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ABSTRACT

Reactor pressure vessel (RPV) surveillance capsules contain Charpy-V
(Cv) specimens, but many do not contain fracture toughness specimens;
accordingly, the radiation-induced shift (increase) in the brittle-to-
ductile transition region (AT) is based upon the AT determined from
notch ductility (C,) tests. Since the ASME K, and Ko reference
fracture toughness curvel are shifted by the A‘ from Cv. assurance
that this AT does not underestimate AT associated with the the actual
irradiated fracture toughness is required to provide confidence that
safety margins do not fall below assumed levels.

To assess this behavior, co-p-rioonl of AT's defined by elastic-
plastic fracture toughness and C_ tests have been made using data from
RPV base and weld metals in whlch irradiations were made urier test
reactor conditions. Using “as-measured” fracture toughness values
(KJC), average comparisons between AT(CV) and AT(KJC) are:

(a) All data: AT(K,. @ 100 MPa/m) = AT(C, @ 41 J) +9°C
(b) Plates only: AT(K, @ 100 MPa/m) = AT(C, @ 41 J) +22°C

(¢) Welds only: AT(K; @ 100 MPa/m) = aT(C,, @ 41 J) -5°C

When the fracture toughness data are adjusted to account for specimen
size using a "Blc correction,” average comparisons are:

(a) All data: AT(Kg, @ 75 MPa/m) = AT(C, @ 41 J) 2 0°C
(b) Plates only: AT(Kg. @ 75 MPa/m) = AT(C, @ 41 J) +10°C

(c) Welds only: AT(Kg, @ 75 MPa/m) = AT(C, @ 41 J) ~11°C

Comparison of AT's at various index levels implies that the C_ curve
for irradiated material tends to be shallower than that for unirra-
diated material. However, the shape of the K curve for irradiated
and unirradiated material is the same, but the i curve for irradia-
ted material is steeper than that for unirradiat -ctcrlll.

Comparisons between measured AT(C') and values predicted using various
correlations or models are also made. In this case, correlations give
accurate-to-slightly-nonconservative average estimates of the measured
AT(C, @ 41 J) for base metals. For welds, the predicted AT values
cvcrago more than 15°C above the measured AT(C, @ 41 J).
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1. INTRODUCTION

As a nuclear power plant operates, the reactor pressure vessel (RPV)
is exposed to neutron irradiation caused by the fission process. The
effect of this neutron irradiation on the materials constituting the
RPV (plates, welds and forgings) is generally to degrade the material
properties. The extent of degradation is highly dependent on the
chemical composition, product form, and processing history of the
material, as well as the fluence and the irradiation temperature.
Generally the degradation is demonstrated through increases in tensile
properties (both yield and ultimate), decieases in upper shelf tough-
ness, and increases in the brittle-to-ductile transition temperature,
i.e., the temperature at which the material failure mode changes from
brittle (cleavage) fracture to a ductile behavior, characterized by
tearing of the material. Of these three responses of the material to
the irradiation, the increase in the transition temperature is of
prime consideration in assessing the potential for failure due to a
pressurized thermal shock (PTS) or any other scenario under which
relatively low RPV temperatures (much less than the operating tempera-
ture of 288°C) may be accompanied by significant pressure in the

vessel.

In recognition of such concerns, Appendix G of 10CFR50 (Title 10,
Part 50 of the Code of Federal Regulations) has established a PTS
screening criterion of 270°F for plates, forgings and axial weld
materials, and 300°F for circumferential weld materials. In each
case, the criterion gives upper limits on the reference temperature,
RTND , as defined in the ASME code. RTNDT is also used in an analy-
ticaI sense to index the K (reference stress intensity factor) curve
in Appendix G of Section Ii% of the ASME Code. Prior to operation of
the RPV, determination of RTy,r 18 a relatively simple task, involving
tests of drop weight and arpy-V notch (Cv) specimens. RTNDT is
defined in the ASME code as the greater of Ty, (the nil-ductility
transition temperature of drop-weight tests) ang T v-60°F, where T
is either the index at which each C, test (of three) "shall exhibit at
least 35 mils lateral expansion and not less than 50 ft-lb absorbed
energy” or the temperature at which the lower bound C, curve exhibits
50 ft-1b and 35 mils. To account for irradiation effects, Appendix G
of 10CFR50 states that "adjusted reference temperature” means the
reference temperature as adjusted for irradiation effects by adding to
RTy the temperature shift (4T), measured at the 30-ft-1b (41-J)
level, in the average Charpy curve for “he irradiated material
relative to that for the unirradiated material.

