?
C-3 150.0 0.965 5.0 52.0 152 No
4 1107 432 420 440 & Yes
C.5 742 043 20.0 220 152 Yes
C4 166.0 G457 497 51.7 182 No
: 7 1144 14583 3z 4] 152 Yes
B C-H 1459 0508 32.0 340 123 No
" Cc9 AR 0,533 62.0 340 127 Yes
C-10 13358 1.245 &0 62.0 152 No
4 C-11 09 R 1118 2.0 340 152 Yes
' C-12 939 1,154 0.0 520 15.2 Yes
o dersmined.

bﬂuw wiks putiated, but daruge duc I pRECOMPIEsTION WA Exciiive

I
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specimens were not available (o esablish the feasibitity of
testing at or above T* = 62°C.

In Fig. 9, the resulis from the nowhed round bar are also
compar=d with the crack-arrest wughness Ky, for the same
material determined in other test programs including pres-
surized-thermal-shock experiments (PTSEs), ORNL ther-
mal-shack experiments (ORNL TSEs), the COOP program,
and the Round Robin program.'2 It is evident that the
results from the notched round bar compare closely with
the dewerminations made in these other programs. The
largest dufferences were with the results from the ORNL
TSE. While there was very good agreement with the data
from PTSE- 1, the COOP program, and the Round Robin
experiments, the woghness measured with the round har
was usually lower than that determined with TSE.

Note also that m all instances the lower hound of the
notched round-bar measurements exceeded the ASME
minimum toughness curve Kig.

7.2 Results from Test Series No, 2—
A 533 B Heat No. 2

Afler completing test series No. 1, questions were raised
regarding the amount of precompression required £ initiate
cleavage with a minimum of crack exiension by ductile
hole joining. In the first senes, the axial deformation
imposed was varied, and it was noted that increasing the
deformation aided in introducing cleavage initiation sites
and improved the probability of obtaining valid data for
Kjg determination of the lower-bound toughness. However,
the functional relation of the amount of precompression §
or ¥4 was not known at any of the test temperatures.

To mvestigate the effect of precompression, it was planned
1o test six notched round-bar specimens at T® = 22°C and
another six specimens at T* = 44°C. The amount of pre-
compression was to be increased systematically, and Ky
was lo be measured during the impact experiments, This
plan was based on experience developed during the first
test series, where steel from heat No. | with RTypr =
~2°C often exhibit~d cleavage initiation when the amount
of precompression 8 = 0.5 mm at test temperatures was in
the range from 20 1o 42°C. It was not known that the speci-
mens for wst series No. 2 were from a differem heat of

A 533 B stecl with RTnp = ~23°C. This fact was learned

NUREG/ACR-5847
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only after the second test series was compleie, while
atempis were being made 1o oxplain the significant dis-
erepancies betwean the results for Kyy from the two series
of experiments. The resulis obtained in the second lest
senes are given in Table 2.

The first six bars, with & noich diameter d = 19 mm, were
tested at T = 20°C, cavivalent o T* = 43°C. Thuee bark
(D-2a, D-5a, and D) with precompeessions £ -+ 11,356,
0711, and 0838 mm nitisted in cleavage ot Kiy = 92,
786, and 84.3 MPasy'm | respoctively, The oth . three hars
(D-1a, D-3a, and D4a) with precompressions & of €229,
0483, and L7 mm did not initate n cleavage. ndeed,
these three specimens did nol [ail even by ductile hole
Joining and remained intact during the impact tost.

It was decided 10 retest bury D=1, D-3, and D4, Initially, all
three bars were precompressed again (D-1h, T3-3b,
andD-ab), umposing § = 0889, 1118, and 1321 mmn in the
second cycle. Bar D-1b was retes’ed but again remained
int during impact. The notch diameter was then reduced
from 19 (0 152 nun, a third cycie of precompression with
&= 0813 mm was applied (D-1¢), and the har was retested
for the third time, Clea\a,gc_ was tnitiaied in this atiempt,
giving Kjs = 95.0 MPasy i .

