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Abstract

The lower-bound initiation toughness of two different heats '!he effect of the amount of precompression on cleavage
of A 533 B reactor-grade steel was determined over tem. initiation and kid was examined at two temperatures T* =

peratures in the brittle-to-ductile transition region. The 43 and 65'C. It was determined that the amount of precom-

lower-bound toughness was measured by depressirig the pression required to initiate cleavage increased with tem.
initiation toughness with dynamic loading, high constraint perature T* It was observed that increasing precompres-
offered by notched round bars, and axial precompression of sion deformation increased the probability of, but did not

the material in the fracture process zone. ensure, cleavage initiation. Although the number of tests
were limited, the amotml of precompression deformation
appeared to influence kid results. Specifically, a range of

This report first describes the test method employing a pre. precompression for each test temperature seemed to pro-

compressed round bar subjected to impact loading to initi. duce successful cleavage initiations and valid K id etermi-d

ate a cleavage fracture. The procedure to convert strain nations. Insufficient or excessive amounts of precompres-
sion gave incorrect K d measurements At these relativelyiEmeasurement into dynamic initiation toughness kid s i

- described. Also, the resuhs of a fractographic analysis are high temperatures, the A 533 B steel exhibits significant

correlated with the features observed on the strain time ' ductility, and it was observed that K d associated withi
traces, and techniques used to distinguish initiation by initiation by cleavage or by ductile tearing was nearly the

either cleavage or ductile tearing are presented. same.
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Nomenclature
:

I
a = mdius of the notched section (mm)

a, = effective radius of the notched section (mm)

b = mdius of the shoulder section (mm)
d = diameter of the notched section (mm) ,

D = diameter of the shoulder section (mm) s

E _= Young's modulus of clasticity (MPa)

F (a /b) = a numerical function3 c

- K or Kg = opening mode stress-intensity /m, tor (MPa 6)fac I

K . = crzk-arrest toughness (MPa. (1

Kle = static initiation toughness (MPa Vm
K id = dynamic initiation toughaess (MPaw m
IR = lower boundinitiativn toughness (MPa M)K )>

ry = exclusion adjustment for residual stress effects (mm)
RTNDT = reference nil-ductility temperature ('C)

T = test temperature (*C)
T* = difference between test temperature and RTNI7T( C)

S = axial deformation due to precompression (mm)
to = gross section strain (m/m)

tmax = maximum strain (m/m)
oo = gross section stress (MPa)

'
c u net section stress (MPa).

ey = plastic flow stress (MPa)

_

,

.
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1 Introduction !

Crack-arrest toughness K a indicates the stress intensity K form a pseudo crack, as indicated in Fig.1. Upm release ofl
below which fine-scale cleavage events, even w hen initi. the compression load, a small namral crack is formed at the
ated, are unable to spread and join, thus representing a tip of this pseudo crack. De precompression process also
lower-bound toughness, However, the current understand. produces residual tensile stresses at the crack tip; this

ing of cleavage-fibrous behavior for nuclear reactor vessel further elevates the stress to increase severity of the local
,

stects suggests that a method of cleavage initiation testing stress state and enhance the probability of a lower-tound

with small specimens may provide the same lower-bound cleavage initiation. ;

data for toughness with more efficiency. The large amount !

~ of scatter observed in the test results!-3 handicaps slow-
load, small spceimen testing to determine cleavage initia- his report describes in detail the method of applying the
tion toughness. This large scatter indicates that c!cavage impact load to the specimen. Also described is the method
initiation along the crack front in a small specimen must be of precompression and the ir#uence of the amount of this
considered as a rare event. Only when the number of small precompression. Strain-time traces are included to charn
specimen tests is large do the lowest observed values corTe- terize the resportse of the specimen to the impact loadmg. A
spond with the toughness determinations from large speci- method is presented to determine if the initiation was valid,
mens with long crack fronts. However, the probability for A method for it.terpreting the strain. time traces to give the
cleavage initiation is enhanced by notch embrittlement, dynamic initiation toughness K . corresponding to theid

Icwer bound toughness K R,is shown/An interpretation of. rapid loading, and constraint. Lower-bound determinations I
of init ation toughness reported here are based on the fail. the fracture behavior of the specimen based on the strain-

ure of the cleavage sites to initiate, spread, and join. t;me response is given. The results of a fractographic
8Recently, Dally et all have deseloped a testing procedure analysis are presented and correlated with the benavior

that uses relatively small specimens for determining the - observed from the strain-time traces. Finally, the results
,

lower-bound initiation toughness of A 508 reactor-grade from this study are compared with the crack-arrest tough-
steel.The results show much less :catter than slow-load ness K aof the same material, established througn indepen-i
testing methods; this is a valuable attribute relative to the dent programs that involved extensive testing.
number of specimens necoeo 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 limited range of temperatures near the brittle-to-ductile
transition region. The approach described in Ref. 4 was
used in this series of measurements. A critical element in naturatcrack

the success of small-specimen determination of the lower- N /
.- bound cleavage initiation 'ughness is to increase the sever- -

'

;

ity of the local stresses adgent to the precrack. By '' c,

increasing the stresses local to the crack front and using 45' notch
'

plastic deformation of the materialin the neighborhood of
the crack tip, it is possible to more nearly match the proba-

. bility of cleavage initiation sites that occur in large speci-
mens or 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 -m
serves to elevate the flow stress due to strain rate effects.
Finally, a circular precrack, concentric with the round bar, Figure 1 Axial precompression load yields notched

,

is formed by axial compression.The axial compression, region of bar and forms pseudo crack. Upon

which produces yielding and plastic flow at the notched unloading, a natural crack des elops in region

section, closes a small segment at the root of the notch to of residual tensile stress

1 NUREG/CR-5M7
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2 Notched Round-Bar Specimen

The purpose of using a notched round bar in a dynamic that provided in central regions of a plate specimen with a
fracture initiation experiment is to simulate, with a rela- thickness equal to n times the net section diameter d.*
tively small diameter bar, the constraint provided by a very
thick, plate type fracture specimen. A rigorous comparison
of constraint afforded by a plate specimen of thickness B

The round-bar specinens used in this initial study are illus.
and a notched round bar with a shoulder diameter D has not trated in Fig. 2. In both geometries, the nominal shoulder '

been established; however, it is believed that the constraint
provided by a notched round bar is at least equivalent to 'nu, ,,gmme . un,,, is, i3ane,, ar e s.te smtenen (nni eqwem

to the net-sedion arcumference of the nwd tsar.givang the relauon,
B =ltd

beartng shouMer for angnment
radius of 3 In throod _perpendicular to mais ,y renet groove UNc-1 8

i / /j
--- F V ..-

~~--4--
/

.

