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ABSTRACT

Critical evaluations of irradiation effects datafor steels exposed in
different reactor environments depend upon fluence measurements that
reflect the neutron population and the corresponding influence of damage
mechanisms inherent to those neutron energy spectra. For the present
research investigation, theoretical models describing neutron damage in
reactors were adjusted with data on m e c h an i c al property changes of
A302-B steel irradiated at < 4500 F (232°C). As described previously,
this procedure yielded a damage function that more properly accounts
for the energy dependence of damage.

The present investigation was centered on a new comprehensive
experiment which yielded wide variations in spectra and in corresponding
measurements of neutron embrittlement. The experiment and the re-
sultant data have validated the damage function. An important new part
of the damage function analysis technique provides the percent contri-
butions of neutrons of all energy levels to the embrittlementprocess.
Values of the damage function, averaged for a typical reactor physics
spectral calculation group structure, are presented with suitable de-
scriptions of their applications to a wide variety of spectra.

One major conclusion reached in this study is that detailed as well
as accurate neutron dosimetry measurements of fast and thermalfluxes,
corrected to reactor operating temperatures, are necessary if good cor-
relations among irradiation-effects data are to be obtained. This re-
quirement applies to both experimental irradiations and irradiations at
reactor component surveillance locations. The study has shown further
that an independently derived damage function for irradiation of struc-
tural steels such as A302-B at <4500F (2320C) is realistic and can be
applied to new experimental data conformingto those conditions. The
contributions of thermal and low-energy neutronstothe embrittlement
process in low-alloy steel are shown to be of major importanceto the
interpretation of radiation-effects data.

PROBLEM STATUS

This is an interim status report. Work on this and other phases of
the problem is continuing.

AUTHORIZATION

NRL Problem M01-14
RR 007-11-41-5409

USA-ERG-11- 69
AEC-AT(49-5)-21 10

Manuscript submitted April 16, 1969.
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DAMAGE-FUNCTION ANALYSIS OF NEUTRON-ENERGY
AND SPECTRUM EFFECTS UPON THE RADIATION

EMBRITTLEMENT OF STEELS

INTRODUCTION

The deleterious changes in the mechanical properties of steels caused by the bom-
bardment of neutrons within nuclear reactors become meaningful for immediate appli-
cation or for projections of future behavior only if the damage-causing fluence of
neutrons is well defined. This task is complicated because the neutrons in a flux spec-
trum create damage by many different mechanisms,-all of which must be considered.
Because the distribution of neutrons by energy groupings may change drastically for
different reactors and reactor locations, it would appear to be impossible to determine
a single fluence parameter for best correlation of radiation-effects data. Consequently,
techniques have been developed to determine relative damaging effectiveness according
to the best available theoretical estimates of the damage process or processes (1-6).
Most of these techniques emphasize high-energy neutrons, and one study demonstrated
improved correlation by use of damaging fluence > 0.5 MeV (4). The more recent studies
of Rossin (5) and Sheely (6) suggest, however, that thermal neutron damage may be sig-
nificant, since even better correlation of neutron embrittlement in steel vs neutron
fluence was attained with the increased importance placed on these neutrons in the
respective damage models.

Because the correlation techniques developed so far have not provided for adjust-
ment of the theoretical model by experimental data, a new approach was devised for
this purpose (7). This new approach was demonstrated by using ductile-brittle transi-
tion temperature increase (ATT) data as functions of total neutron fluence, for many
irradiations at <4500 F (2320C) of ASTM A212-B and A302-B steels in widely differing
neutron environments. These data, coupled with their respective neutron spectra, were
used to derive a damage function which presented a more realistic weighting of neutron
population versus damaging potential for better correlation of experimental data. An
additional important use of the damage function was to permit the calculation of total
neutron fluence values required to produce a 2000F (1110C) ATT in A302-B steel in any
spectral environment. An advantage of this semiempirical method is that damage caused
by mechanisms other than displacement-related processes are included in the damage
function.