As with the determination of RTND , the pre-operation critical stress
intensity factor (K;.) curve can determined :n a straight-forward
manner for the 2PV materials, assuming that the larje test specimens
required are available. After irradiation, it is di’.icult to measure
the K,  curve directly because the large specimecs which would be
required are prohibited in the space available for surveillance
capsules. For calculation of pressure-temperature (P-T) curves,
Appendix G of the 10 CFR 50 assumes that the Kio curve of the irradi-
ated material is defined by shifting the K,, curve as indexed by the
“adjusted reference temperature” mentione above. (For accident



analyses, the ch curve in Appendix A of the Section XI of the ASME
Code is used as the reference curve which is indexed at the "adjusted
reference temperature."”) However, it 1is necessary to establish
whether or not the shift in the Cv curve at 4] J is an accurate or
conservative cstimation of the temperature shift in the K curve in
order to ensure that overestimation of the material toughness does not
occur. This study combines the available fracture toughness and
Charpy-V data (from the same material irradiation conditions), to
assess the relationship between AT's measured by each test type.
[Since very large specimens are required to give valid Ki. data, the
fracture toughn.ss data used are from an elastlc-plasth analysis
(KJC) and from a "By, correction” to the K;. data (K c).] In this
way, an assessment can be made of the degree of conservatism (or lack
thereof) afforded by using AT from C, to estimate AT for K.

2. MATERIALS

The materials used in this study have been characterized over several
years, initially at the Naval Research Laboratory (NRL), and more
recently at MEA. Included in the study are an A 508 forging, several
heats of A 533-B and A 302-B plate, and submerged-arc welds made with
Linde 80, Linde 0091 and Linde 124 fluxes. A listing of the material
chemistries and fluences for the subject conditions is given in
Table 1. All of the irradiations were conducted in test reactors,
under accelerated flux conditions, at nominal temperatures of 288°C.

The four heats listed in Table | for which fluence data are not avail-
able (67C, 68A, 68C and 6A2) have variations in phosphorous, nickel
and copper contents, and will be characterized to give more informa-
tion about chemistry effects on AT comparisons.

3. DATA ANALYSIS PROCEDURES

3.1 Notch Ductility (C. )

Notch ductility was determined using Charpy-V impact specimens. The
Charpy-V energy (CVE) data for each heat and condition (irradiated or
unirradiated) were fit to a hyperbolic tangent function:

T - TO
CvE = AO + Al tanh Az (1)

where AO’ Al' A, and T, are determined through a nonlinear regression
analysis. Botg shelf (upper and lower) and transition data were
included in the same fit to Eq. 1, as opposed to using only transition
data for a transition region fit, etc. Since few data were determined
in a lower shelt region, some of the fits drop to negative C_ levels
at low temperatures, A non-negative lower shelf was not forced, since
the purpose for using the chosen equation was to model the data and
not to force the data to a model. (The “"negative” C, levels given by
some of these fits do not have any impact on the results used here.)
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A nonsloping upper shelf fit was used since justification for a
sloping upper shelf was not evident for cases in which sufficient
characterization of the upper shelf trends was available.

Once a given set of data had been fit to Eq. 1, the upper shelf level
and the transition temperatures at various C, indices were determined
frow:

Upper Shelf Energy (USE) = Ay + A (2)
CE - A
=) v Index 6]
= 3
Tindex = To * A, tanh [ A J (3)
where C_E was selected as 41 J (30 ft-1b per Appendix G of

10cFRSC) " and %8 J (50 fe-1b).

