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ABSTRACT

This is an account of the investigations made at Oak Ridre Natiomal
Laboratory (ORNL)into reasons for the accelerated embrittlement of
surveillance specimens of ferritic steels irradiated at 50°C at the
High Flux Isotope Reactor (HFIR) pressure vessel. The major
suspects for the precocious embrittlement were a highly thermalized
neutron spectrum, a low displacement rate, and the impurities boron
and copper. None of these were found guilty. A dosimetry
measurement shows that the spectrum at a major surveillance site is
not thermalized. A new model of matrix hardening due to point
defect clusters indicates little effect of displacement rate at low
irradiation temperature. Boron levels are measured at 1 wt ppm or
less, which is inadequate for embrittlement. Copper at 0.3 wt % and
nickel at 0.7 wt % are shown to promote radiation strengthening in
iron binary alloys irradiated at 50 to 60°C, but no dependence on
copper and nickel was found in steels with 0.05 to 0.22% Cu and 0.07
to 3.3% Ni. It is argued that copper impurity is not responsible
for the accelerated embrittlement of the HFIR surveillance
specimens. The dosimetry experiment has revealed the possibility
that the fast fluence for the surveillance specimens may be
underestimated because the stainless steel monitors in the
surveillance packages do not record an unexpected component of
neutrons in the spectrum at energies just below their measurement
thresholds of 2 to 3 MeV.
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1. INTRODUCTION

Radiation-induced embrittlement of ferritic steels is believed to be due to the
development of small clusters of point defects and impurity atoms that impede the
movement of slip dislocations and result in hardening and loss of ductility.
Most studies of embrittlement of reactor pressure vessel (RPV) steels are
centered on irradiations at 288°C, the vessel operating temperature for many
light-water power reactors. Embrittlement at lower temperatures below about
100°C is of interest to some special purpose RPVs and to commercial reactor
vessel support structures. The High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory (ORNL) is a special purpose reactor with a vessel of A212
grade B ferritic steel that operates at a temperature of 50°C. Nozzles and other
components of the vessel are made from A350 and Al105 steels, the compositions of
which are given in Table 1.

In 1986, tests of HFIR pressure vessel surveillance specimens revealed that
embrittlement was accruing at a rate five to ten times faster than was predicted
from test reactor embrittlement data (1,2). Figure 1, from ref. 2, succinctly
depicts this effect. It was demonstrated from hardness measurements,
fractography, and annealing response that the embrittlement was not a new form
of embrittlement. Furthermore, archive material of the HFIR A212B steel
irradiated in a test reactor, the Oak Ridge Research Reactor (ORR), did not show
accelerated embrittlement. From these preliminary observations, it was concluded
that acceleration of embrittlement must be rooted in differences in exposure
conditions for the test reactor data and the HFIR surveillance data. Inquiries
into the causes of the accelerated embrittlement were initiated by the U.S.
Nuclear Regulatory Commission (NRC) and the Division of Materials Sciences of the
Office of Basic Energy Sciences of the U.S. Department of Energy in conjunction
with investigations by the International Group on Radiation Damage Mechanisms in
Pressure Vessel Steels (IG-RDM) and the University of California at Santa Barbara
(UCSB) . Attention was focussed on the possible effects of a soft neutron
spectrum, a very low atomic displacement rate (low neutron flux), and impurities,
notably copper and boron. This paper describes our progress in these areas.

2. SUSPECTED MECHANISMS OF ACCELERATED EMBRITTLEMENT

Our prime suspects were a soft neutron spectrum and low displacement rate because
they are the major differences in operating conditions producing the HFIR
embrittlement data and the test reactor data in Fig. 1. Test reactor data are
gathered from short exposures in, or close to, reactor cores where the fast
neutron fluxes are high, about 107 n-m™2.s"!, and the spectra are hard. The
ratio of thermal (E < 0.4 eV)-to-fast (E > 1 MeV) neutron flux is of order unity.
In contrast, neutrons that reach the HFIR RPV surveillance sites, keys 1
through 7 (which are located within 20 mm of the vessel as shown in Fig. 2), are
expected to be considerably modified by their passage through 0.3-m thickness of
beryllium reflector and 0.6 m of water and/or various beam tubes. 1Initial
calculations of flux and spectrum for one of the surveillance sites yielded a

