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INTRODUCTION

Numerous studies of the effects of impurities and fast neutron irradia-
tion on fracture toughness of nuclear reactor pressure vessel materials
(plates, forgings, and welds) have been reported in the literature.1"9 Most
such studies have included a minimum number of tests for each material and/
or combination of irradiation parameters. Statistical analysis of neutron
irradiation effects has been possible only by using a large body of data
representing a variety of materials and neutron exposure conditions. However,
such analytical methods do not address the question of accuracy of each datum
in the large set, or the accuracy and reliability of results from a single
small data set such as might be obtained in a nuclear reactor pressure vessel
surveillance study. The present studies address this question by multiple
testing at two laboratories of typical nuclear pressure vessel materials (both
irradiated and unirradiated) and statistical analyses of the test results.
Multiple tests are corducted at each of several test temperatures for each
material, standard deviations are determined, and results from the two labora-
tories are compared.

The Fourth Heavy-Section Steel Technology (HSST) Irradiation Series,
almost completed, was aimed at elastic-plastic and fully plastic fracture
toughness of low-copper weldments ("current practice welds"). A typical
nuclear pressure vessel plate steel was included for statistical purposes.

The Fifth HSST Irradiation Series, now in progress, is aimed at deter-
mining fhe shape of the KJR curve after significant radiation-induced shift of
the transition temperatures. This series includes irradiated test specimens
of thicknesses up to 100 mm and weldment compositions typical of early nuclear
power reactor pressure vessel welds.

These two series will be discussed separately.
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FOURTH HSST IRRADIATION SERIES

This irradiation program was conducted on four submerged-arc welds and
one plate of A533 grade B class 1 pressure vessel steel. The welds were made
by commercial vendors using current welding practices and contained relatively
low copper contents. The target fast neutron fluence was 2 x lO23 neutrons/m2

(>1 MeV) and the irradiation temperature was 288°C (55C S1). Charpy V-notch,
tensile, and fracture toughness tests (1TCS specimens) were conducted.
Sufficient numbers of specimens were included in the irradiations to permit
statistical analyses of the results.

MATERIALS

The plate material was from a 305-mm-thick plate of ASTM A533 grade B
class 1 manganese-molybdenum-nickel steel produced by Lukens Steel Company for
the HSST Program.10 This plate material was designated HSST plate 02 and
portions of it have been used in many investigations. All test specimens were
prepared in the transverse (TL) orientation.

All four submerged-arc weldments were made in ASTM A533 grade B class 1
plate. Two of the submerged-arc weldments were supplied by the Electrio*Power
Research Institute (EPRI) and had been fabricated by Combustion Engineering,
Inc. HSST weld 68W was produced as a 178-mm-thick submerged-arc weldment
using Linde 0091 flux and 4.8-mm-diam MIL-B-4 (low copper and phosphorus) wire
and was designated "CGS" in EPRI studies.11 HSST weld 69W was produced as a
300-mm-thick submerged-arc weldment using Linde 0091 flux and 4.8-mm-diam
MIL-B-4 wire and was designated "CHS" in EPRI studies.11 Both welds were
postweld heat treated 25 h at 621°C. The other two welds were supplied by
Babcock and Wilcox Company.12 Both welds were produced as 174-mm-thick
submerged-arc weldments using Mn-Mo-Ni (SFA-5.23EF2N) filler wire. HSST
weld 70W was fabricated using Linde 0124 flux and HSST weld 71W was fabricated
using Linde 0080 flux. Both welds were postweld heat treated 48 h at 607°C.

All test specimens were prepared with longitudinal axes perpendicular to
the weld centerline and crack propagation direction parallel to the surface.
The four weldments are considered "current practice" and are of low or medium
low-copper content. Two of the welds (EPRI material) also had low-nickel con-
tents. Chemical compositions of the five materials are presented in Table 1.

MATERIAL IRRADIATION

All irradiations were conducted at two faces of the Bulk Shielding
Reactor (BSR) at Oak Ridge National Laboratory (0RNL), a 2-MW pool-type reac-
tor. Thermal shields of 42.5-mm-thick stainless steel were used between the
reactor core and the specimen capsules to reduce gamma heating In the Irradia-
tion capsules. Each capsule contained 60 1TCS fracture toughness specimens,
80 to 90 Charpy V-notch impact test specimens, and 10 to 20 tensile test
specimens in an arrangement shown in Fig. 1.