The notch diameter of bars 133 and D-4 were then redoced
to 15.2 mm, and large precompressions of 8 = 1.346 and
1092 mm were applied (third cycle). These bars (D-3¢ and
D-4¢) lailed w cleavage at arilicially low values of Ky,
Observations of the strain-time teaces indicated that fatture
occurred befare the crossover pomt (Fig. §), while the load-
ing was dominated by stress wave effects. The combination
of low Ky4 and failure before crossover implies excessive
damage from [ recomprossion.

An examination of the resulty in Table 2 shows a geaeral
trend on the effect of the amount of precompression. For
the six specimens with d = 19 mum that were subjected 10
one cycle of precompression, only oae of the four rTound
bars with 8 < 0.7 mm failed in cleavage. However, valid
Kiq values were obtained for both specimens with § >

0.7 mm. For the three specimens with d = 132 mm that
expenenced multiple precompression eycles, cleavage guc-
cessfully mitiated in LU of the specimens, However, the
strain-time traces for the spectmens with 8 > 0.9 mm indi-
cated failure in <80 ps and al antificially low Kyg levels
Such behavior suggests that the material i the notched
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Table 2 Summary of results for the second test series of A 13 B reactor -grade |
steel with RTypy = <23°C |

I
Test K‘&" & T T d Number  Test |
ID  (MPaevm ) (mm) (O *C) (mm) of cycles validity |
D-la 77.0 0.229 200 430 19.0 i No f
D-2a 9.2 0.356 200 430 190 1 Yes \
D-3a 757 0.483 200 43.0 19.0 1 No
D-da §7.3 0610 200 43.0 19.0 | No j
D-5a whH 2711 200 40 19.0 | Yes |
D-6a 843 0.838 200 430 19.0 1 Yes :
D-1b 1022 0.889 200 43.0 19.0 2 No :
D-3p? 1.118 19.0 2 |
D-4pe 1321 19.0 2 f
D-1¢ 95.0 0813 200 430 152 3 Yes :
D-4¢ 7.1 1.092 200 43.0 15.2 3 No? |
D-3¢ 58.2 1.6 200 430 152 3 No ;
E-2a 1180 0,229 20 65.0 15.2 1 No 5
E-la 124.1 0381 420 650 152 1 No |
E-la 1168 0,483 420 #5.0 152 1 No |
E-6a 125.1 0.014 422 65.2 15.2 1 No |
E-da 127.5 1397 420 650 152 i Yo |
E-5a 126.0 1.549 420 65.0 152 1 NO
E-2b 1254 1.372 42 651 152 2 No |
E-Sh 117.0 1,524 42.0 65.0 152 2 Yes :
E-4b 1297 1.600 420 65.0 152 2 Yes 1
E-6b 9.0 1.778 420 65.0 152 2 Ne? |
ASpecimen was precompressed but not wsted :

'Chwut was initiated, but & age due W procompreasion wal excessive.

region had been damaged by excessive amounts of pre-

compression. Therefore, it appears that precompressions &
in the range 1.7 t0 0.9 mm are necessary to reliably initiate
cleavage in round bars with notch diameters between 15.2

and 19 mm at T = 20°C.

The limited data obtained in this test series indicate that the

amount of precompression is important in introducing
cleavage sites near the tip of the pseudo crock, but the
number of cycles of precompression does not appear o

affect the initiation oughness Kjg In any systematic man-

ner. The data supporting this observation are shown in

Table 3.

The scauer in Kqg associated with the valid tests, where
cleavage was initiated very early in the fraciure process,

i3

was relatively small. Deviatons from the average value of
Kjg= 84.3 MPaw/'m rangad from 6.8 (0 +12.7%. |

In four tests at 20°C (D-1a, D-3a, D-4a, and D-1b) the :
round bar did not fail during impact. The round bars _
sccommadated the input energy by yielding either at the

noich or in the threads used o attach the bars o the loading

fixture. In three instances (D-1a, D-3a, and D-da), yielding

{probably at the threads) limited Kj to tess than (Kig)Ave.