25 -- - - ~-d- --
~ - -38

.,_ _ __

.),radtve et notch tip % t,earMg shoulder for
- - - - - must be less than 013 / a nn.1 pre-c ompres sion '

t
76 -- 6 p -- 2 5 ---

150

200- --

<a) . .. d,mee.l.n. .,e a mm

bearing shouider for alignment 45* radius of 3 in thesad
perpendicular to ants #

relief groove UNC-1-6

l /
/

f f
^, ~

1 .- V
--

,

'

|3 to 5
25- ---- -- --d - - - - 3a

f adlue at notch tip %.. h bearing enoutdor for
-

mu.t be ie.e in.n o.3 3 Aj. * = '*' p'*-ame" a'*
.

75 - - 2.6 ~ - 3 2 --~
-160=

=
2is---

9
ID) ' aN dimensions are in mm

Figure 2 (a) Original round-har specimen with cut away hearing shoulder, and (b) modified round har specimen. Net
diameter d is a variable ranging from 13 to 19 mmi--

NUREG/CR-5847 2
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Notched

diameter D is 38 mm, and the diameter d defining the notch he total length of the bar was 200 to 215 mm, with

section varied from 13 to 19 mm. The notch was machined 150 mm used for the center section. His section accom-
with a 45' included angle, using a tool with a tip radius i = modated the notch while providing a uniform cross-

0.13 mm. The specimen was shouldered at exh end to sectional area of length L = 2D above and below the notch.

provide accurately machined bearing surfaces pemen- Shoulders located in line with the notch are used to mea-
dicular to the specimen axis. These bearing surfaces were sure and control the amount of permanent, axial dcforma-
essential to ensure alignment of the specimen in the impact tion imposed on the notch during the initial precompres-
loading device. Both ends of the bar were threaded (18 sion Strain gages wese mounted at a distance D alove and

' UNC) to provide a means for attaching the specimen to the ' below the notch to measure .he nominal strains imposed on

loading train. the specimen during impact loading.

3 Tensile Impact Loading Tower

The essential features of the loading tower are shown in limit localized surface yielding; this facilitates a high load-
,

Fig. 3, where the delivery end of the system is illustrated. ing rate.
De impact load is developed by dropping a weight of $9
kg fror a height that is adjustable from 0 to 1.8 m. The
weight is fitted at its upper end with a brass bushing and at The weight delivery system is supported by a four-column ,

its lower end with a hardened steel insert (AISI 4340 with frame. Heavy steel plates 50 mm thick serve as the top and
Rockwell C scale hardness Re = 48). De bushing and bottom platens. The center rod extends through the top
insert both serve as bearings and keep the weight in align- platen. The top end of the center rod is threaded so that it

ment with the center rod. can be positioned vertically with two hex nuts located on
each side of the top platen.

The center rod is fabriated from 50-mm-diam drill stock De impact velocity of the weight with the maximum drop
and fitted with an intcmal 1-8 UNC thread at its lower end. distance is 6 m/s. The energy delivered to the load trans4
This rod supports the top end of the round bar specimen. A mission tube is 1053 N-m. However, the loading rate and
load transmission tube fits over the round bar specimen the stress in the specimen depend mainly on the impact
overlapping the center rod by 25 mm. An anvil, threaded velocity mther than the available drop-wei ht entgy. In3

- onto the other end of the specimen, supports the load addition, the stresses and the load mte depend on the
transmission tube. All of the contacting surfaces oa the geometry of the specimen and the yield characteristics of

j loading lixture, namely, the weight insert, transmission the material being tested. The load imposed on the notched
tube, and anvil, are flat and square to the axis of the center round bar is measured directly during the impact period
rod to ensure axial impact. These surfaces are hardened to wis strain gages that are mounted on the test specimen.

4- Axial Precompression of Notch

While the tip of the notch was machined with a radius r of subsequently koded in tension, cleavage initiation might.

about 0.13 mm, the sharpness of the notch tip is much less occtc after an extremely short extension of the crack tip by

than that of a fatigue precrack. Moreover, with tough steels, ducrile hole joining. Following this concept, the notches on

fracture did not initiate during impact with the maximum the specimens were sharpened before testing by applying

available drop-weight velocity and r = 0.13 mm. Previous an axial compressive load that exceeded the uniaxial yield

studies conducted by Mykmas .6andTurner 8 showed strength of A 533 B steel (483 MPa) by a significant factor.5 7

that initiation of c!cavage fractures in mild steels could be Yiciding at the notched section of the bar caused the sides

assisted by application of a compressive load to a notched of the notch near the tip to move together to produce a

specimen, thus producing plastic deformation and residual pseudo crack as shown in Fig.1.
I tension in the notch region. When the specimen is

3 NUREG/CR 5M7
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Axial

The straight crack shown in Fig.1 is the pseudo crack in the tensile yield strength and an apparent soficning of the

formed by closing the two sides of the notch as the region . material close to the notch. It is believed I ut the change in

local to the notch and, to a lesser degrec, the central region mechanical properties are small because the work harden-

both yield. A short crack extension occurs at a shallow ing of these low-carton stects at these strein levels is not

angle to the pseudo crack. This extension is a natural crack large and the hardening and Bauschinger effects tend to

produced by the residual tensile stresses that develop as the cancel each other.

axial kiad is removed from the bar.