3.2 Fracture Toughness (KJol

The fracture toughness data of interest here are only those within the
brittle-to-ductile transition region. No data with stable crack
growth of more than 0.15 mm are included.

The static fracture toughness data were determined using compact
toughness (CT) specimens. These specimens were full thickness IT- and
0.5T-CT designs, with several cifferences from the standard ASTM E 399
design. The major diffsrence was in enlargement of the notch region
to permit placement of razor blades on the "load line” for mounting of
a displacement transducer. The enlargement of the notch forced an
increased spacing of the pin holes and in some cases a reduction in
the pin hole diameter. The pin hole changes were required to maintain
sufficient ligaments above and below the holes to prevent bending or
bulging of the ligaments.

Because of the small specimen size forced by the constraints of the
test reactor irradiation facility, the maxinum KI levels which could
be obtained by ASTM E 399 were below 50 MPaym (~ 45 ksivin.,, much too
low to provide a meaningful result. For cases in which only a K
number was obtainable, the J integral, an elastic-plastic fracture
parameter, was used for data analysis. Specifically, the J value at
test termination was taken to be JCri , 8ince by definition that was
the J value at the initiation of " ragi growth,” albeit fast cleavage
fracture. A LS value was then calculated from:

2
K. -/mcm/ (1 = v%) (4)

where E is Young's modulus at the test temperature, and v is Poisson's
ratio, taken as 0.3 for all of these data. For cases in which a K
value could be determined from the test record, the KJc value from
Eq. 4 (with v = 0.3) matched the K;o value within 5%,



As with the cv data, the KJc data were modeled with a mathematical
expression, in this case:

(1/8,)

lJc = Bo + Bl e (5)

where B,, B,, and B, are determined through a nonlinear regression
analysis. Since the regression results were not restricted to B, » 0,
in many cases the resultant curve will give negative KJc values at low
temperatures.

The transition temperatures at various indices were determined from
Eq. 5 in the following form:

K - B
Index 0
TIndex d B2 i [ ’l ] (6)
with K values of 75, 100 and 150 MPa/m used. For comparisons

with C, data at 41 J (30 £t-1b), Kypgey Of 100 MPa/ii was used. This
use is supported by correlations }rou Rolfe and Novak (Ref. 5) and
Sailors and Corten (Ref. 6). From Reference 5,

— 0.75
KIc v 0.00022 E (Cv) (7)

and, with E = 206800 MPa and C, = 41 J, then

K,. = 109 MPa/m

Ic

From Reference 6,

Ky = 146 ()03 (8)

Ic
and with Cv = &1 J,

Kie = 93 MPa/m

The average of these two is then ~ 100 MPa/m.

3.3  Fracture Toughness Data with the Irwin 8, Adjustment SKBOL

For cases in which a K, value could not be obtained from a fracture
toughness test, an approximation to K better than K, was sought.
For such cases, Merkle (Ref. 7) has recommended use of the Irwin 8,
adjustment (Ref. 8), to give small specimen fracture toughness values
which “"consistently vary within the same range as the values deter-
mined from larger valid LEFM specimens and large structural tests”
(Ref. 7). Caveats to the use of this adjustment procedure are that




cleavage fracture should be the failure mechanism and not ductile
tearing, the correct critical conditions are at the onset of unstable
cleavage fracture and not the maximum load point and, finally, the
testing should be performed in displacement control to accurately
locate the cle~vage point on the load-displacement record. The data
used in this study were limited to the transition region, with cleav~
age fracture the fai'ure mechanism, as preceded by no more than
0.15 mm of stable crack growth or blunting. All of these tests were
conducted in displacement coantrol, and the J value at the onset of
cleavage fracture, termed J it here, was used to calculate the K,
values. Therefore, all of Eﬁe necessary conditions for using the Ble
adjustments appear to be met.