In these cases, sulficient swress was not imposed on the bar

to mduce failure either by waring or by cleavage initiation.

Reducing the notch diameter from 19 to 15.2 mm elevates
the stress in the notched region and produces failure of the
specimens at T = 20°C. However, failure of specimens

D-3¢ and D-4¢ was by cleavage initiation at fairly low Kig

NUREG/CR-5847
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Table 3 Summary of valid test results for heat No. 2 of A §313 B

steel tested at T = 20°C (T* = 43°C)
Test d & Number Kig Deviation
1D (mm) (mm) of cycles (MP.- m) (4 ‘l_) )
D-2a 19.0 0.356 1 9.2 6.0
D-Sa i9.0 0.711 | 86 68
D-6a 190 0.838 ] 843 0.0
Dle 152 0813 3 95,0 +120
(Kig)ave = 843

levels (58.2 and 78.1 MPasv/m , respectively}, which is
attributed 10 an excessive amount of precompression.

In the second group of six specimens ested at 42°C (B-1a
1o E-6a), no failures by cleavage occurred. Indeed, four
specimens did not fail and remained intact durir g the
impact loading. Specimens E-1a and E-3a failed by initia-
tion by ductile hole joining at Kjg= 124.1 and 1168

m , respectively. The four specimens that did not
fail were precompressed a second time with increased 8
and tested again. Two of these specimens /E-5b and E-4b)
failed cleavage initiation at Kjg= 1170 and 1297
MPasvm , respectively. One of the remaining specimens
(E-Zb)fmdmmmcmhydmmhobjomu)(m-
1254 MPasy/m . The final specimen (E-6b) failed prema-
mlymclameuwomfs

The data from the six failures at T = 42°C are summarized
in Table 4. Inspection of these results shows that the initia-

ton toughness in Cleavage and in earing by ductile hole
Joining is approximately the same at this lest iomperature.
The amount of precompression § appears o affect the
mnitiauon wughness. Specifically, a precompression in the
range from 1.5 10 1.6 mm seems necessary (o reliably trig-
ger cleavage fracture for round bars with d = 15.2 mm at
T=42°C, Precompressions 8 < 1.5 mm do not impose
sulficient damage 10 induce cleavage initiation, and
precompressions 8 > 1.6 ma: cause oo much damage in the
notched region.

The results for Kjg associated with cleavage failure for heat
No, 2 are shown in Fig. 10. The range of the emperature
T* for these results 1s from 43 © 65°C, which is well into
the transition region. All six of the values for Kiq fall above
the Kig line and below the K, line. Three of the four
points plotied along T* = 43°C appear low when compared
10 the results for heat No. 1. However, both of the data
points for T* = 65°C compare favorably with the results
from heat No. 1 and with ORNL thermal-shock tests

Table 4 Summary of results for heat No. 2 of A 533 B steel

tested at T = 42°C (T* = 65°C)
Initiation Test & Kia__ (Kya)
mode 1) (mm) (MPasvm) (MPasvm)

LHJe E-la 0.381 1241 122.1
DHJ E-3a (0.483 1168 1221
DH) E-2b 1372 1254 122.1
Cleavage E-5b 1.524 117.0 1234
Cleavage E-4h 1.600 129.7 1234
Cleavage? E-6b 1778 99.0