This report presents the results of a new, comprehensive set of experimental data
conforming to the irradiation conditions of the derived damage function (material, tem-
perature, and fluence). The results of this experiment are discussed in terms of their
establishing the validity of the damage function. Averaged values of the damage function
are tabulated for a typical reactor physics calculation energy group structure, and their
application to two different spectra is described. Finally, the damage-function fluences re-
quired to cause a 2000F (1110C) ATT in A302-B steel are presented for many different
reactor locations. For each of the spectra involved, the upper and lower energy limits
of significantly damaging neutrons are given, and some detail is also provided regarding
the contribution of subgroups within the overall energy spectrum.

NOTE: This report was the result of a cooperative program between NRL and Battelle
Memorial Institute, Pacific Northwest Laboratory, Richland, Washington.
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EXPERIMENTAL DATA

The transition temperature increase data used in this report were measured at the
30 ft-lb (5.2 kgm/cm2 ) level, for a 6-in.-thick (152 mm) plate of A302-B manganese-molyb-
denum pressure vessel steel. The chemical composition and heat treatment of this plate
of steel are shown in Table 1. The irradiations were conducted in a graphite-moderated,
water-cooled reactor, designated GMWC. Sealed capsules were contained within special
shields that permitted <2400F (1160C) water to pass over the capsules, but which altered
the reactor spectrum incident upon the capsules to yield neutron fluence ratios of 1.8,
5, and 9 to 1 thermal to fast (>0.5 MeV). Three distinct fluence levels were attained for
each set of capsules, representing all three neutron energy ratios. The TT values as
functions of fast neutron fluence for the "tailored' GMWC irradiations are depicted in
Fig. 1 and summarized in Table 2. (Included in this table for comparison are the A302-B
irradiation data used to derive the damage function (7).)

Table 1
Chemical Composition and Heat Treatment of ASTM Reference

A302-B Steel Plate 6 in. (152 mm) Thick

S Si V Al N
Sol. Total

0.231 1.35 1 0.0151 0.022 0.022 1 0.52 1 0.22 1 < 0.010 0.02 0.008

Austenitized at 16500F (8990C) for 2 hours, water quenched;
tempered at 12000F (6490C) for 6 hours, furnace cooledto
below 6000 F (3160C).

The Charpy-V curves of Fig. 1 clearly reveal three distinct levels of ATT corre-
sponding well to the fluence levels. The specimens exhibited greater-than-average
scatter, thus decreasing the overall accuracy of the final TT values. The variations
in TT at the separate levels are, nevertheless, in direct proportion to the fast neutron
fluence (>0.5 MeV) taken from Table 2 and do not appear to be caused by the differences
in thermal-to-fast (>0.5 MeV) neutron fluence ratios. These results suggest then that
thermal-to-fast (>0.5 MeV) neutron populations in the range of -9:1 for irradiations
<4500 F (2320 C) will have to be exceeded before embrittlement effects of engineering
significance can be attributed to thermal neutrons.

The GMWC data have been plotted vs total neutron fluence in Fig. 2; the derivation
of the total fluence values is described below. The fluences can be compared in this
figure with the ATT data used to derive the damage function. It is of particular interest
to observe that the three data points for each of the three GMWC thermal-to-fast ratios
align very well with the arbitrarily placed trend lines superimposed on the figure. The
trend pattern is defined as a fourfold increase in total fluence for a 1000F (560C) ATT
in A302-B steel for irradiations <4500F(2320C). Thisfactor was suggested by Rossin's
study (3) andwas subsequently used as areasonable basis for extrapolation of datato other
fluence and embrittlement levels (7). Its use is well validated by the results of the
GMWC data. Use of the straight-line trend behavior for data ATT 4000F (2220C) is
further justified because full radiation embrittlement saturation for this steel irradiated
at <4500F (2320C) has not been observed.