From Reference 7,

3
B, =By, * 1.4 Bre (9)
1 Kc :
where Bc uit & o
ys
KB 2
8 ._l____C_
Ic Bo
ys
and B = the specimen thickness
L, the 0.2% offset yield stress at temperature
Kz = "non-plane strain fracture toughness” = K
KBc = to be scolved for (this is differentiatedcfroa K ¢ Since

these are not true x!c values but simply approximations
to KIc values ).

Rearranging Eq. 9 gives:

3

8Ic

+ (5/7) Bre ™ (5/7) B, = 0 (10)

Several calculated parameters can be defined:

m = (5/14) 8, (11)

2, 5/n°
Al =Yn + 57 +m (12)
A2 = Al - 2m (13)



BIc can be calculated from:

1/3 1/3
Bre " 4 A (14)
and finally,
ch = ay' VB BIc (15)

By definition, KIc values were not adjusted using this BIc procedure.

As with the Kje data, the KBc data were modeled with an exponential
function:
(r/cz)

KBC = Co - Cl e (16)

with Co, C and C2 determined through a nonlinear regression
analysis. Since C, is not limited to non-negative values, the best-
fit curves may yield negative values at low temperatures.

The transition temperature at various indices was determined from

Eq. 16 as follows:
K - £
Index 0
Tindex = €2 1n [—————-—-—c ] (17)

1

with K; jex values of 75 and 100 MPa/m. Since many of the K, curves
did exceed 75 MPa/m but few exceeded 100 MPa/m, comparisons with
C, = 41 J and K; = 100 MPa/m were made at Kge = 75 MPa/m.

4. TEST METHOD COMPARISONS

The focus in this section is on the change in temperature (AT) at a
specific index due to irradiation, as opposed to the absolute tempera-
ture at the 1index level. Comparisons between AT's from notch
ductility and fracture toughness are based on product form, with
comparisons at a C, energy level of 41 J and fracture toughness levels

from 75 to 150 MPavm.

4.1 mt)’-v VS K..'c

Comparison of AT's from C, 2 at 41 J [AT(C, < 41 J)] and Ky, at
100 MPa/m [AT(K;, @ 100 MPa/m)] reveals an interesting trend. In
Fig. | for base metals, only three of the eighteen base metal points
represent conservative estimates of AT(KJc @ 100 MPa/m) by
AT(C, @ 41 J). All three of these points are from a single heat of
A 53§~l plate (the HSST 03 plate) tested as a part of the LWR-PV
Dosimetry Improvement Program (Ref. 2). Tie largest deviation is for
the A 508-2 forging, with AT(KJ ) = 102°C and AT(C_) = 19°C. The base
metals (excluding the A 508-2 forging which will be discussed later)
have a AT(C ) which averages 22°C less than AT(K, ).



In contrast to the base metal results, the welds (Fig. 2) illustrate
good correspondence between AT(C,) and AT(KJC). at all AT levels,
Here, AT(C,) averages 5°C higher than AT(K; . ).

Combining both data sets (Fig. 3) illustrates the differences in the
behavior of the two product forms. At high AT(KJC) levels, the corre-
sponding AT(CV) for base metals 1is much less than the weld metal
AT(CV) levels. The A 508-2 forging point far exceeds any reascnable
scatter band which one would draw around these data.

Table 2 gives linear least-squares fits to three different equations
relating AT(C,) to AT(KJC):

ur(ch) = AT(CV)KO + "1 (18)
AT(KJC) - A'r(cv) + Kz (19)
Ar(ch) - A‘!'(Cv)l(3 (20)

with t l-o levels also given. (These analyses were made excluding the
A508-2 forging point, which is _he only forging data in this data
base.) While the latter two equations are simply less general subsets
of the first, they are less complicated ways for adjusting non-
conservative AT estimates.