fast flux of about 10'2 n-m™%-s™! and a thermal-to-fast flux ratio in the range
of 30 to 70.
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Although both spectrum and damage rate have long been considered possible
influential factors in radiation embrittlement, they have been viewed as minor
contributors. Most of the blame is attributed to the fast neutron fluence that
produces most of the point defects. Embrittlement is usually correlated with
fast neutron fluence or with atomic displacements per atom (dpa). An effect of
neutron spectrum is accommodated by including atomic displacements from thermal
and epithermal neutrons, thereby increasing the total dpa. 1In this view, it is
implicit that the total dpa is the controlling factor in embrittlement. In
reality, the majority of point defects are annihilated by recombination within
displacement cascades and in the matrix, and by absorption at sinks such as
clusters, dislocations, precipitates, and grain boundaries. Embrittlement is
determined by the relatively few point defects that survive and either form point
defect clusters or contribute to the development of other hardening centers such
as precipitates. Point defect clusters arise by condensation of like defects in
displacement cascades and by agglomeration in the matrix of freely migrating
point defects that have escaped from cascades. Therefore, embrittlement will
correlate with dpa only if the fraction of point defects surviving in clusters
scales with dpa. This fraction may vary with different reactor environments,
raising doubts about the validity of making embrittlement correlations from
different reactors on the basis of dpa or fast fluence. If one of the
irradiation parameters alters the fraction of surviving point-defects without
affecting the total dpa, it will change the relationship between embrittlement
and dpa. A reduction in the overall rate of recombination will make a larger
fraction of point defects per displacement available to participate in
embrittlement and should cause more embrittlement at a given fast fluence or
should induce embrittlement earlier in fast fluence. As we shall see, there are
ways whereby a softened neutron spectrum or a very low displacement rate might
reduce the fraction of point defects that recombines.

Impurities were also suspect. Copper and phosphorus have been identified as
embrittling agents in RPV steels irradiated at 288°C, and one report (3)
concludes that radiation-assisted copper precipitation might be the cause of the
accelerated embrittlement of the HFIR RPV despite the low irradiation temperature
of only 50°C. So, copper impurity is on our agenda. Boron impurity is targeted
because of the well-known (n,a) reaction of the 9B 1isotope with thermal
neutrons. The products of this reaction, and the atomic displacements caused by
their recoils, might encourage embrittlement.

2.1 SPECTRAL EFFECT

The reasoning behind a spectral effect is given in detail in ref. 4. Briefly,
it is based on the degree of point defect recombination in displacement cascades.
It recognizes that the number of point defects per unit volume is much lower in
small, low-energy cascades than in large, high-energy cascades. Therefore, the
smaller cascades will lose lower fractions of their point defects by in-cascade
recombination. Doran et al. (5) and Wiedersich (6) have estimated the fraction
of point defects avoiding in-cascade recombination as a function of the energy
of the primary knock-on atom (pka). 1In a typical neutron irradiation, there is
a wide spectrum of neutron energies and a resulting wide spectrum of pka



energies. Expectations of the effects of in-cascade recombination on point
defect availability in iron using the Doran and Wiedersich (D and W) formulations
are displayed in Fig. 3.

These curves are more schematic than absolute, but they fairly depict the status
of current reasoning in this area. In the upper box is shown the dependence of
point defect survival on atomic recoil energy. The recoil energies correspond
to the neutron energy range spanned by the American Society for Testing and
Materials (ASTM) point defect production curve in the lower box. The ASTM curves
represent the total number of atomic displacements, whereas the D and W curves
account for in-cascade recombination. In the D and W cases, a survivability of
100% is attained only for a very narrow range of recoil energies around 70 eV,
corresponding to epithermal neutrons with energies of about 1 keV. Point defects
produced by fast neutrons with energies >1 MeV have a survivability less than
10%. Thermal neutrons, which have insufficient energy to create atomic
displacements by elastic collisions with atomic nuclei, cause displacements via
gamma recoils following neutron capture. The energy of the recoil is about
400 eV, and the survivability of defects from such low-energy cascades is about
50%, which is about 5 times that for fast neutrons. In terms of point defects
available to cause radiation effects, in-cascade recombination will reduce the
effective defect survival cross section as illustrated in the lower box. The
availability curves represent primarily the freely migrating point defects. The
total defects, 1including those 1in clusters, also displays an inverse
survivability with pka energy. Experimental studies (7) of point defect
availability in nickel irradiated with various ions at room temperature and
measured by Rutherford backscattering spectroscopy and positron annihilation
spectroscopy, which should record both clusters and free defects, favor the Doran
curve. Research into availabilities of point defects under cascade damage

conditions is undergoing a flurry of activity, which has prompted a very recent
review paper (8).