The measured iron-wire fluence values >1 MeV in Table 2 are based on a fission-
spectrum averaged cross section (fs ) of 68 millibarns (mb) for the 54 Fe(np) 54Mn
reaction; these values are included for reference only. Multigroup neutron spectra were
calculated at Battelle-Northwest (4,8) for each position using the diffusion theory code
"2DB" (9). Spectra for other reactor locations used in this report were calculated using
either the one-dimensional transport theory code "Program (10) or the two-dimensional
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Table 2
Summary of Transition Temperature Increase and Neutron Fluence Data

for <450°F (232°C) Irradiations of 6-in.-Thick(152 mm) ASTM A302-B Steel

Charpy-V, 30 ft-lb Measured Neutron Fluence, n/cm 2 (values 1019)
Reactor Spectrum (5.2 kgm/cm 2 ) >1-MeV >0.5-MeV Thermal Fluence Total

and Reference Transition Temp. Fission Calculated at Mean Reactor Fluence
Facility Number Increase Spectrum Spectrum TemPeratUre >10-I O MeV

OF -a f S = 68 mb fs = 82.6 mb Tmeaue >01 e

GMWC* 1.8:1 41 205 114 0.48 1.1 2.0 8.3
5:1 40 205 114 0.47 1.0 5.5 12.
9:1 39 230 128 0.57 1.3 12. 21.

1.8:1 41 265 147 0.89 2.0 3.5 15.
5:1 40 265 147 0.91 2.0 9.2 23.
9:1 39 275 153 1.1 2.3 20. 38.

1.8:1 41 310 172 2.5 5.6 9.8 41.
5:1 40 360 200 2.3 5.2 27. 59.
9:1 39 360 200 2.8 6.2 57. 101.

CVTR 10-L 1 240 133 0.78 0.80 124. 136.
HWCTR Gray Rod 22 190 106 0.73 0.84 34. 44.
BGR W-44 8 205 114 0.55 1.2 13. 24.
LITR 18 6 255 142 1 1.8 2.7 1.9 11.
LITR 28 5 220 122 1.2 1.9 2.1 7.2
LITR 53 3 258 143 1.4 2.5 2.4 11.
LITR 55 7 290 161 2.1 3.6 2.7 15.
LITR 49 4 205 114 0.75 1.5 2.3 9.7
LITR 43 21 310 172 3.1 5.0 3.3 19.
IRL 4-5/8 9 105 58 0.26 0.28 0.01 0.81
IRL 5-5/8 10 80 44 0.16 0.43 0.022 0.62
IRL 6-5/8 11 50 28 0.099 0.18 0.0085 0.51
IRL 7-5/8 12 50 28 0.059 0.13 0.0050 0.40
IRL 8-5/8 13 35 19 0.035 0.098 0.0062 0.32
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transport theory code 2DXY" (11). The calculated-measured* fluences >0.5 MeV of
Table 2 were based upon 54 Fe(n,p) measurements using an energy-dependent cross sec-
tion with a fs of 82.6 mb (12). The use of different crfs values has been discussed (13).
For the present study, the thermal fluences were first calculated as 2200 m/sec values
from activities measured from the /v detector 59Co(n,y); this was accomplished with
wires of A1-0.1% Co alloy which were exposed both bare and covered with 0.04 in. (1 mm)
of cadmium. These values were then converted to actual thermal fluences by multiplying
by 0.06592(T)'/ 2 , where T is an estimated mean reactor temperature in K at the location
of interest. The actual magnitudes of the thermal ( 0. 4 eV) and fast (> -0. 5 MeV) com-
ponents of each calculated spectrum used in the damage-function analysis procedures
were then determined by adjusting the calculated spectrum to agree with the activation
detector measurements. The total fluences were then easily derived from the adjusted
calculated spectra; the calculated-measured flux >0.5 MeV was divided by the percent
flux > 0.5 MeV. These total fluences will be referred to as measured values in this
report.

DATA CORRELATION BY DAMAGE FUNCTION

It can be seen from the ratio of thermal to fast (>0.5 MeV) fluences, Table 2, and
from Fig. 2 that the embrittlement in A302-B steel has a neutron energy dependence.
From such evidence, it is becoming clear that data obtained from diverse spectral
environments can never be completely correlated in a simple plot of ATT versus neutron
fluence for neutrons greater than any energy. However, for those systems in which 90
percent of the damaging neutrons are predominantly those above a few keV, good correla-
tion can be expected on a plot of ATT versus neutron fluence for neutrons greater than a
specific energy such as 0.5 or 0.1 MeV (see Refs. 4 and 14). To achieve better correlations,
it is necessary to plot the ATT data vs another parameter which reflects those mechanisms
other than displacementst in order to describe the spectral dependency of change (see
Refs. 1 through 6). It should be recognized that within the displacement parameter concepts
referenced, the measured property changes are not simply plotted vs fluences but vs cal-
culated property changes in the form of displacements. An additional improvement in
correlation can be made by use of a damage model that incorporates displacement effects
as a starting point and includes provisions to integrate the effects of any other damage or
"annealing" (correction) mechanisms. This improved correlation technique still does not
permit the direct plotting of measured property changes vs fluences either, but it does
allow the comparison of measured vs calculated total fluences for a given amount of
neutron embrittlement.