In using this method of crack sharpening,it is important
The effect of the precompression procexs on the mechan.ical h k compression of the notch te uniform about the
properdes of the steel is not known. Under the axial com- circumference. To facilitate uniform deformadon, the round

. pression load,!!c material very close to the notch root is W was fitted with end anvils vith their tearing surfaces
stramed plastically to levels m the range of 10 to 20%. perpenchcular to the axis of the bar. Also, a spht V-groove,

With this large amount of plastic strain, some degree of f xture was clamped to the body of the har to prevent any,

|
work hardening coukne expected; however, the off-atis bending of the har by the compressive load. The
Bauschinger effect mitigates this increase. Because the uniformity achieved is demonstrated in a 5.5x fractograph1

round bar ,is prek>aded in compression and then tested .in (Fig. 4), where the pseudo crack appears as a ring with a
'

tension, the Bauschinger effect should produce a reduction uniform thickness.

g - . , - . . . . -. .

~
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In addition to the control of the deformation of the notched

,

- section about the circumference, it is also necessary to con-
-

!

trol the amount of axial compression. Sufficient axial '

deformation must occur to sharpen the notch tip and to
' induce large residual tensile stresses at the root of the

f ,'Q'[*,'"

notch. To better control the axial deformation, steci spacing
rings of a suitable thickness were placed in the notch area j- / i ,

-

- shmiders (Fig. 5). The rings acted as mechanical stops, uis'

controlling the axial deformation so that it was uniform d'''""*"*"] My[
<

'

around the circumference. By using several rings with * [// *varying heights, different amounts of deformation were ? I
imposedc -

p.,._
.

.

spacing ring
The compression load tequired to produce the axial defor-
mation was measured directly on the universal testing
mxhine that was used in precompressing the round bars.

W
Figure 5 Split spacing rings for controlling plastic

deformation imposed during precompression

:5 Test Procedure -

Six strain gages were employed to determine the load into the anvil. Upen encotmtering the bottom free surface
i imposed on the notched round-bar specimens during of the anvil, the compressive pulse is reflected as a tensile

.- impact.The gages were oriented in the axial direction and
pulse and propagates upward into the notched-bar speci-

placed at 120* intervals around the specimen at a distance . men. As expected, the strain gages mounted below theI

of 1D above and below the notch. The gages exhibited a notch responded first, and the gages mounted above the -
,

i nominal resistance of 350 O and a gage length of 1.6 mm. notch responded about 15 ps later. This lag is due to the
The individual gages were connected to a Wheatstone

time required for the tensile stress wave, propagating at
bridge / amplifier unit, capable of 100 k Hz, for appropriate atout 5 mmhts, to travel the distance between the page
sign.d r.onditioning.

sets. The loadmg of the specimen increases monotonically
at a rate on the order of 10/s in the shoulder section. Of
course, the strain rate in the notched section is higher due to *

A type L iron <onstantan thermocouple with a resolution of
the reduced cross-sectional area and the strain concentra-

0.l*C was adhesively bonded in the notch to measure the
tion effect of the nown. It is believed that the strain rate -

test temperature of the specimen he specimens were --- - exceeds 500/s at the notch tip The symmetry among the
*

tested over a range of temperatures from 3 to 60*C. When gages in each set is very ood, indicating a uniform axial
the test temperature differed from room temperature, dry _ kiading of the specimen. -
ice was used to cool the specimens, and a resistance heater

attached to the bottom anvil was used to heat the speci- The voltage output from one of the bottom strain gages was
mens.

_ used to initiate the sweep of three dual. channel, digital
storage oscilloscopes to ensure that the voltage. time trace
for each gage was recorded on a common time Imc. The "

All of the tests were conducted using the maximum capac-
ity of the loading frame, with a drop of 1Ji m for the '

- weight. As the weight strikes the transmission tube, a *Five percent min in mo pt
Compressive stress wave propagates through the tube and iAn cumple or & symmmy m & ursn+me tmen is shown m M 4.

_
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i

analeg-to-digital converter on exh of the oscilloscopes was scog memories to a personal computer for further data
set to sampic at a rate of 200 ns/ point. After the test, the processing.

. voltage-time trxes wcre dow nicaded from the oscillo-

6 Lower-Ilound Fracture-Initiation Toughness

I

The method of analysis to deicnnine the dynamic initiation De flow stress was detennined by first increasing the static -|

toughness Kid rom strain Ume traces recorded from the yield strength of A 533 B steel by a fxtor of 1.87 from 483f
round bar during impact testing is based on relations to 905 MPa to account for the constraint. Next, strain-rate .

.

- derived for static loading. For a notched, round bar sub- effects were considered by adding another 186 MPa, a
jected to uniaxial tension, the stress-intensity factor is given common prxtice for structural steels. Dese adjustments
by Tada et al.9 as for constraint and strain rate effects gave a dynamic, plastic

Dow stress esnmate of 1091 MPa.K1 " O M3(a /h) , (1)n e

where F(a /b)is a function defined by For uniasial loading, the strain measured on the shoulder
section of the Ntr is

li(a /b) = (1/2)}(a /h)(1-(s /b)y1 + 0.5(a /b) 0 0 * U /E , (6)Oe e e e

w here E is 207 GPa for carbon steel. If the strain to in

+ 0.375(a /b)2 _.- 0.363 (a /b)3 + 0.731 (a /b)#(2) F4 (6) is the strain measured at initianon (rmuh then
e e e '

application of Eqs. (1) through (5) gives the dynamic
,

initiation toughness Kid.Note also that

" " = a foe o. (3) The dilTerence between the static and dynamic solutions for
'- The effective radius n of the net section is given by the stress-intensity fxtor K and the J. integral for notchede

round bars has been analyzed with finite elements by

a = a - ry , (4) Nakamura, Shih, and Freund.MDe dynamic loading was ae

tension pulse that increased linearly with time for a 304ts

: where ry is an exclusion adjustment to account for the period. Nakamura et al. fotmd that the J integral resulting

effect of residual stress at the tip of the pseudo crack, The from the tension pulse was essentially the same as that pro-

adjustment ry is expressed as duced by static loading of the same magnitude. De refer,
enced study was performed to justify the data analysis