The mean displacement cross section for thermal neutrons is about one hundredth
of that for >1 MeV neutrons. This means that in the hard spectrum of a test
reactor, the higher availability factor for thermal neutrons will have little or
no impact on the total available point defects, which will be dominated by the
fast neutrons. The situation will be quite different in a strongly thermalized
spectrum where the thermal-to-fast flux ratio is greater than about 20. The
majority of the available point defects will then be produced by the thermal
neutrons. If mechanical test data from a strongly thermalized spectrum are
compared with those from test reactors on a scale of total dpa or fast fluence,
as in Fig. 1, the thermal reactor data will appear to be accelerated. When
compared on the basis of thermal neutron fluence, there should be no

acceleration. The HFIR RPV surveillance data appeared to comply with that
prediction (4).

That was our original explanation for the precocious embrittlement of the
HFIR RPV. There is a dearth of experimental data to support this view.
Comparisons (9,10) of embrittlement in hard and soft spectra at irradiation
temperatures above 100°C have shown only small effects of thermal neutrons. An
experiment (11) made in the very soft spectrum of a heavy water reactor at 60°C,
in which some of the specimens were shielded with cadmium to block the thermal
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neutrons, showed a very strong effect of thermal neutrons. To confirm our
hypothesis regarding thermal neutron effectiveness, we are exposing tensile
specimens, with and without cadmium shields, to a strongly thermalized neutron
spectrum at 60°C to quantify the effects of thermal neutrons on embrittlement.
These experiments were begun in 1989 and encountered immediate difficulties with
prolonged reactor outages in the High Flux Beam Reactor (HFBR) at Brookhaven
National Laboratory and in the National Research Universal (NRU) facility at
Chalk River Nuclear Laboratories. These reactors are now back in full service,
and we expect our first results from them in early 1993.

We believe that the spectral effect hypothesis is founded on solid physical
principles and should weather experimental scrutiny. However, whether the
spectral effect is applicable to the HFIR pressure vessel is now in question in
the face of some new data on the neutron spectrum at one of the HFIR RPV
surveillance sites, the key 7 site from which much of the surveillance data was
obtained. We have recently learned that in the early calculations of the
spectrum at the key 7 site, which were aimed primarily at the fast neutron flux,
the cross sections were not suitably tailored for thermal neutrons and gave
erroneous values of thermal flux. The magnitude of the error was not realized
until recently when new, more sophisticated neutron transport computations were
made . The new calculations (12) indicate that whereas some of the HFIR RPV
surveillance locations are strongly thermalized, the thermal flux at the key 7
site is only about one-tenth of the original estimate. Thermal neutron fluxes
have never been measured at the reactor vessel. The surveillance specimens carry
a fast flux monitor but nothing for thermal neutrons. To settle the discrepancy
in the computed thermal flux and to provide an experimental benchmark for the
neutron transport calculations, the first comprehensive dosimetry experiment at
the vessel was instituted in the key 7, slot 5 position in February 1992. A
detailed report of this experiment is in preparation”. Five thermal flux
monitors were exposed. Three of them, Au, Ag, and Co, were activation monitors,
and two, Al-Li and Al-B, were helium accumulation fluence monitors (HAFMs). The
flux values for the activation monitors ranged from 2.3 to 2.7 x 10*? n.m2.57%,

The values from the HAFMs were 2.26 x 10'2 n-m™2.s™! for the Al-Li and 2.3 x 102
n-m?2.s"! for the Al-B. The overall average value of thermal flux is 2.4 x 10%?

n-m?-s™!, which is about two-thirds of the newly calculated thermal flux of
3.7 x 102 n.m2-s"! for the key 7, slot 5 surveillance position. The fast flux
measured from a nickel monitor was 1.5 x 102 n-m2.-s"!., Thus, the measured

thermal-to-fast flux ratio at key 7, slot 5 is a little less than two, which is
inadequate to support our model of thermal neutron acceleration of embrittlement
for the HFIR surveillance data. We concede that the seemingly good correlation
of embrittlement with thermal fluence in ref. 4 may be fortuitous.