Table 1. Chemical compositions of plate and submerged-arc welds

Composition, wt Z
Material •

C Mn P S Si Cr Ni Mo Cu V

Plate, A533 grade B 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53 0.14 0.003
class 1 (HSST-02)

Weld HSST-68W, 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.04 0.007
Llnde 0091 flux

Weld HSST-69W, 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.12 0.005
Linde 0091 flux

Weld HSST-70W, 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004
Linde 0124 flux

Weld HSST-71W, 0.124 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005
Linde 0080 flux

Specimen temperatures during irradiation were controlled by a combination
of electrical heaters and controlled sweep gas composition (helium and ^
nitrogen). Specimen temperatures during irradiation were controlled at
288 ± 5°C. Irradiation times for the capsules ranged from 4300 to 5400 h.

Complete spatial maps of damage exposure parameter values were determined
for each capsule. The dosimetry in the capsules consisted of multiple foil
sets and gradient wires. The dosimetry and spectral adjustment procedures are
completely presented elsewhere. 13-l"t ^e values of fluences greater than
1 MeV, 0.1 MeV, and displacements per atom (dpa) were determined for each
specimen. Uncertainties for the damage exposure parameters were less than 8%
(standard deviation).

TEST PROCEDURES

The Charpy V-notch impact testing was apportioned between Materials
Engineering Associates (MEA), Lanham, Maryland, and ORNL, Oak Ridge,
Tennessee, such that both laboratories tested equivalent specimens insofar as
possible.

The impact testing machines at both laboratories were calibrated in con-
foraance with ASTM Standard Method E23, Including proof tests using "standard-
ized specimens." Nonlinear least-squares procedures15 were used to determine
the best hyperbolic tangent fit to the data:

E = A * {1 + tanh[B * (T-C)]}/2. (1)

where

E = fracture energy, J,
T = test temperature, °C,
A, B, C = parameters determined in the fitting process.
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Fig. 1. Fourth HSST Irradiation Series capsule specimen rack assembly.

The transition temperature is calculated by solving Eq. (1) for the
temperature at 41 J. A positive transition temperature shift (AT) is an
increase in transition temperature from the unirradiated to irradiated state.



The upper shelf energy is equal to the curve fit parameter A in Eq. (1). A
positive upper-shelf energy change (AE) is an increase in upper-shelf energy
from the unirradiated to the irradiated state.

An attempt was made to analyze the radiation-induced changes as a power
law function of neutron fluence. However, with the maximum neutron fluence
range of only ±50%, the scatter of the data was such that a reliable analysis
could be made only for plate 02. Each data point in the transition range for
plate 02 was adjusted on the temperature scale to correct each specimen
fluence to the mean value (2 x 1023 neutrons/m2, E > 1 MeV)•

Testing of compact specimens (CS) was performed by the single specimen
compliance (SSC) technique with each laboratory testing approximately half the
specimens. All compact specimens designated for upper-shelf testing were
side-grooved on each side by 10% of the specimen thickness. The SSC technique
provides a method to determine the amount of specimen crack extension by means
of small unloadings (<15% of maximum load) conducted at regular intervals
throughout the test.

Values of the J-integral were calculated using the modified version of
the J-integral, known as JM, as proposed by Ernst.

16 Deformation theory J
(JD) is the formulation of the J-integral specified for use in the ASTM
Standard Test for Jjc, a measure of fracture toughness, E813-81, and in the
tentative ASTM J-integral resistance (J-R) curve test procedure.17 Modified J
(JJJ) was used in this program because Ernst has shown it to be more specimen-
size independent when the crack extension exceeds the J-controlled crack
growth regime.

A typical R curve produced with the SSC technique is illustrated in
Fig. 2. The R curve format of Fig. 2 is in accordance with that of ASTIi
Standard E813, i.e., Jic, the initiation elastic-plastic fracture toughness,
is defined by the intersection with the blunting line of the linear regression
fit to the data between the 0.15- and 1.5-nrm exclusion lines. The use of
linear least-squares fit stems from the multispecimen nature of ASTM E813
where a minimum of only four data points are required. Thus, with only a few
data points, the nonlinear nature of the R curve cannot be evaluated. For
this study, the procedure proposed by Loss et al.,18"19 was used whereby a
power law, J = C(Aa)N, is fit to the data between the 0.15- and 1.5-mm exclu-
sion lines with the constants C and N chosen to optimize the curve fit. The
initiation fracture toughness, JIc, is defined with this procedure as the
intersection of the power law R curve with the 0.15-mm exclusion line as
indicated in Fig. 2. Jj c, as defined by the two methods, is nearly identical
for nuclear grade pressure vessel steels. In addition to more closely
describing the nonlinear behavior of the R curve, the power law JIc definition
provides a consistent means for determining the initiation toughness when fast
fracture, i.e., brittle fracture by a cleavage micromode, occurs prior to
development of a full R curve. To address this cleavage phenomenon, the power
law method classifies the R curve into three types: types A, B, and C. With
type A, failure occurs before the slow ductile crack extension is sufficient
to cross the 0.15-mm exclusion line* In this case, Jjc is taken as the value