- ry - (1/2n)(K/cy),' (5) method used by Costin, Duffy, and Freundl1 -in determin-=

id and Jid rorn data taken with Hopkinson htr experi-fing K
: In determining ry, the plastic flow stress cy, allowing for - ments. Because the round-bar expenments described here
constraint and rapid loading, was assumed to be 1091 MPa, involve nominal strair rates two to three times lower than

- and 'K was the estimate of the stress-intensity fxtor before the strain rates produced in a Hopkinson bar, it is evident"

the adjustment of the radius of the net section. Note that ry that the static analysis described above is adequate for pre--
is not determined in m iterative manner because only the dicting the dynamic initiation toughness Kid rom the strainf

' initial estimate of K is substituted into Eq. (5). data from the notched round bar.

7 Test Results

Two wrics of tecs were performed in this program to RTmyr = -2*C, These specimens were tested with axial
determine the lower bound initiation tougimess of A 533 B impact loading at temperatures ranging from 3 to WC.
reactor-grade steel. In the first series. 20 notched round The objective of this first series of tests was to determine
bars were fabricated from heat No I of the A 533 8 nect Kid as a function of temperature in the brittle-to-ductile
that exhibited a reference nil-ductility temperature of transition region.

7 NUREGER-5847
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In the second series,12 notched round bars were fabricated preliminary observation of these traces, the failure behavior
from A 533 B reactor-grade stect; however, these came could be determined. The round-bar specimens failed either
from a different heat of steel. At the time of testing,it was by (1) cleavage with very small amounts of ductile tearing
not known that the material had been changed from heat or (2) cxtensive ductile tearing before cleavage initiation,

- No. I to heat No. 2. It was apparent or.ly in the analysis of The type of tv:havior with li:nited mving yields data that
permit a valid value of Kid o be oermined from Eqs,(1)the data that the materials were found to be different. t

Indeed, the RTNDT = -23*C for heat No. 2, was signifi- to (6) If the tearing is exte . ver, Kid cannot be
cantly different.He objective of this second series of tests measured, and the test is not va . mples of strain time
was to examine the effect of the amount of axial precom- traces from valid and invahd tests are ahown in Figs. 6 and
pression on the Kja measurements. 7, respectis ely. For a vahd test, the strain time trace

exhibits a single peak value that marks the failure of the
- -

- - - specimen.The strain increases monotonically with time for .-7.1 Results from Test Ser,es No. I- ,

i ah)ut 100 to 140 s after the stress wave reaches a bottom
A 533 B Heat No.1 gage, and then the load decreases rapidly rJtu failure initi-

ates. For an invalid test, a typical strain-time trace is shown

Twenty specimens fabricated from heat No. I were tested in Fig. 7: %c high level strin is mamtained for an

in axial impact over a range of temperatures from 3 to extended pericx! of thne, partial unloading / reloading takes

60*C, Of this group,1I specimens failed in a manner such place in the specimen, and complete failure does not occur

that a valid (acceptable) Kid could be determined, he for 500 ps or more.These observations of the characteristic

voltage-time data for each strain gage were converted to features on the strain time traces allow separation of the

- give six strain time traces for each specimen tested, From a

800
,c strein c,

.

600 -
,

y
E

400 -

1
5 _

200-

~

p tirne of f atture

0- i i i
-

i i 1 I * * ' ' ' # ' '
O 40 80 120 160

Tiene t (fts)

Figure 6 Strain time trace associated with salid test (gage.aserage trace)
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Figure 7 Strain time trace associated with invalid test (gage-aserage trace)

specimens failing by brittle cleavage from those failing by wave effects have diminished and that a quasi static load-

excessive ductile tearing before cleavage initiation, ing is prevalent. Both traces record simultaneously the
strain at failure, which is the highest point on each trace,
ne simultaneity is expected because the notch is centrWy

Several common features are observed in all of the strain- located between the gages, and the time for the unloadmg

time traces that yield valid K d values (Fig. 8). Three traces waves to reach the bottom and top gages is equal. Tar thei
are shown: (1) the average of all three bottom gages,(2) time period between crossover and failure, the two different

the average of all three top gages, and (3) the average of all averages give the nominal strain to with deviaLons of 91

six gages. It is clear that the bottom gages initially respond
before the top gages because of the delay due to the time De maximurn strain determined from the strain time traces
required for the stress wave to travel between the gage sets, was used as the failure strain cmn for the 11 qualifying
Both sets of gages imtially increase monotomcally, with th tests, Values of Kid were calculated or each o t e s xf fh i:

bottom gages registering higher strains than the top gages. strains recorded, *lwo averaging methods were then used to
This mitial part of the loading process is dominated by determine a total Kid or each specimen. First, the pedf

- stress-wave behavior. At ~93 ps, after the stress wave values emn from the six individual strain time traces were
= reaches the lower gages, the strain-time traces cross over, averaged to compute K . Second, all of the strain-timeId
and the top gages indicate strains slightly higher than the - traces were averaged into a single trace, and Kid was ccm-
bottom gages. It is believed that the crossover is due t puted from the peak value of this combined trace. The dif-
stress-wave reficction from the notch discontinuity, which ference in K J etween these methods was only 4%.I b
suppresses the strain on the lower gages, After the cross- demonstrating the equivalency of both procedures. All
over point, the traces from both gage sets correspond subsequent Kid values presented were determined by using,

closely with the average of all six gages until failure at the first method. De results for K , which approximates'

id
120 s. This close correspondence indicates that stress-

9 NUREGER-5847
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Figure 8 Typical features obser ed on strain-time traces associated with valid impact fractures

the lower bound initiation toughness, are shovm as a func- 15.2 mm to increase the strain at the notch and promote .
tion of temperature in Fig 9. valid initiations. The precompression was also increased

with T* in an attempt to increase the number of initiation

Examination of Fig. 9 shows that Kid varied from 74 to siter available to trigger cleavage at the higher tempera-
-