ADHI means “ductile hole yokmng "

vage was mitisted, but damage due 1o precompression wais £4oesnve

NUREG/CR-5847
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Figure 10 Lower-bound initiation toughness us function of temperature T* for A 533 B steel,

keat Nos. 1 and 2

8 Discussion

The results showing Kig4 as a function of the amount { pre-

compression {c1 Jea .40. 2 are summarized in Figs, 11 and
12, The resuits from the tests at T = 20°C (T* = 43°C)
{Fig. 11) show that the amount of precompression seems to
influence Kjq. Precompression is necessary (o iniuate
cleavage, and the probability of initiating cleavage
increases with the amount of precompression, When the
amouni of precompression imposed is not of sufficient
magnitude, the specimen is able 1o absorb the impact
energy, and cleavage is not initisted. Also, when the
amount of imposed precompression is excessive, the mate-
rial in the notched region is severely damaged, and cleayv-
age initiates at anificially low stress levels. Between these
two extremes lies a range of precompression that gives reli-
able cleavage initigtions and suitable wughness determina-
tons. For this heat of A 533 B steel (RTypr = -23°C) at
the testing temperature (T = 20°C), the appropriate pre-
compression deformation 6 is from 0.7 1o (.9 mm.

Is

The results for the tests a1 T = 42°C (T = 65°C) (Fig. 12)
illustrate similar effects, except that the amount of pre-
compression required to initiate cleavage is much higher. A
tainimum precompression of § = 1.5 mm was required
belfore initiation sites were produced that could be acuvated
with a dynamically applied Ky of ~120 m . Also, the
uprer bound of appropriaie precompression seems W be

1.6 mm for this testing temperature. Clearly, the increase in
the test iemperature has elevated the imitiation ioughness
for both cleavage inination and o -earing initlation. The
velocity of the crack front extending by ductile hole joining
was measured at 0.50 and 392 m/s 11 specimens where the
crack advanced by 0.52 and 1 42 mun, respectively,

Finally, as the temperature T increases, 1t becomes more
difficult w initiate cleavage, as failure by waring becomes
the predominant mode of failure. Cleavage initiation can be
induced at a termperature T* of 65°C, but the precompres-
sion required is from 1.5 10 1.6 mm

NUREG/ACR- 5847
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9 Fractographic Analysis

Fraciographic analysis is an essential component in the
verification that lower-bound values of imtiation toughness
have been achieved in the notched round-bar test. In deter-
mining the lower-bound initiation toughness, one seeks 1o
initiate cleavage with a minimum amount of prior ductike
tearing (crack extension by hole formation and then ho'e
Joining). 1t is also important to initiale cleavage from sev-
eral different sites that gre distributed randomly about the
circumference of the sharpened notch. Finally, the initiation
sites should all be activated at nearly the same tme or g
the same load, Analysis of the fracture surface ina &

ning electron microscope (SEM), with a magnification of
ahout 9=, shows several surface characteristics that verify
the adequacy of the lower-bound determinatgon.

An examnple of the surface features for a fractured round-
bar specimen that did 6ot provide a valid lower-bound
determination is presented in Fig. 13, The crack extended
by hole joining in a duciile teaning mode. The crack exien
sion by ductile caring vaned around the circumficrence
from a minimum of 1.8 .nm © 8 maximum of 3 mm. In this
case, the crack extension by eanng occurred at a low
velocity (U5 1o § m/s) while the specimen remained undey
dynamic load for more than 600 s (Fig. 7). The crack
extension underwent a transition from ductile o brittle at
an initiation sit* located at point A. The crack then
extended at high velocity (=500 m/s) over the central
region of the specimen in a niode that was predominantly
cleavage. Even in the central region, ridges are observed,
indicating some areas of fibrous falure between cleavage
regions,

Next, consider the second example (Fig. 14) that illustraies
a valid lower-bound determination. At the outer edge of the
fractured arca, a nng impression with & uniform thickness
18 evident, mdicating that the axial precompression was
perforned with controlled alignment. Next, the extension
of the crack by ductile hole joining was limited © only

0.3 mm ut the crack front in the third quadrant and 5 10

10 pm around the ceack front in the first and fourth quad-

ragts. Crack inination aocurred at about ten cleavage ining-
Lion sites diaributed random'y about the circumference.
Mot initianon sies were located in regions along the crack
front where the ductile wanng was minimized, The crck
propagated at high speed (=500 m/s) across aimost the
entire test section. The specimen failed mn 100 ps, with a
strain-time record similar 10 that shown in Fig. 6. This
strain-time trace shows a well-defined peak, with no evi-
dence of the plateau that 1s evident when extensive ductle
learing occurs