* K. Farrell, F. B. Kam, C. A. Baldwin, J. V. Pace IIl, F. W. Stallman, L. Robinson, F. F. Dyer,
F. M. Haggag, and B M. Oliver, The D0S 1 Neutron Dosimetry Expemment at_the HB-4-A key 7 Survelllance Site
on the HFIR Pressure Vessel, Oak Ridge Natl. Lab. (report in preparation).




2.2 DISPLACEMENT RATE EFFECT

The atomic displacement rate for the HFIR surveillance specimens is about five
orders of magnitude lower than the rates for the test reactor materials.
Displacement rate can affect the point defects available for embrittlement by
altering the bulk recombination rate. The instantaneous bulk concentrations of
point defects are lower at lower displacement rates. The bulk recombination rate
is proportional to the product of the vacancy and interstitial concentratiomns.
Hence, at low displacement rates, a smaller fraction of the point defects in the
matrix is lost to recombination, and more embrittlement might ensue. A
countervailing process is that the longer time periods associated with low
displacement rates will allow more annealing of defect clusters, possibly leading
to less embrittlement at a given fluence. Analyses of data trends to test these
views are confusing.

Early tests (9,13,14) for an influence of flux or damage rate indicated no
offects for fluxes in the range 10 to 10¥ n-m™2-s™! and irradiation temperatures
of 95 to 350°C in test reactors. Another test (15) on a weld material irradiated
at 180 to 190°C revealed a large increase in fracture toughness transition
temperature when the flux was changed from 2.5 x 107 n-m?-st to
4 x 1012 n.m 2-s !, Data from reactor surveillance programs (16) at 288°C and
fluxes in the range 3.4 x 10 to 1.4 x 10% n-m2 s ! show less embrittlement than
that predicted by Regulatory Guide 1.99 trend curves based on data from test
reactors. A 1986 survey and analysis (17) of pressured water reactor (PWR) and
boiling water reactor (BWR) embrittlement trend data concluded that discerning
of flux effects was confounded by simultaneous influences of spectrum,
temperature, composition, and microstructure. Model predictions (18) indicate
reduced embrittlement at lower fluxes and little or no dependence on flux at high
fluxes for irradiation temperatures in the range 240 to 288°C. The model assumes
that steady state conditions prevail for the point defects, which is reasonable
since vacancies are expected to be mobile at 240°C in iron. However, at
irradiation temperatures below 100°C, pertinent to the present study, the
vacancies are relatively immobile, and steady state conditions may not be reached
for tens of years (19). During this point defect buildup transient, the
interstitial point defect concentration is much greater than its steady state
value and would enhance the formation of interstitial clusters. Since the HFIR
RPV and commercial reactor support structures may spend their lifetimes in the

point defect transient regime, we must analyze the effects of displacement rate
in this transient regime.

We are addressing this question on two fronts, one experimental and the other
theoretical. In the experiments, we are measuring radiation strengthening versus
fast fluence in tensile specimens of four RPV steels and some simple model alloys
irradiated at 50 to 60°C at fluxes in the range 2 X 101 to 5 x 10 n.m2-s7t.
The highest flux data, which are easily obtained from exposures in the hydraulic
tube of the HFIR target region, are already procured. Specimens at a flux of
4 x 10 n-m2.s"! are presently being irradiated alongside the core of the HFBR.
Lower fluxes of ~2 x 10!, 2 x 10!, and 2 X 10 n-m2-s”! are being attained in
poolside positions in the Ford Reactor at the University of Michigan in an
extensive embrittlement investigation designed by G. E. Lucas and G. R. Odette



at UCSB. The Ford experiments commenced in mid October 1992 and will be exposed
for periods up to 13 months,

In the meantime, the initial phases of the modeling study have just been
completed (19,20). The model uses the reaction rate theory to investigate the
time (dose) dependence of the point defect concentrations and the formation of
point defect clusters. The assumption is that these clusters, which are of both
interstitial and vacancy type, comprise what has been called the "matrix defect”
that contributes to radiation-induced embrittlement. At present, the model does
not attempt to simulate the contribution of the other embrittling defects, such
as precipitates. The point defect clusters may form either directly within the
displacement cascades, or by diffusional agglomeration of freely migrating point
defects. The fractions of the point defects that are lost to matrix
recombination, absorption by pre-existing sinks, and absorption by clusters are
monitored to determine the influence of the various experimental variables. The
hardening increment attributed to the point defect clusters is calculated using
a standard model of matrix strengthening due to the clusters acting as obstacles
to dislocation movement (20). These calculations show that the details of matrix
recombination are very sensitive to temperature, initial sink strength, cluster
sink strength, and dose level.