-

tures. Note from Fig. O that the degree of scatter increased.116 MPaMEi as the temperature T* = (T- RTNDT)

[ increased from 5 to 52*C. There is a clear trend for the
'

: initiation toughness to increase with temperature; however, For the highest temperatures with T* in the range from 44
the scatter in the data, particularly at the higher tempera- to 52 C, valid results were achieved in four of the sit
tures, prevents one frorn quantifying this trend. The results experiments conducted (C-1, C 3, C-4, C-6. C-7, and

- from all 20 of the riotched round bars tested in this first C-12). The high rate of success was partly fortuitous, but
series of experiments are listed in Table 1. decreasing the notched diameter to 15.2 mm and increasing

= the amount of precompression at the higher temperatures-

I 7 t reistively Idw temperatures,T* ranging from 5 to 1l'C, enhanced the probability of cleavage initiation. Again theA
all three tests (B B 6, and B-8) were valid, and the .- scatter in these four data points was moderate ( 10?c).

~

results for Kw were tightly clustered, as shown in Fig. 9.
Also, valid deertrinations could be achieved with d = One test (C-10) was conducted at T* = 62?C; however, the

'19 mm. As the temperature T* was increased to midrange specimen exhibited appreciable ductile tearing before
L in this series (22 te 34'C),' valid initiation was more diffi- cleavage initiation and, accordingly, did not provide data
l cult to achieve. Of the ten specimens tested (B-1, B-2, B-4, for a valid K did etermination. It may be possible to mea-

- B-5, B-7, C-2, C 4. C-8, C-9, and C 1 I), only four pro- sure a lower bound Kid at T* = 62'C or above if the neck
vided valid data for determining K . It was necessary diameter of the round bar h decreased to 12.7 mm and ifId
(except for specimen B-1) to decrease d from 19 to the precompression is increased. Unfortunately, sufficient

NUREG/CR-5847 10

= . . . . ... , , - - -



- . . - . . . . ~ ~ . . . ~ .. , . ~ . - - . . . . - . . - . _ . . ~ . - _ ~ _ . , -..-.a . . - . _ . . . ~ . - -

- Test

/
~O PT&E*1 /p , ,.

'
+ ORNL T EE f ,

* #
A C00P Program f ,

X Round Act61n _ *]#
q- . u.ta.a - a., a- K,, ,'

150 * /g
'

3 - ,-
s .- .

.

W tso - #

| As *1
~

, -71
, , ,

* *
, . ,

*W 3 * *
e' * %,o .

* K.,. s

*,,,,, ",

so -

. RT,,, -2*C '

o 1 - , ,. , , , , , , , , , , , ,

'

-40 -40 0 to 40 60 40 100 120

T* * (T - RT ,) (* C )

Figure 9 Lower bound initiation toughness as function of temperature T*
for A 533 H reactor grade steel, heat No. I with RTNDT u --2*C

Table 1 Summary of results for the first test series of A $33 H reactor-
grade stecl uith RTNDT = -2*C

Test Kid 6 T T* d Test
ID (MPa.s m ) (mm) (*C) (*C) (mm) validity

B-1 93.7 a "' '4.2 19.0 Yes
. B-2 95.3 0.406 26.1 28.1 19.0 No '

D-3 73.9 0.406 2.8 4.8 19.0 Yes
- B-t -100.7 0.381 26.1 28.1 19.0 No
B-5 94.8 0.432 28.3 30.3 19.0 No

- B-6 82.0 0.381 8.9 10.9 19.0 Yes
B-7 96 9 0.432 28.3 30.3 19.0 No

- B-8 84,5 0.406 2.9 4.9 19.0 Yes
- C-1 116.0 0.940 50.1 52.1 15.2 Yes

C-2 52.5 2.210 20.0 22.0 15.2 Noh
- C-3 150.0 0.965 50.0 52.0 15.2 No
C-4 ' 110.7. 0.432 42.0 44.0 15.2- Yes
C-5 74.2 0.483 20.0 22.0 15.2 Yes
C-6- 166.0 0.457 49.7 $ 1.7 15.2 No

- C-7 114.4 0.483 32.1- 44.1 15.2 Yes
. C-8 145.9 0.508 32.0 34.0 12.7 No r

C-9 - 83.8 0.533 62.0 34.0 12.7 Yes
~

C-10 133.5 1.245 60.0 62.0 15.2 No
C.I 1 99.8 1.I18 32.0 34.0 15.2 Yes
C-12 93.9 L194 50.0 52.0 15.2 Yes

--.
d&t determined. -

b3

Clesvage was uutiatr.41 ba damage due te Fmmpressam wu cxcessive.

11 NUREG/CR-5847

~ .- . - - - - . . . . ~ - . .-. . - . . . - . . . . -- -,



. ________ __ -. _ ._. _ . _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _

Test '

|

specimens were not available to establish the feasibility of only after the second test series was complete, while
testing at or above T* = 62*C.- attempts were being made to explain the significant dis-

,

creiuncies between the rsults for K fid rom the two series
'

of experiments. He results obtained in the second test
In Fig. 9, the resuhs from the notched round bar are also series are given in Table '
compar-d with the crack-arrest toughness K . for the same '

1

meterial determined in other test programs including pres-
suriicd-thermal shock experiments (PTSEs). ORNL ther- ne first six bars, with e nnich diameter d = 14 mm, were
mal-shock experiments (ORNL TSEs), the COOP program, tested at T = 20'C, advalent to T* = 43*C. Three hars,

'

and the Round Robin program.12 It is evident that the (D 2a D-Sa, and Da) with precompressions E - (0356,
resu!ts from the notched round bar compare closely with - 0,711, and 0.838 mm initiated in clavage at Kie <9 2,
the determinations made in these other programs. The 78.6, and 84.3 MPadm , restwtively. The oth (three bars
largest differences were with the results from the ORNL (D.la, D-3a, and D-4a) with prempressions 6 of C.229
TSE. While there was very good agreement with the data 0.483, and GM c mm did not initiate in cleavage. Indeed,

. frorn pTSE-1, the COOP program, and the Round Robin these three specimens did not fail even by ductile hole
experiments, the toughness measured with the round bar joining and remained intact during the impact test.
was usually lower than that determined with TSE.