The absolute damage function used to calculate the total fluence required to cause a
200°F (111°C) ATT inA302-B steel for irradiations at temperatures <450°F (232°C) is
presented graphically in Fig. 3 (7). A modified version of the SAND-Il code (15) was
used to obtain the damage function solution G(E) for a set of integral equations of the form

Sj = ffG(E)sj(E,t)dEdt, (1)

where Sj is a measured integral property change such as ATT for a specified material,
irradiated for a time t, in the jth neutron environment (at constant temperature T), and

j (E,t) is the corresponding jth neutron differential spectrum.

*Multigroup spectra results were adjusted in magnitude by the activation detector
measurements.

tDisplacements are generally thought to be associated with high-energy neutron effects.
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Fig. 3 - Absolute G(E) damage-function solution for
a 2000 F(111C) transition temperature increase in
A302-B steel for irradiations <4500F (2320 C)

The derived damage function is used with multigroup reactor physics calculations to
obtain the fluence (and appropriate energy limits of damaging neutrons) required to cause
the property change at the irradiation location of interest. Equation (1) is rewritten:

m
S = (t Gi(Di, (2)

i=1where
m (3)

i=1

(Di is the normalized integral flux within the ith group,
(Dt is the fluence required to cause the 200'F (1110 C) ATT,
S is the property change specified in the derivation of G(E), the damage function,
and
Gi is the corresponding group-averaged G(E) value.

To use the G(E) function would then require knowledge of the neutron spectrum of
the reactor location of interest. Group-averaged values of this (or any) spectrum would
be multiplied by group-averaged values of the damage function and Eq. (3) would be
solved for (Dt according to

(Dt = _ Gipi; (4)

the approximate energy limits of damaging neutrons could be inferred by a consideration
of each group contribution, GD /SDt, to the total property change. The fluence obtained
would be thatrequiredto cause a change of S, inthis case a2000F (1110C) ATT inA302-B
steel, inthe spectrum of interest. Fluencesfor ATT values other than 200'F can also be
calculated (Ref. 7). It was found that a single set of group-averaged values of the dam-
age function (Fig. 3) could be used without introducing more than about a 5-percent var-
iation in the calculated values of fluences for many reactor spectra.

In the development of the'damage function of Fig. 3, it was recognized that the re-
actor environments were not sufficiently different to provide a reliable solution for

6
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the damage model in the intermediate energy region between _10-7 and -2 x 10-2 MeV.
In this region, therefore, the function is essentially a repetition of the assumed input
model. For this reason, no attempt was made in this study either to generate or to use
detailed structure in this region. Furthermore, for the thermal energy region, the mag-
nitude of the derived damage function for A302-B steel may be too low.

The approximating procedure used in the GMWC experiment (and previously (7)) for
defining the magnitudes of thermal, intermediate, and fast components of the neutron
spectrum was studied. This approximating procedure has been compared with a more
exact procedure based on the SAND-II, multiple-foil activation method (15). This com-
parison revealed that the approximating procedure may have yielded high thermal fluence
results. This implies that the derived damage function may be too low in the thermal
energy region. Future reevaluations of these data may reveal, therefore, that the dam-
age from thermal neutrons may be greater than that suggested by the present results.

The foregoing discussion of the limitations of the damage-function analysis technique
in no way detracts from the fact that it provides the very best means presently available
for correlating radiation effects data from different reactor irradiations. Furthermore,
it provides a strong analytical tool for improving the definition of the damaging function
of a given spectrum of neutrons. Finally, it provides the only means for satisfactory
evaluation of the damaging potential of a neutron spectrum in the absence of measured
mechanical property data representative of that spectrum.