0
500

400 -

__ 300 -

200 —

100

0.02
DELTA a (in.)

0.04 0.06

01

1/
//

Vif.
? '11

1 I 1
SPECIMEN 69W-168

204°C

/

f\
1
1

Iff

&

^

, 20% SG, UN IRRADIATED

. BLUNTING LINE

^ J = 2 4 2 ( A a ) - 0 4 T 4 ^ ^ ^

p ^ ^—ASTM
(least squares)

•Jic=126.1

c i
-0.15mm EXCLUSION LINE /

I I I;

/
/
/
/

•

I

/

•1.5mm
EXCLUSION
LINE

I |

0.08 0.10

2500

— 2000

— 1500

— 1000

— 500

C 0.5 1.0 1.5
DELTA a (mm)

2.0 2.5

Fig. 2. Power law representation of the J-R curve using the SSC test
technique and comparison with the ASTM E813 procedure.

of JM at failureo Type B covers cases where testing was terminated by fast
fracture after ductile crack, extension exceeded the 0.15-tnm exclusion line,
but prior to reaching the 1.5-mm exclusion line, whereas type C covers cases
where the R curve extends beyond the 1.5-mm exclusion line. In these cases, a
power law is fit to the available data and JIc is taken as the intersection of
the fit with the 0.15-mm exclusion line.

Another effect resulting from the nonlinear nature of the R curve is that
the tearing modulus is not constant as was originally envisioned by ASTM E813.
For comparison purposes and consistency with ASTM E813, a single value for the
tearing modulus (Tavg) can be computed from the power law equation for
type C resistance curves. The tearing modulus is defined as

da
(2)

where af = (yield stress + ultimate stress)/2. To obtain an average value for
the slope of the power law R curve, the power law equation is fit in closed
form with a linear regression of the form J " ' 'Jo + (dJ/da)Aa to that part of



the curve lying between the exclusion lines. This technique is directly
analogous to the E813 method of fitting a linear line to the discrete data
points• However, fitting the power law equation has the effect of including
an infinite number of points. Little difference in magnitude is observed
between the values of T obtained by the two techniques.

The power law and E813 methodologies produce similar results in regions
covered by the E813 standard.20""21 The procedure is to convert the elastic-
plastic J^c power law initiation toughness to a quasielastic Kj c value using
the following relationship:

ic 0* 5 , (3)

where E(GPa) = 207.2 - 0.057 T(°C).
ASTM Standard E813 gives an equation for converting JIc to Kj c, which in-

corporates a plane-strain term. Equation (3) is identical to the E813 equation,
but with the plane-strain term removed. This term was removed because in this
program specimens tested in the upper transition region and those tested on
the upper shelf experienced net section yielding. Such behavior is closer to
plane stress than it is to plane strain. In the lower transition region,
however, the specimen through-thickness constraint is greater and more nearly
plane strain. Thus, it is unclear just where one should use the E813 equation.
Since most of the data generated in this study were more nearly plane slfress
and, for consistency of presentation, all Kj c values were calculated using
Eq. (3).

At toughness levels too great to allow measurement of a valid Kj c with a
small specimen, Kj c values can be determined as stated above; however, these
data tend to be of greater magnitude than that which would be obtained with a
larger specimen capable of measuring the linear elastic toughness level by E399
criteria. A similar observation was made by Irwin22 in that the plane stress
fracture toughness (Kc) overestimates Kj c. Irwin developed an empirical rela-
tionship from which K^c could be estimated once Kc was known. Recently,
Merkle2^ has shown that reasonable estimates of Kj c can be determined using
Kj c as a substitute for Kc. In this study, Kj c values in the ductile-to-
brittle transition region were corrected to Kgc using the Irwin-Merkle pjc

correction to provide another means of determining the shift to higher temper-
ature of the ductile-to-brittle transition caused by irradiation.