Similar conclusions about AT(C,) and AT(KJC) can be made at K o levels
of 75 and 150 MPa/m (Table 2). For example, AT(C,) for base metal
tends to average 22°C less than AT(K ¢) while AT(C,) for weld metal
averages 6°C greater than AT(K, ). n fact, the closeness of the KZ
values at each K ¢ level implies that on average the K curve for
irradiated nnterial is very similar in curvature ¢to that for
unirradiated material,

The C, and K, data available for the A 508-2 forging are illustrated
in Fig. 4. &ﬁile variations in the C_, data are such that the unirra-
diated and irradiated data overlap, the K e data exhibit a distinct
difference between unirradiated and irradiated specimen behavior. One
cautionary note required here is that there are few irradiated K "
data poirts (only four) and these few points do exhibit con.ldorlb{e
variability. Regardless of the variability consideration, major
differences between C, and KJc indications of the irradiation degrada-
tion are apparent.

4.2 Charpy-V vo,ﬁgac

Comparison of AT(C_) and that from K c» lee., AT(K, ), reveals differ-
ent behavior from ¥ho prior K co-pgrllono. As 1ffuntrlted in Fig. 5
for base metals, AT(K " @ f? MPa/m) is generally much closer to
AT(C, @ 41 J), than was AT(K,, @ 100 MPa/@). On average, aT(C,) is
only 10°C less than AT(K o) (Table 3), vs. 22°C less when compared to
AT(K c). For weld metals (Fig. 6), the overall variation is signifi-
caut{y higher, with AT(CV) averaging 11°C greater than AT(K c). With
both plates and welds combined (Fig. 7), AT(C,) s within 1°C of
AT(K’c), on average.
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Table 2 Statistical Comparisons Between AT(Cv) and AT(KJC) -- Eq. 18-20

C, L Product  AT(K, ) = AT(C)K  + K, AT(K; ) = AT(C)) + K, AT(Ky ) = AT(C,)K,
Level Level Form
Ko Kl tlo Kz tlo lo Range K3 tlo tlo
(1) (MPa/m) (*c) (¢ (°c) (°c) (°c) (°c)
41 100 Base 1.039 19.3 18.6 22,0 18.6 + 3.4:440.6 1.303 0.260 19.1
*ld 00896 3-3 15.6 -501 1601 -21.2:"’1100 00929 00‘71 1507
Both 0.835 21,2 21.4 8.9 22.0 -13.1:+430.9 1.081 0.280 22.8
—_— ‘l 75 Base 1.106 12.6 20.6 1909 20-7 . 008:*‘006 l¢278 0-283 2008
s Weld 0.908 1.9 15.3 -5.6 15.7 -21.3:+10.1 0.927 0.167 15.3
Both 0.860 18.0 21.9 7.6 22,3 ~-14.7:429.9 1.070 0.281 22.9
41 150 Base 1.184 8.9 19.2 21.7 19.5 + 2.2:441.2 1.307 0.263 19.3
Weld 0.987 -5.2 29.6 -6.3 29.6 -35.9:+23.3 0.933 0.324 29.6
Both 0.929 13.5 28.2 8.2 28.3 -20.1:436.5 1.085 0.352 28.7
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Table 3 Statistical Comparisons Between AT(C,) and AT(KBC)

C, ‘oc Product "(‘sc) = ls'r(cv)lo *+ K, AT(KBC) = AT(C,) + K, AT(KBC) - AT(cv)x:,
Level Level Form

Ko Kl tlo K2 tlo lo Range K3 *lo tie

(6)) (MPav/m) (°c) ("o (*c) (%0 (*c) (°c)