ANALYSIS BY DAMAGE FUNCTION

Application of Eq. (4) and group-averaged values, Gi, of the damage function will
now be considered in Table 3 using the group integral flux values for two very different
reactor irradiation locations. These group-averaged damage-function values are based
upon the <450'F irradiation behavior of a 6-in. -thick plate of A302-B steel that has been
made available to many laboratories in different countries (16). Therefore, these G1
values could also be used for the analysis of data obtained by other laboratories for
irradiations of this steel under the same temperature conditions. Total fluences, using
temperature-corrected thermal values, would also have to be used.

In Table 3, the left column under both spectral listings gives the group fluxes as
normalized to one neutron, and the middle column is the product of the group flux and
the group-averaged damage function. The summation of these products for both spectra
are then divided into 2000F to yield the total fluence for a 2000F ATT in A302-B steel
for irradiations <450'F. The right column under each listing shows the thermal (<4.14 x
10-7 MeV), intermediate (4.14 x 10-7 MeV <E <0.183 MeV), and fast (>0.183 MeV)
energy region subtotals for this summation and the corresponding percent contribution
to the total damage for these three larger groups. (Note that the total fluences in Table 3
are used to plot the abscissas of the respective data points appearing for these spectra
in Fig. 4.)

The GMWC spectrum for the 9:1 thermal-to-fast (>0.5 MeV) ratio was included in
Table 3 because it represents the highest such ratio that does not appear to result in
more embrittlement than could have been expected for the fast (>0.5 MeV) fluence. It
should be clear that the thermal population, even though it be almost an order of magnitude
greater than the fast, nevertheless contributes only about 6 percent to the embrittlement.
This amount of damage contribution could not be discerned except under the most favor-
able testing conditions. It is pointed out that the Charpy-V specimen evaluations of the
GMWC irradiations revealed more data scatter than may be reasonably expected for this
type of steel, and, more specifically, this plate of A302-B steel. On the other hand, three
separate data points were developed for each of the fluence ratios in the experiment, and
the same behavior pattern of no exceptional embrittlement was observed for every

7
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fluence and fluence ratio condition. When the techniques employed in this paper for
evaluating and reporting all the fluence values are used, then a thermal-to-fast neutron
ratio in the range of 9:1, as displayed by the GMWC data, does not appear to contribute
increased embrittlement in A302-B steel for irradiations <450'F.

The spectrum from the heavy-water-moderated CVTR (Carolinas-Virginia Tube
Reactor) was selected for Table 3 because it demonstrates exceptionally high thermal-to-
fast ( > 0.5 MeV) fluences. A ratio of 154:1 was measured at the irradiation location.
The result of the irradiation was evidence of more embrittlement than would have been
expected on the basis of the fast neutron fluence alone. Inspection of the damage percent
contributions by energy ranges clearly reveals that thermal and intermediate energy
range neutrons are responsible for over half of the embrittlement. The damage contri-
bution percentages of Table 3 provide a means for understanding the increased embrittle-
ment of the CVTR data, relative to that from a GMWC irradiation, which could not be
gained simply from the embrittlement-vs fluence values alone.

The critical question of this investigation was to determine whether the damage func-
tion is applicable to the GMWC data. The means employed to effect this comparison was
to determine from Fig. 2 the measured total fluences to cause a 2000F ATT in A302-B
steel for all three GMWC spectra and plot them vs total fluence values determined by the
damage-function-calculated process shown in Table 4. The measured and damage-function-
calculated total fluences are compared in Fig. 4. Perfect correlation is achieved when
all points fall on the solid line; that is, the damage function can be used to calculate total
fluences that agree exactly with measured fluence values for any reactor environment.
The average value of ratios of measured to calculated fluences, Fig. 4, have a 15.2-percent
standard deviation about a line representing perfect correlation. It can be seen that the
GMWC data points (spectra 39, 40, and 41) compare favorably with that amount of devia-
tion. This indicates that the damage function, considering the limitations previously

9
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indicated, is applicable to the GMWC spectral shapes for the characteristic embrittle-
ment created within them and for the temperature-material conditions.