RESULTS — FRACTURE TOUGHNESS TESTS

All side—grooved specimen J-R curves obtained in this study were valid by
ASTM E813 criteria. The agreement between MEA and ORNL data, both In the
transition and upper-shelf regimes, is excellent.

The fracture toughness behavior for two materials in terms of the quasi-
elastic parameter KJc is illustrated in Figs. 3 and 4. In these figures, the
solid line trend curves are the result of regression curves fit to all data
points. On the upper shelf, a linear regression was used and in the transition
the data were fit with an exponential of the form KJc = C + A[exp(B*tempera-
ture)] with the constants A, B, and C chosen to optimize the fit. All shifts
in transition temperature were calculated using the exponential curve fit
equations.
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Data for plate 02 material are depicted in Fig. 3. This material had the
highest levels of both copper (0.14%) and nickel (0.67%) and the K J c data
indicate the greatest shift in the transition temperature. There is not,
however, a corresponding large change in upper-shelf toughness. Data scatter
is relatively low for this material, as would be expected in a homogeneous
reference material such as plate 02.

Figure 4 illustrates the behavior indicated for weld 70W. This weld had
a low copper level (0.046%), but a similar nickel level (0.63%). The tran-
sition shift is relatively small compared with that for plate 02, and the upper
shelf change is not significant.

The fracture toughness behavior in terms of the thickness-corrected param-
eter Koc is shown in Figs. 5 and 6. In these figures the solid line trend
curves are the result of regression curves fit to all data points. (Only those
specimens that cleaved are used here.) The data are fit with an exponential
of the same form as used for the Kj c data. Data for plate 02 are depicted in
Fig. 5, while Fig. 6 illustrates the behavior indicated for weld 70W.

The effect of temperature and irradiation on tearing modulus is shown in
Figs. 7 and 8. All data were fit with a linear regression. In general Tavg

decreases with increasing temperature and with irradiation. Data for plate 0^
are depicted in Fig. 7. This material had the highest values of copper and
nickel, and the greatest drop in tearing modulus with irradiation. Data for
weld 70W is shown In Fig. 8. This material had a lower value of copper and
similar aickel than plate 02 with a corresponding smaller drop in tearing
modulus as a consequence of irradiation.
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The results of this irradiation effects study are summarized in Table 2.
(The tensile and Charpy V-notch results have been presented earlier in
refs. 24 and 25.) The CVN shift was indexed at 41 J and KJc was indexed at
125 MPa/m. K Q C was indexed at 90 MPa/m for all five materials. This Kgc
level roughly corresponds (for a 25-mm-thick compact specimen) to the pIc-
corrected 125 MPa/m Kjc index for all five materials. Comparison of the CVN
shift with Kj c, and K^c indexed at 90 MPa/Tm give similar results since the
unirradiated and irradiated K J c and Kpc transition curves are essentially
parallel.

It is clear that the transitica temperature shift is reduced by decreasing
both the copper and the nickel con.ent. Reducing either one separately does
not produce as substantial a change in the shift as reducing both. Only the
welds can be compared directly. The highest shift is evidenced by the data
from weld 69W wich the highest copper and lowest nickel, thus indicating that
copper alone has a substantial effect. However, increased nickel with lowered
copper (welds 70W and 71W) also produces a substantial but lesser shift. The
lowest shift was produced in weld 68W where the percentage of both elements
was reduced. It must also be noted that the silicon contents of welds 70W and
71W were more than double those for the other welds and the average fluences
are greater for 70W and 71W than for 68W and 69W. Final analyses will incor-
porate a method of fluence normalization to allow for better comparison of
results. Although the magnitude of the transition temperature shift varies
somewhat for each indicator, all three support these observations.



Table 2. Summary of material properties after irradiation

Material

Mean Yield Transition temperature Upper-shelf ^
increase change .

Fluence, strength •,<>,,* ,2? modulus
n/m2 x 10 2 3 increase0 K_2l change*(>1 MeV) CVN* CVN

dJ/da
changea

Plate HSST-O2, 2.0
C.14% Cu, 0.67% Ni

Weld HSST-68W, 1.4
0.04% Cu, 0.13% Ni

Weld HSST-69W 1.2
0.12% Cu, 0.10% Ni

Weld HSST-70W 1.7
0.056% Cu, 0,63% Ni

Weld HSST-71W 1.7
0.046% Cu, 0.63% Ni

aIncrease at 200°C.