41 75 Base 1.028 8.2 13.3 10.2 13.3 - 3.1:+#23.5 1.140 0.183 13.5

Weld 0.839 L+7 21.1 -11.3 22.0 =33.3:+10.7 0.856 0.231 21.1

“th 00“ 1‘03 2000 —0-2 2003 -21003‘2006 0.972 0.25‘ 20.7

41 100 Base 1.253 -26.6 21.2 -9.0 21.6 -30.6:+12.6 0.890 0.300 22.1

*m 0-7.5 -602 ‘,00 "23.5 ‘907 -73023*2602 0.722 0-5“ ‘901

Both 0.821 -2.6 37.6 -16.0 38.0 -54.0:+22.0 0.790 0.462 37.6
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At a K, level of 100 MPaym, the scatter increases significantly with
l-o ligfu of * 22°C for base metals and + 47°C for welds (Table 3).
In  one case, AT(K,. @ 100 MPav@) s 150°C  less than AT(K, @
100 MPavm), with a Al’(k'c) of -68°C at this level. This anomaly and
in general the poor correspondence is at lease partially attributable
to an absence of K ¢ data above 80 MPa/@. This absence of data in
combination with the very large reductior in unirradiated K level due
to the 'lc ad justment (and the much loJer yield stress values for
unirradiated material vs. irradiated material) lead to a question of
the reliability of using AT(K c) values extrapolated out to the
100 MPavm level for these dan‘; 4 recommendation here 1is to not
include the latter in consideration of variances between AT(CV) and
AT(K).

4.3 _KJ VS, an

As mentioned above, the 8 ¢ 8djustment has the effect of reducing high
toughness, unirradiated K,. data much more than high toughness irradi-
ated K, data. Therefore, as a general rule, u‘(l. ) will be less
than d&k). In 732 of the cases, AT(K ) 1s less teh-n AT(K c)' by
88 much as 39°C. In cases where AT(K o) exceeds A‘I‘(KJC). it does so
by a maximum of 7°C. This correspondence is apparent in Fig. 8 for
base metals and Fig. 9 for weld metals. From Table 4, on average the
AT(K,.) for base metals is 12°C less than AT(KJC). while for weld
-taﬁ AT(KBC) is only 6°C less than AT(IJC). on average,

4.4 Curve~Fit vs, Eyeball

Prior to this publication, all of the Cy, (and most of the Kjo and K, )
data reported by current MEA personnel at MEA and earlier 'at the ".L
had beer analyzed using an eyeball or hand-fit method. This method
does have advantages, such as the ability of an experienced user to
synthesize a curve where insufficient data exist and “welghting" of
data based upon historical perspectives, In general, however, the use
of standardized computer routines for curve fitting guarantees a
repeatable, unbiased fit, which 18 not user dependeat. Since many of
these C, data (and other data not included here) originally were fit
using a manual technique and form a unique data base used for assess-
ing composition, fluence, and other effects on radiation sensitivity,
comparison of the manual-fitting results with computerized results was
considered germane to this study. These comparisons have been made

41 J and 68 J, Additional comparisons were made for Kjo and K“ data,
with all of the results Summarized in Table 5,

As 18 evident in Fig. 10 for all of the C, temperatures at a1 4,
excellent agreement exists at all levels, from iow to high tempera-
tures. In fact, the manual temperature overestimates the curve-fit
temperature by less than 2°C on Average, with base metals ylelding an
Average overestimate less than |°C and welds an average overestimate
below 3°C (Table 5). The AT's (Fig. 11) exhibit similar good agree-
ment, with a l-o range of 6°C, Here, the weld AT's yleld a better
average correspondence than the base metal AT's.
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Table 4 Statistical Comparisons Between AT(K; ) and aT(Kg )

K K Product AT(K_ ) = AT(K, )K_ + K AT(K, ) = AT(K, ) + AT(K, ) = AT(K, )K
Jcl hxl Form Bc Je’ e 1 Bc Je l2 Bc Je'' 3
‘o Kl tlo l2 tlo lo Range l3 tlo tlo