DISCUSSION

If the damage-function analysis technique is to be useful, it should permit the pro-
jection of the fluence required in a new spectrum to create a given amount of radiation
damage and the percent contributions of neutrons in different energy regions. These
damage functions should also permit the prediction of the amount of damage for a stated
amount of fluence, provided these are within the validated limits (materials, temperature,
and fluence) of the damage function. Using the damage function of Fig. 3, a large number
of different neutron spectra were analyzed by computer to determine the total fluence
required to produce a 2000F ATT in A302-B steel if it could be irradiated at <4500F in
the facility. The results of this analysis are presented in Table 4.

The energy limits corresponding to the neutrons responsible for causing 90 percent
of the radiation embrittlement are tabulated and presented graphically in the table. The
total fluence is presented as well as the percent contribution to damage by neutron energy
regions. If correlations sufficiently accurate for engineering applications are to be
achieved for reactor environments as diverse as shown here, it should be clear that
accounting for neutrons of energies greater than 1 MeV or even 0.5 MeV will not be ade-
quate. Further consideration of the graphical portion of Table 4, however, reveals that
a threshold of about 0.1 MeV could be used with a reasonable degree of effectiveness for
correlations between many reactor environments. The danger inherent in universal
employment of the >1 MeV" concept for data correlation among diverse reactor enviro -
ments, however, is demonstrated by the energy response range of the EBR-II 77.1 cir
from center" data. This location is in the blanket of the Experimental Breeder React Il
the upper limit for 90-percent damaging neutrons is 1.2 MeV based uponthe damage functi o;f
Fig. 3. To account for n/cm 2 > 1 MeV for this reactor location would be to ignore m A
than 90 percent of the neutrons effective in causing radiation damage by mechanisms
effective in causing <450'F embrittlement in low-alloy steels.

Other data are included in Table 4 for interest, although the application of the iF
damage function is hypothetical. This is because the operating temperatures of these
reactors are in excess of 450F and thus permit simultaneous irradiation and annealing.
The Yankee and Big Rock Point (BRP) relate to pressurized and boiling-water power
reactors, respectively. The PM-2A and SM-1A are relatively compact, light-water
reactors used by the U.S. Army for electrical power production at remote locations.
The OMRE is the now-decommissioned Organic Moderated Reactor Experiment, and the
CP-5 is a heavy-water-moderated and -cooled test reactor. In every case in which a
large percentage of the damage is attributed to thermal neutrons, a relatively high ratio
of thermal to fast neutrons exists.

As noted previously, increased radiation damage apparently can be caused by high
populations of thermal neutrons relative to fast (>0.5 MeV) when the ratio exceeds the
range of -9:1, i.e., the GMWC data did not appear to show increased damage, but the
11.2:1 ratio of the BGR did appear to do so (14). On the other hand, the pressure-vessel
wall locations of light-water power reactors operating at temperatures >4500F appear to
have ratios less than 9:1 but, nevertheless, seem to the associated with increased
radiation embrittlement (13,17). At present, no satisfactory explanation is known for
this apparent anomaly. At elevated temperatures, however, there may be a significant
reduction in displacement-related damage due to annealing effects. Accordingly, it may
be postulated for elevated temperature tests that nondisplacement, low-energy neutron
damage would provide a larger relative contribution to the total damage. This then
suggests a possible explanation of the apparent power reactor embrittlement anomaly.

11
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The integral effect of all the damage mechanisms occurring in the embrittlement of
low-alloy steel at irradiations <4500F is exhibited by the differences in total fluences
shown in Table 4. The exceptionally wide range of total fluences suggests that it may
indeed be impossible to ever formulate a correlation technique based on an approach
wherein the neutrons of energies greater than some threshold such as 1 MeV are simply
totaled by numbers with no accounting for their differing damage potential. This type of

correlation would depict a single-trend, line behavior of increasing radiation damage for
increasing total neutron fluence values regardless of the reactor environment. This type
of trend behavior can only be used for carefully selected reactors wherein the spectral
characteristics are quite similar. For reactors of significantly diverse spectral charac-
teristics, such as in-core locations of light-water test reactors and vessel wall locations
of light-water power reactors, it cannot be used.