^Increase at 41-J index.
cIncrease at 125-MPa/m index.

^Increase a': 90-MPa/in f.:dex.

31

12

16

13

13

66 82 70 -15 -5 -50 -23

11 -6 -2 9 - 7 -11 +2

26 46 41 -1 -2 -28 -10

33 23 20 +1 -1 -29 -14

27 -4 12 11 -3 -28 -14



Primarily, the J-integral results have indicated that reduced levels of
copper and nickel will reduce the degradation of the upper-shelf tearing
modulus. Significant decreases (>25%) in the tearing modulus were observed in
all materials with either copper or nickel contents above those of the weld
having the lowest levels of these elements. Only when both elements were
reduced was the tearing modulus degradation reduced* In terms of initiation
fracture toughness, Jic, the upper-shelf level was essentially insensitive to
all variables; i.e., radiation, copper content, and nickel content appeared to
havelittle or no effect.

The correlation of the radiation-induced 41-J CVN transition temperature
shift with the radiation-induced 125 MPa^m KJc transition temperaiure shift is
shown in Fig. 9. Note that both mean values and 95% confidence level., are
shown on the figure. Welds 69W, 70W and 71W show CVN shifts ranging from 26
to 33°C, while the Kj c shifts range from —4 to 46°C The 95% confidence
limits for these three welds also indicate considerable scatter. For plate 02
and weld 68, the CVH and KJc transition temperature shifts are fairly close.
It is, however, clear that the correlation is only qualitative and the Kj c

shift can be nearly 25°C different than the CVN shift.
The correlation of the radiation-induced CVN upper-shelf energy change at

200°C with the radiation-induced KJc upper-shelf change at 200°C is shown in
Fig. 10. Note that both mean and 95% confidence limits are shown. Although
the CVN upper-shelf changes range from +10 to —20%, the KJc upper-shelf ,0
changes range from —1 to —7%. For these combinations of copper and nickel, it
appears that CVN upper-shelf energy changes do not imply corresponding Kj c

upper-shelf changes.
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The correlation of radiation-induced average dj/da change at 200°C with
radiation-induced yield strength change at 200°C is shown in Fig. 11. Note
that hoth mean values and 95% confidence limits are shovm. All materials but
veld 68W lie close to the 1:1 line indicating a possible correlation. (The
large error in weld 68W is a result from large variance in the test data and a
small number of specimens available for testing.)

SUMMARY OF OBSERVATIONS FOR FOURTH SERIES

1. There was excellent agreement between the results from the two
laboratories, ORNL and MEA (see ref. 26).

2. Upper-shelf elastic-plastic initiation fracture toughness is essen-
tially insensitive to radiation damage for the current production practice
welds characterized in this study.

3. Transition temperature shifts to higher temperature with radiation
are directly related to the copper and nickel content of the material with
copper producing the greatest effect.

4. Upper-shelf initiation fracture toughness and tearing modulus are
inversely proportional to temperature.

5. Irradiation degradation in tearing modulus is related to the copper
and nickel content of the material.
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6. Transition temperature biiifts indicated by the CVN data indexed at
the 41-J level correlate^ qualitatively with the fracture toughness data
indexed at the 125 MPa/m level for these materials.

7. Upper-shelf energy changes indicated by CVN data correlate poorly
with fracture toughness, Kj c, changes.

8. Yield strength changes correlate qualitatively with dJ/da changes.
9. Submerged arc welds with both low copper and nickel contents show

essentially zero radiation embrittlement.

FIFTH HSST IRRADIATION SERIES

The primary objective of this program (Fifth HSST Irradiation Series) is
to obtain valid fracture toughness (Kjc) curves to as high a level as prac-
tical for two nuclear pressure vessel materials irradiated at 288°C.

Currently, estimates of the KIc curve shift are based on results from
Charpy impact testing with the assumptions that the shift of a Charpy tough-
ness curve to higher temperatures can be applied directly to a K I c curve and
that the drop-weight NDT/CVN energy correlation does not change with irradia-
tion. To test these assumptions, this program includes Charpy V-notch impact
test specimens and drop-weight test specimens in addition to the compact
fracture toughness specimens. Tensile specimens are included in the program
to provide data for determining test parameters for the fracture toughness
tests and for analysis of the fracture toughness data.