It was decided to retest bars D-1, D-3, and D-4. Initially, all
Note also that in all instances the lower bound of the three bars were precompreswd again (D-1b. D-3b,
notched round-bar measurements exceeded the ASME andD-4b), imposing 6 = 0.889,1.118, and 1321 mm in the
minimum toughness curve KIR. second cycle. Bar D-lb was retes'ed but again remained

intact during impact. The notch diameter was then reduced

7.2 Results from Test Series No. 2- from 19 to 15.2 mm, a third cycle of precompression with
6 = 0.813 mm was applied (D-le),and the bar was retested

A 533 B Heat No. 2 for the third time. Cleavace was initiated in this attempt,
giving kid = 95.0 MPa[m

After completing test series No.1, ques 6ons were raised
regarding the amount of precompression required 10 initiate'

. cleavage with a minimum of crack extension by ductile De notch diameter of bars D-3 and D4 were then reduced
hole joining. In the first series, the axial deformation to 15.2 mm, and large precompressions af 6 = 1.346 and

. imposed was varied, and it was noted that increasing the s.092 mm were applied (thini eycle). These bars (D-3c and
deformation aided in introducing cleavage initiation sites D4c) failed in cleavage at artileially low values of kid.
and improved the probability of obtaining valid data for Observations of the strain-time traces indicated that failure
K id etermination of the lower-bound toughness. Ilowever, occurred before the crossover point (Fig. 8), while the load.d<

the functional relation of the amount of precompression 6 ing was dominated by stress wave effects. The combination
- ce Fld was not known at any of the test temperatures. of low Kid and failure before crossover implies excessive

damage from f recompression.

| To investigate the effect of precompression,it was planned
to test six notched round-bar specimens at T* - 22*C and An examination of the results in Table 2 rhows a geaeral
another six specimens at T* - 44 C. The amount of pre- trend on the eflect of the amount of precompression. For
compression was to be increased systematically, and KI3 the six specimens with d = 19 mm that were subjected to

= was to be measured during the impact experiments. His one cycle of precompression, only one of the four round

|- . plan was tused on experience developed during the first bars with 6 < 0.7 mm failed in cleavage. Ilowever, valid
Kid values were obtained for both specimens with 6 >test series, where steel from heat No. I with RTNDT ='

-2 C often exhibited cleavage initiation when the amount 0.7 mm. For the three specimens with d = 15.2 mm that
of precompression 6 = 0.5 mm at test temperatures was in experienced muldple precompression cycles cleavage suc-
the range from 20 to 42*C, it was not known that the speci. cessfully initiated in all of the specimens. However, the
mens for test series No. 2 were from a different heat of strain-time traces for the specimens with 8 > OM mm indi-
A 533 B steel with RTg[yr = -23 C. nis fact was learned cared failure in <80 s and at artificially low K lid evelt

Such behavior suggesu that the material in the notched
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Table 2 Summary of results for the second test series of A 53311 reactm grade
steel with RT DT =-23 CN

Test . Kid 6 T T* d Number Test

! ID (MPa.fm ) (mm) ('C) (*C) (mm) of eycles s alidity

D-Ia' 77.0 0.229 20.0 43.0 19.0 1 No

-D.2a 79.2 0.356 20.0 43.0 19.0 1 Yes

D-3a 75.7 0.483 20.0 43.0 19.0 i No

D-da 57.3 0.610 20.0 43.0 19.0 1 No

D-5a 78.6 J.711 20.0 42.0 19.0 1 Yes

D-6a 84.3 0.838 20.0 43.0 19.0 1 Yes

D lb 102 2 0.889 20.0 43.0 19.0 2 No

D-3ba 1.118 19.0 2

D-4 bd 1.321 19.0 2

D-Ic 95.0 0.813 20.0 43.0 15.2 3 Yes

D 4c 78.1 1.092 20 0 43.0 15.2 3 Nob

D-3c $8.2 1.M6 20.0 43.0 15.2 3 Nob

E-2a 118.0 0.229 42.0 65.0 15.2 i No

E la 124.1 0,331 42.0 65.0 15.2 1 No

E 3a - 116.8 0.483 42.0 65.0 15.2 1 No

E.6a 125.1 0.914 42.2 65.2 15.2 1 No

E-4a 127,5 1.397 42.0 65.0 15.2 1 No

E-5a '126.0 1.549 42.0 65.0 15.2 1 No

E-2b 125,4 1.372 42.1 65.1 15.2 2 No

E-Sb 117.0 1.524 42.0 65,0 15.2 2 Yes

E-4b - 129.7 1.600 42.0 65.0 15.2 2 Yes

E-6b 99.0 1.778 42.0 65.0 .15.2 2 Nob

#Specirnen was pmcceprused but not tested
bOcavage was nitiated, but d; s age due to precumpresion was excesuve.

region had been damaged by excessive amounts of pre- was relatively small Deviations from the average value of

compression. Therefore, it appears that precompressions S Kid = 84.3 MPadm ranged from -6.8 to +12.7%.

- in the range 0.7 to 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. In four tests at 20*C (D-la, D-3a, D-4a, and D-lb) the

round lur did not fait during impact. 'Ihe round turs
accommodated the input energy by yielding either at the

- The limited data obtained in this test series indicate that the notch or in the threads used to attach the bars to the loadmg

amount of precompression is important in introducing fixture, in three instances (D-la. D-3a. and D 4a), yielding

cleavage sites near the tip of the pseudo crack, but the- (probably at the threads) limited K to less than (K ) Ave.1 id

number of cycles of precompression does not appear to In these cases, sufficient stress was not imposed on the bar

- affect the initiation toughness Kid in any systematie man- to induce failure either by tearing or by cleavage initiation.