J) (MPa/m) (©) ("o (*c) ("o (°c) (°c)
100 75 Base 0.793 7.1 8.1 -11.9 9.6 ~21.5:~2.3 0.865 0.085 8.3
“l‘ 00972 “ll ll.S -602 1106 'l’o'g’ 50‘ 0-92’ 0-135 llo7

mh O.m -00‘ 1003 -,ol lO.l °l’¢,:+ 107 0.”2 Ooll‘ 1003




Table 5 Com arison of Manual=Fit and Computerized-Fit Results

Test Type- Data Product Average tlo
Index Type Form Deviation
C,~41J T Base -0.6°C 5.0°C
Weld ~2.8 4.9
Both ~1.6 5.0
at® Base ~1.4°C 5.5°C
Weld =-0.1 6.0
Both ~-0.9 5.6
C,~USE Level® Base +0.4 J 2.9
Weld +2.2 3.4
Both +1.2 3.2
prop? Base +0.3 J 3.5 J
Weld +1.4 3.7
Both +0.8 3.5
K;o=100 MPa/m T Base =0.4°C 7.4°C
We ld +0.7 6.2
Both +0.1 6.8
AT Base +2.2°C 8.5°
Weld ~1.8 6.5
Both +0.4 7.8
Kge=75 MPa/m T Base +0.9°C 3.6°C
Weld +0.0 S.7
Both +0.5 4.4
AT Base +1.7%C 3.7°C
Weld 4.3 3.9
Both =-0.5 4.7
& Transition temperature
b Transition temperature increase
€ Upper shelf level
d

Drop in upper shelf level
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For Cv upper shelf energy (Fig. 12), excellent agreement again results
in comparing manual vs. curve-fit levels (1-J overestimate on
average), with change in upper shelf level (Fig. 13) yielding a better
average correspondence, but slightly greater variability. As with
earlier data type comparisons, the greatest discrepancy is for the
A 508-2 forging, with an underestimate of 16 J for the USE drop. That
difference represents an equal 8-J increase for the unirradiated upper
shelf and an 8-J decrease in the irradiated upper shelf, as determined
from the curve-fit results.

For temperatures at KJc of 100 MPaym, (Fig. 14) each product form has
the manual result within 1°C of the curve-fit result, on average. For
the AT's, (Fig. 15), the manual result is again within 1°C of the
curve-fit result, on average, but the variability is somewhat greater
than for the absolute temperature comparisons.

For the K, data at 75 MPa/m, both temperature (Fig. 16) and AT
(Fig. 17) yfild manual values within 1°C of the curve-fit values, on
average. The standard deviations for the K comparisons are much
less than the K, comparisons, attributable to the smaller (and hence
more controlled) number of data sets for which Ksc had been manually
curve fit.

4.5 Other Comparisons

While considerable interest is focused on the properties of so-called
low upper shelf materials with USE levels below 68 J, use of a C,
index at 4] J forces consideration of the C, curve at levels below the
middle of the transition for heats with Ugi levels above 82 J. For
such heats, it is of interest to compare temperature shifts at the
41-J level with shifts at higher energy levels. This comparison will
give an indication of the relative curve shape between the unirradi-
ated and irradiated conditions, with possibly a better indication of
the average AT for such higher toughness materials. As an example of
such a considerztion, AT(C, @ 68 J) 1is compared with AT(Cv @ 41 J).
In Fig. 18, on average AT(C, @ 68 J) 1is 5°C greater than
AT(C_ @ 41 J), with a l-o range ox 9°C (Table 6). This implies that
the }rtadiated C. curves have a tendency to "lay-over” or flatten-out
in comparison to the unirradiated curves.

For the K; data, alternative indices of 75 and 150 MPa/m have been
conltdcred'%ero (Table 7). The AT(KJc @ 75 MPaym) is 1°C lower than
the AT(K;, @ 100 MPa/@m), on average, with a l-o range of 11°C
(FPig. 19). AT(K, @ 150 MPa/m) 1is on average 1°C lower than the
AT(K; . @ 100 MPa/m), with a l-0 range of 18°C (Fig. 20). The
v.rilgility of the latter comparison here 1is much greater than that
for the former comparison, as the l-o ranges indicate. Nevertheless,
the lack of variability in average values imply that the KJc curve
does not tend to change shape with radiation.

Unlike the K, and C,  data comparisons which show only minor changes
in AT by é&angin; the index point, the AT(K, @ 100 MPa/m) 1is
considerably different from that at 75 MPa/m, on average (Table 8).

As illustrated in Fig. 21, considerable variability is apparent, with
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