Irradiation and material parameters were chosen to (1) provide signifi-
cant separation of unirradiated and irradiated properties (i.e., a significant
radiation-induced temperature shift of toughness properties); (2) represent,
as closely as practical, materials used in early nuclear pressure vessel con-
struction (high copper and nickel contents); and (3) permit program conclusion
in a reasonabls time period. The chosen irradiation parameters are an irra-
diation temperature of 288°C (550°?) and a neutron fluence of 1.75 x 1023

neutrons/m2 (>1 MeV)• The chosen materials are submerged-arc weldments of
0.23 and 0.31% Cu content (0.60% Ni in both weldments). The predicted mean
temperature shifts of fracture toughness for these two weldments are 90 and
123°C, respectively, for the above irradiation parameters. These predictions
are based on the Metal Properties Council analyses27 of weld metals irradiated
in test reactors.

The program plan provides sufficient numbers of specimens to permit
meaningful statistical analyses of test results.

MATERIALS

In order to provide as uniform a test material as possible, submerged-arc
weldments were fabricated using two special heats of AWS type EF-2 welding
wire with copper added in the ladle to achieve the two levels of copper son-
tent. One lot, well mixed, of Linde 0124 flux was used for all the welds.
The weldments were fabricated and stress-relieved according to commercial
practice. The base plate for the weldments is a single 220-mm-thick plate of
A-533 grade B class 2 steel. The submerged-arc welding was done by the
tandem-arc, alternating-current procedure using a 0° bevel weld groove. The
width of the deposited weld metal is about 30 mm. All welds were stress-
relieved at 607°C for 40 h. About 14 lin m of each weldment were fabricated
for the program. The results of the chemical analysis of the weldments are
shown in Table 3.

Table 3. Chemical compositions for welds 72W and 73W

Material

72W

73W

0

0

C

.093

.098

Mn

1.60

1.56

0.

0.

P

006

005

0.

0.

s

006

005

Composition, wt

Si Cr

0.44 0.27

0.45 0.25

X

Ni

0.60

0.60

Mo

0.

0.

.58

.58

Cu

0.23

0.31

0

0

V

.003

.003

SPECIMEN COMPLEMENT

The largest practical compact (KIc) specimen that can be irradiated is a
4TCS specimen. The irradiated yield stress is predicted to be about 620 MPa
(90 ksl), resulting in a valid fracture toughness (KIc) measuring capacity of



130 MPa/m (120 ksi/InT). To achieve this toughness level in the unirradiated
specimens, having a yield stress of about 480 MPs. (70 ksi), requires 8TCS
specimens and these are provided for in the program. Smaller fracture tough-
ness specimens are provided for measuring toughness at lower levels, obtaining
Kj c values for predicting test parameters for the larger specimens, and
obtaining data for comparisons of Kj c and Kj c results. Figure 12 shows the
various compact specimens used in this study. A series of irradiation cap-
sules will contain a total of 16 each 4TCS, 36 each 2TGS, 60 each 1TCS,
112 each Charpy-V, 32 each drop-weight, and 28 each subsize tensile specimens,
divided equally between the two materials. Sufficient numbers of unirradiated
specimens will be tested to provide baseline properties. The numbers of speci-
mens are based on consideration of statistical analysis requirements and the
constraints of the irradiation facility. Sufficient weldments are available
for fabrication of additional unirradiated specimens, if found necessary.

Fig. 12. Compact specimens used in Fifth HSST Irradiation Series. Sizes
range from 25 mm thick to 200 ram thick.

IRRADIATION CAPSULE DESIGN AND OPERATION

The Fifth HSST Irradiation Series consists of a total of 12 capsules to
be irradiated in the poolside facility of the Oak Ridge Research Reactor
(ORR). Neutron dosimetry studies in the facility were conducted In a dummy
capsule and a prototype of the 4T capsules was operated in the facility to



obtain neutron and gamma heat parameters for final experiment design. A steel
gamma shield was incorporated into the facility to allow control of specimen
temperatures. Neutron dosimeter sets are included in each capsule to verify
the exposures. An exploded view of a 4TCS capsule and contents is shown in
Fig. 13; a similar photograph of a 1TCS and small specimen capsule is shown in
Fig. 14.