~ ner. The data supporting this observation are shown in
Table 3.< '

Reducing the notch diameter from 19 to 15.2 mm elevates
the stress in the notched region and produces failure of the

The scatter in Kid associated with the valid tests, where specimens at T = 20*C. However, failure of specimens

cleavage was initiated very early in the fracture process, D-3c and D-4c was by cleavage initiation at fairly low Kid

13 NUREG/CR-5847
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.

- Test

.

Table 3 Summary of valid test results for heat No. 2 of A 533 Il
= steel tested at T = 20 C (T* = 43*C)

Test d 6 Number Kid Destation
ID (mm) (mm) ofcycles (MPa.fm ) ('Jr )

_

D-2a 19.0 0.356 1 79.2 -6.0
D-$a 19.0 0.711 1- 78=6 4.8
D-6a 19.0 0.838 1 84.3 0.0
D-Ic 15.2 0.813 3 95.0 +12.0

(K ) Ave = S4.3id

levels (58.2 and 78.1 MPa.d. 4espectively), which is tion toughness in cleavage and in tearing by ductile hole
attributed to an excessive amount of precompression. joining is approximately the same at this test temperature.

De amount of precompression 5 appears to affect the
initiation toughness. Specifically, a precompression in the

in the second group of six specimens tested at 42*C (E-la range from 1.5 to 1.6 mm seems necessary to reliably trig-
to E-6a), no failures by cleavage occuned indeed, four ger cleavage fracture for round bars with d = 15.2 mm at '

specimens did not fail and remained intact durirg the T = 42*C Precompressions 5 < l.5 mm do not impose
impact loading. Specimens E-la and E-3a failed by initia- sufficient damage to induce cleavage initiation, and -
tion by ductile hole joining at Kid = 124.1 and 116.8 precornpressions 6 > 1.6 mni cause too much damage in the
MPa ym respectively.ne four specimens that did not notched region.
fail were precompressed a second time with increased 5
and tested again.Two of these specimens E-Sb and E-4b)r

failed with cicavage initiation at Kid = 117.0 and 129.7 - ne results for kid associated with cleavage failure for heat
MPa.6, respectively. One of the remaining specimens No. 2 are shown in Fig.10. The range of the tempemture
(E-2b) failed with initiation by ductile hole joming at Kid = T* for these results is from 43 to 65*C, which is well into
125.4 MPa.d. De final specimen
turely in cleavage at 99.0 MPa+M. (E-6b) failed prema-the transition region. All six of the values for Kid all abovef

the K R line and below the Kr. line. Three of the fourI

points plotted along T* = 43*C appear low when compared
_ __ _ __

_ to the results for heat No.1. However, both of the data
The data from the six failures at T = 42 C are summarized points for T* = 65*C compare favorably with the results
in Table 4. Inspection of these results shows that the initia, from heat No., I and with ORNL thermal shock. tests.

Table 4 Summary of results for heat No. 2 of A S3311 steel

tested at T = 42'C (T* = 65*C)

Initiation - Test 8 Kid (Kid)4u
mode ID (mm) (MPa.fm ) (MPa.vm )

DEUa E la 0,381 124.1 122.1
'

DEU E-3a 0.483 116.8 122.I
|_ DHJ E-2b 1.372 125.4 122.1
' - Cleavage E-5b 1.524 117.0 123.4

,

Cleavage E 4b 1.600 129.7 123.4
Cleavageh E-6b 1.778 99.0
#Dill means "ducule hole yxning "
b

Qeavsge was outiated but damage due to precompressam was enessive.

|
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Figure 10 Lower bound intilation toughness as function of temperature T* for A 533 H steel,
- i. eat Nos. I and 2

8 Discussion

The resuhs showing Kid as a function of the amount of pre- The results for the tests at T = 42'C (T' = 65'C) (Fig.12)
"

compression fes hea;.40. 2 am summarized in Figs. I1 and illustrate similar effects, except that the amount of pre-

12. The results from the tests at T = 20 C (T* = 43*C) compression required to initiate cleavage is much higher. A
(Fig. I1) show that the amount of precompression seems to sainimum precompression of 6 = 1.5 mm was required_-

influence kid. Precompression is necessary to initiate before initiation sites were produced that could be activated
cleavage, and the probability of initiating cleavage - with a dynamically applied Ki of-120 MPad. Also, the
increases with the amount of precompression. When the up'er bound of appropriate precompression seems to be
amount of precompression imposed is not of sufficient 1.6 mm for this testing temperature. Clearly, the increase in
magnitude, the specimen is able to absorb the impact the test temperature has elevated the initiation toughness
energy,and cleavage is not initisted. Also, when the for both cleavage initiation and foi * caring initiation. The

= amount of imposed precompression is excessive, the mate- velocity of the crack front extending by ductile hole joining
rial in the notched region is severely damaged, and cleav- was measured at 0.50 and 3.93 m/s h specimens where the

- age initiates at artificially low stress levels. Between these crack advanced by 0.52 and 142 mm, respectively.-
two extremes lies a range of precompression that gives reli-

- able cleavage initiations and suitable toughness determina- -
i

- tions. For this heat of A 533 B steel (RTNDT = -23*C) at
Finally, as the temperature T* increases, it becomes more

the testing temperature (T = 20 C), the appropriate pre, difficult to initiate cleavage, as failure by tearing becomes

- - - - compression deformation 6 is from 0.7 to 0.9 mm. the predominant mode of failure. Cleavage amtiation can be
induced at a temperature T* of 65 C, but the precompres.
sion required is from 1.5 to 1.6 mm.