SUMMARY AND CONCLUSIONS

This study has demonstrated the applicability of a damage function to the neutron
embrittlement and related total fluence of three different neutron spectra. This damage
function was developed to calculate the total fluence required in a given spectrum to

cause a 2000F transition temperature increase at the Charpy-V, 30 ft-lb level in A302-B
steel for irradiations at <450'F. The three GMWC spectra used to test the damage
function were within the extremes of ratios of thermal to fast (>0.5 MeV) neutrons used
for the function development but are, nevertheless, significant because they cover the

most reasonable range of neutrons in many test and power reactors. The good agreement
between damage-function-calculated fluences and the measured fluences from the new
experimental data establishes the damage-function technique as being valid for its intended
purpose.

Group-averaged values for the damage function in terms of a typical reactor physics
spectral calculation group structure are presented for use in analyzing <4500F irradia-
tion data for an ASTM A302-B steel plate, and the techniques are presented and described.
Several cautions are noted, however, regarding the immediate use of the damage function.
Most importantly, the total fluence must be used. For this study, foil measurements of
iron, for fast neutron determinations, and bare plus cadmium-covered cobalt foils were
used to define the thermal fluence. The thermal fluence was further adjusted for the
mean reactor operating temperature. These foil measurements were then used to adjust
the magnitude of the detailed reactor physics spectral calculations of the irradiation
locations. On completion of the analysis discussed in this report, the neutron spectra
for the GMWC experiments presented were reevaluated with the SAND-II code and the
saturated activities of the iron and cobalt foils. The results strongly suggest that the
thermal flux components may have been significantly overestimated. If this is the case,
then the 9:1 ratio of thermal to fast (>0.5 MeV) neutrons would not be a realistic upper
limit for the absence of neutron embrittlement in excess of what could be expected from
just the fast neutron fluence alone. The more accurate ratio would be a lower value.

The application of the damage function to neutron spectra from which there are no
corroborating mechanical property measurements was also presented. Certain of these
cases were hypothetical because it would have been difficult to effect irradiations at
<4500F in reactors whose operating temperatures were 1000F (560C) above this level.
These results dramatically revealed the need to account for all neutrons in many, if not
most, reactor locations considered, if good correlations or predictions of data are to be
made. This analysis also provided a fluence for a 2000F ATT in A302-B steel in these
reactors, thereby providing a means to utilize the comparison of measured and calcu-
lated fluence values of Fig. 4. This comparison graphically displays the damaging poten-
tial of the spectrum in relation to other spectra. The potential of such comparisons is
considerable if one considers that designers planning new reactors can simply test the
spectrum calculated for their new reactor with the damage function and immediately
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know if the type of radiation damage they desire (for a test reactor) or do not desire
(for a power reactor) will be present. If the damage function results suggest undesirable
neutron embrittlement conditions, then changes can be made at the design stage, a new
spectrum calculated for the modified reactor configuration, and the embrittlement condi-
tions reevaluated with the damage function. The process can be repeated if necessary
until the desired reactor conditions are achieved. Thus, it need not be necessary to
construct a reactor before a realistic assessment of its potential for radiation damage
can be made.

A final conclusion of this study is that detailed and accurate neutron dosimetry
measurements are necessary if good correlations of irradiation effects data are to be
obtained. It should be clear that good detail in spectral calculations and foil measure-
ments is required for both low- and high-energy neutrons. The use of iron and cobalt
foils without a spectral calculation will be inadequate. If a good spectral calculation is
available, however, then iron and cobalt foils can be successfully used to define the mag-
nitude of the spectral shape. If such a calculation is not available, then a suitable energy
spectrum may be derived from the analysis of a number of different flux-detector foils
with overlapping energy-response ranges. Experimenters and designers of pressure-
vessel surveillance programs should be sure to provide for the exposure of both high-
and low-energy neutron foils, such as iron and both bare and cadmium-covered cobalt
foils, within irradiation experiments and at structural component surveillance locations.
The availability of these data will be of significant value to the subsequent analysis of
the data and will permit far more accurate assessments of the present component condi-
tion as well as permit better predictions of future conditions.
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