Specimen temperatures during irradiation were controlled by a combina-
tion of electrical heaters and controlled sweep gas composition (helium and
nitrogen). The desired 288°C irradiation temperature at the crack, front was
maintained within 4°C for both the 2TCS and 4TCS specimens. Greater than 90%
of Charpy V-notch, tensile and 1TCS test specimens are within 10°C of 288°C.
The primary test group of eight drop-weight specimens is 288 ± 10°C, while a
second group, to be used for initial scoping studies, is 276 ± 3°C. The
neutron fluence (<1 MeV) for the first four 4TCS capsules show an average of
1.78 x 1023 neutrons/m2 (±0.13 x 1023 neutrons/m2). Ten of the required
12 capsules have been irradiated with the final two capsules to complete
irradiation in earlv December 1985.

< " • . ; < - . , • • •

Fig. 13. Exploded view of 4TCS irradiation capsule.



Fig. 14. Exploded view of 1TCS irradiation capsule.

UNIRRADIATED MATERIAL CHARACTERIZATION

The results of tensile tests for welds 72W and 73W are shown in Figs. 15
and 16, respectively. The results of Charpy V-notch tests are shown in
Figs. 17 and 18, respectively. A summary of the characterization properties
of the two welds is listed in Table 4. Note that the tensile and CVN upper-
shelf properties of welds 72W and 73W are very similar; however, weld 73W has
a lower transition temperature as measured by drop-weight or CVN tests.

The results of the scoping fracture toughness tests for 1TCS—4TCS speci-
mens for welds 72W and 73W are shown in Figs. 19 through 22. Figures 19 and
20 show the effect of temperature on Kj c for welds 72W and 73W, respectively.
Both mean values and ±1 standard deviation are shown. The scatter for all
specimen sizes increases substantially with temperature. The mean values shown
for these scoping tests represent multiple testing results (from two to six,
depending on the specific case). Figures 21 and 22 show the effect of tem-
perature on Kac for welds 72W and 73W, respectively. Note that both mean and
±1 standard deviation are shown. The scatter for all specimen sizes is
substantial. These test results will be used to choose test temperatures for
Kj c tests with each material.
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Fig. 16. Variation of yield and ultimate tensile strengths with
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- 1

- 2 9

- 2 9

136

2.121

500-3

609.0

- 1 5

- 4 0

- 4 0

135

2.084

493.3

603.6

Table 4. Summary of mechanical properties for
welds 72W and 73W

tfiid Weld
72W 73W

CVN 41-J transition temperature, "C -28 -39

CVN fracture appearsaca (50% shear)
transition temperature, °C

^rop-weight nil-ductility temperature, °C

Reference temperature, RT{j]yr» °C

CVN upper-shelf energy, J

CVN upper-shelf lateral expansion, mm

0.2% offset yield strength at 24°C, MPa

Ultimate tensile strength at 24°C, MPa

IRRADIATED MATERIAL CHARACTERIZATION

Preliminary results from Charpy V-notch tests for welds 72W and 73W are
shown in Figs. 17 and 18, respectively. The estimated fluence for these
specimens is 1.75 x 1023 neutrons/m2 (>1 MeV). For weld 72W the irradiation-
induced 41-J transition temperature shift is 65°C; and the irradiation-induced
upper-shelf drop is 23%. Tie measured shift is in the range of that estimated
before testing (86°C). For weld 73W, the radiation-induced 41-J transition
temperature is 64°C; and the radiation-induced upper-shelf drop is 28%. The
data scatter is quite high and the measured shift is not close to the estimated
shift (121°C). These data are very preliminary in the sense that the data
scatter for the unirradiated tests indicate the need for substantially greater
numbers of tests to obtain a statistically meaningful determination of the
average transition temperature shift. The completion of all unirradiated and
irradiated testing for the Fifth Series is currently scheduled for the end of
September 1986.

SUMMARY OF OBSERVATIONS FOR FIFTH SERIES

Two submerged-arc welds with different copper contents, but similar in
other compositional aspects, have been fabricated for use in investigating the
shift and shape of the Kj c curve as a consequence of neutron irradiation.
Preliminary characterization testing has shown the materials to have similar
mechanical properties and fracture behavior. The scatter of toughness
results, both CVN and KJc, however, is relatively high for both materials.
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The preliminary CVN tests with irradiated specimens have indicated transition
temperature shifts less than those predicted by the MPC method. Only prelimi-
nary results have been obtained, however, with testing of additional specimens
and statistical analyses yet to be conducted.
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