15 NUREG/CR-5847
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9 Fractographic Analysis

Fractographic analysis is an es>ential component in the tants. Crack initiation occurred at about ten cleavage initia-
verification that lower-bound values of initiation toughness tion sites di:.tributed randomly about the circumference.

have been achieved in the notched round bar test. In deter. Most initiahon sites were located in regions along the crack

mining the lower-tound initiation toughness, one seeks to front w here the ductile tearing was minimized. De crack j
'

initiate cleavage with a minimum amount of prior ductile propagated at high speed (-$00 m/s) across ahnost the
tearing (crack extension by hole formation and then ha'e entire test section.The specimen failed in 100 s, with a
joining). It is also important to initiate cleavage from sev- strain-time record similar to that shown in Fig. 6. Bis
cral different sites that are distributed randomly about the strain-time trace shows a well-defined peak, with no evi-
circumference of the sharpened notch. Finally, the initiation dence of the plateau that is evident when extensive ductile i

sites should all be activated at nearly the same time or at - tearing occurs. |
the same load. Analysis of the fracture surface in a st -
ning electron microscope (SEM), with a magrulication of
about 9x, shows several surface characteristics that verify Re fin.d example, presented in Fig.15, shows a borderline

- the adequacy of the lower-bound determination. determinadon of the lower bound toughness. The test w%
considered valid, and the data are included in Fig. 9: how-
ever, the validity of the fest is questionable. He tracto-

An example of the surface features for a fractured round- graph clearly shows initial crack extension by hole joining,
bar specimen that did r.N provide a valid lower-tound w hich varied in depth from 0.2 to 0.9 mm. Cleavage was'

determination is presented in Fig.13. The crack extended initiated at a limited number of sitet, and high speed crack
by hole joining in a ductile tearing mode. He crack exten- propugation took place from the bottom portion of the
sion by ductile tearing varied around the circumference fradure area at site A toward the top of the area. De strain-
from a minimum of 1.8 ;nm to a maximum of 3 mm. In this time traces also showed the effect of crack extension by

case, the crack extension by tearing occurred at a low ductile hole joining because of the low velocity of crack
velocity (d.5 to 5 m/s) while the specimen remained undet propagation associated with tearing. The time required to
dynamic load for more than 600 ps (Fig. 7). De crack fail was ~170 s, w hich was long compared with many

extension underwent a transition from ductile to brittle at other valid tests. Also, the strain time trace shown in

an initiation site located at point A.The crack then Fig.16 exhibited a plateau duration of ~40 ps; this is
extended at high velocity (-500 mA) over the central indicative of the load relief produced by glastic strain and
region of the specimen in a nale that was predominantly by low vekicity crack extension of ~1 mm.

: cleavage, Even in the central region, ridges are observed,
indicating some areas of fibrous failure between cleavage
regions. De amount of crack extension by ductile hole joining that

can be tolerated in a lower botmd determination is still an

. .

open issue, It is clear that the tearing relieves constraint and
Next, consider the second example (Fig.14) that illustrates blunts the crack, in some instances, tearing may also cle-
a valid lower-bound determination. At the outer edge of the vate the apparent toughness, although the tests at T* =
fractured area, a ring impression with a uniform thickness 65*C seem to indicate that the initiation toughness for
is evident, indicating that the axial precompression was tearing and cleavage is about the same. To climinate pos.
perforrued with controlled alignment. Next, the extension sible error, the amount of tearing permissible ir, a lower-
of the crack by ductile hole joining was limited to only bound determination must be limited. These early results
0.3 mm at the crack front in the third quadrant and 5 to indicate that a ductile track extension of 0.9 mm may be
10 pm around the crack front in the first and fourth quad- excessive.

10 Summary
.

Results for the cleavage initiation toughness for two differ- and 2, respectively. The results from the notched round-bar
ent heats of A 533 D reactor grade steel are shown in tests are compared with toughness determinations made by

- Figs. 9 and 10. In both figures, the temperature T* is rela- others using different specimens that were larger m size.
tive to RTNtyr, w hich was -2 and -23T for heat Nos. I

17 NtJREG/CR-5847
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These determinations include ITSE 1, ORNL TSE, COOP The am3unt of precompression required for specimens

program, and the Round Robin experiments, fabricated from heat No. 2 of A 53311 steel, with RTNDT a
-23'C, was examined in more detail. At T* = 43*C, cleav-
age initiation occurred for precompressions ranging from

The data from the notched round bar compare favorably 0.36 to 1.35 mra, although the useful range of precompres-

with the initiation toughness detennined in the other test nn is much srnaller. The Kid associated with cleavage

programs,' Acep* for the ORNL TSE, which generally gave it..dation appeared to depend on the amount of precom-

higher va'ocs. The scatter in the d ta from the notched _ pression. Specimens with precompressions of 0.7 to

round bar was somewhat smaller than the scatter observed 0.9 mm gave valid measures of Kid. Specimens hasing pre-
in the Round Robin crack arrest testing. comi.ressions <0.7 mm did not rehably initiate cleavage,

and specimens with precompressions >0.9 mm initiated -
'

cleavage prematurely (l.c., at artiGcially low stress levels).

The amount of precompression required to minimize duc-
tile tearing increases with the tempeniture T*. For heat
No. I of A 533 Il steel with RT DT = -2*C,it wasN
observed that the amount of precompression required

As the temperature increased to T* = 65*C, the initiation

ranged from 0A mm at T* = 5'C to 1.2 inm as T* increased toughness increased, and the range of precompression

to $2'C. llowever,it should be noted that the application of - required to determine a valid K d ncreased to 1.5 toi i *

1.6 mm,1n this set of experiments,it was noted that the
this amount of precomprenion did not ensure cleavage

,

cleavage m, itiation toughness and the tearing initiation -
initiation in every test. instead, the effect of the precom,

toughness were about the same.
. pression was to increase the probability of cleavage initiat-
ing irom several sites with a very small extension of the
crack by ductile tearing.
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11 Conclusions -

The notched round bar test procedure prm ides an inexpen- stect, a relatively tough matesial, to a temperature 'l * =
sh * method to determine lower bound initiation toughness 65"C. The lower-tound toughness varied from 74 to
with relatively small scatter. Measurements of the lower- 130 MPa liii as the temperature 'I' was increased from 5
bound toughness were made with A 53311 reactor grade to 65"C.
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