The final exampie, presented in Fig. 15, shows a borderline
determinatinon of the lower-bound toughness. The test wa,
considered valid, and the data are included in Fig. 9 how-
ever, the validity of the 1est 1 questionable, The racio-
graph clearly shows initial crack extension by hole joining,
which varied in depth from 0.2 © 0.9 mm, Cleavage was
initinted at a himsted number of sites, and high-speed crack
propagation ook place from the bottom porton of the

fraviurs area at site A toward the lop of the area. The strain-

ume traces also showed the effect of crack extension by
ductile hole joining because of the low velocity of crack
propagation associated with tearing. The ume required o
fail was ~170 ps, which was long compared with many
other valid wsts. Also, the stramn-time yace shown in

Fig. 16 exhibited a platcau duration of ~40 ps; this is
indicative of the load relief produced by astie strain and
by low-velocity erack extension of ~1 mm.

The amount of ¢rack exension by ductile hole joning that
can be tolerated 1n & lower-hound deermination is sull an
open issue. 1t is clear that the tearing relieves constramt and
blunts the crack. In some instances, leanng may also ele-
vate the apparent toughness, although the tests st T* =
65°C seem io indicate that the initiation toughness for
tearing and cleavage s about the same. To eliminaie pos-
sible error, the amount of tearing permissible i a lower-
bound determination must be limited. These early results
indicate that 4 ductile crack extension of 0.9 mm may he
gexcessive

i0 Summary

Resulis for the cleavage intiation toughness for two differ-
ent heats of A 533 B reacior grade steel are shown in

Figs. 9 and 10, In both figures, the wmperatare T is rela-
tive 1 RTypT, which was ~2 and -23°C for heat Nos. |

and 2, respecuvely, The results from the notched round-har
tests are compared with toughness determinaions made by

others using different specimens that were larger m size

NUREG/ACR-5847
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These determinations include PTSE-1, ORNL TSE, COOP
program, and the Round Robin experiments,

The data from the notched round bar compare [avorably
with the initiation oughness determined in the other test
mmuwﬁhuoa&rss.mwwyun

igher va' aes, The scatter in the data from the notched
round bar was somewhat smaller than the scatier observed
in the Round Robin crack-arrest testing.

The amount of precompression required 10 minimize duc-
tile wearing inoreases with the temperature T*. For heat
No. 1 of A 533 B steel with RTypr = ~2°C, it was
observed that the amount of precompression required
ranged from 0.4 mm at T* = 5°C 10 1.2 mm as T* increased
10 §2°C. However, it should be noted that the application of
this amount of precompression did not ensure cleavage
initiation in every test. Instead, the effect of the precom-
pression was 1 increase the probability of cleavage iniliat-
ing trom several sites with a very small extension of the
crack by ductile tearing.

The asount of precompression required for specimens
fabricated from heat No. 2 of A §33 B steel, with RTypt =
S23°C, was examined in more detail. At T® = 43°C, cleav-
age inltation occurred for precompressions ranging from
0.36 10 1.35 mr, although the usefu) range of precompres-
v is much smaller. The Kig associated with cleavage
tiwuabon appeared o Jepend on the amount of precom-
pression, Specimens with precompressions of 0.7 10
0.9 mm gave valid measures of Ky4 Specimens having pre-
com, sessions <0.7 mm did not relabiy inttiate cleavage,
and gpecimens with precompressions »0 9 mm initiated
cleavage prematurely (i.e., ot artificially low stress levels),

As the lemperature ingreased 1o T* = 65°C, the initiation
toughness increased, and the range of precompression
required 1o determine a valid Kjg increased to 1.5 10

1.6 mim. In this set of experiments, it was noted that the
cleavage initiation toughness and the teanng inilation
1oughness were about the same,
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