The effect of displacement rate on bulk, or matrix, recombination is different
in the steady state and transient regimes, i.e., for light-water reactor (LWR)-
type irradiation temperatures and HFIR-type irradiation temperatures (20). The
displacement rate dependence of the matrix recombination fraction for ferritic
steel is illustrated in Fig. 4. The fraction of interstititial point defects
avoiding matrix recombination and, therefore, potentially available to form
clusters during irradiation at 60° and 285°C to a dose of 107! dpa
(~7 % 10%® n-m 2, >1 MeV) is shown. At 285°C, few point defects are lost to
matrix recombination at any displacement rate primarily because the higher
diffusion rates encourage absorption at clusters and preexisting sinks. For the
lower irradiation temperature, more point defects avoid matrix recombination at
the low displacement rates typical of reactor vessel rates. Actually, there is
an inverse dependence of available point defects at both temperatures, but the
effect at 60°C is exaggerated because at low temperature there are greater
concentrations of free point defects and, therefore, a higher fraction of bulk
recombination. Note, however, that even at the lowest displacement rate, the
fraction of defects avoiding bulk recombination is only a factor of two larger
than at the higher rates.

The calculated increase in the yield streugth due to the point defect cluster
population is shown in Fig. 5. While the absolute values of strengthening in
Fig. 5 are model-dependent, the relative values should be sound. It is evident
that for irradiation at 60°C, there is no significant effect of displacement
rate. The reason for this is that the density of clusters is very high, which
causes more recombination at the clusters. At 285°C, strengthening is less than
at 60°C because of the lower cluster density; it decreases with decreasing
displacement rate because of thermal instability (annealing) of the clusters.

These calculations provide the most sophisticated treatment of displacement rate
effects on point defect clustering. They suggest that effects of displacement
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rate on radiation strengthening (and embrittlement) are likely to be weak, not
of the order required to account for the accelerated HFIR surveillance data
embrittlement. The experimental data we are collecting will be a valuable test
of this prediction. Measurements (21) on A212B and A302B steels irradiated at
90°C appear to support it. More pertinently, very recent data for A212B from the
neutron shield tank of the decommissioned Shippingport reactor irradiated at a
flux of 2 x 10¥® n.m2.s7! at 55°C show no evidence of accelerated
embrittlement (22).

2.3 BORON EFFECT

It is known that the presence of boron impurity induces an increase in the degree
of radiation embrittlement of ferritic steels (23,24). The increased
embrittlement is traceable to the !°B isotope (23) and is attributed (23) to the
extra atomic displacements caused by the recoiling daughter products from the
0B(n,»)’Li reaction with thermal neutrons. Actually, the atomic displacements
caused by the recoiling helium and lithium atoms might be more effective than
earlier supposed because they should have high availabilities, since their point
defects are produced in low-energy cascades, as discussed in ref. 4. OQur concern
was that under the thermalized spectrum that was then believed to exist at the
HFIR surveillance sites, there may have been sufficient He and Li recoil
displacements with high availabilities to hasten embrittlement. Our calculations
indicated that if the boron content was significantly more than 6 wppm, the (n,a)
reactions could be a major contributor to atomic displacements at low doses.
Chemical analyses of the RPV steels gave boron contents of <5 wppm. Since these
boron levels represent the detection limits of the analysis technique, we felt
that more sensitive analyses were required. Therefore, we have taken advantage
of an opportunity to obtain more specific boron analyses.

The opportunity was presented by an NRC initiative with Rockwell International
Corporation to determine boron levels in RPV steels by irradiating them in a
thermal neutron flux and measuring their helium contents before and after the
irradiation. The cross section for the !°B(n,a)’Li reaction is so large that
even at low concentrations of boron, helium production is dominated by the boron
at low to moderate doses. Pieces of the broken Charpy bars from the HFIR
surveillance tests were submitted to the Rockwell analyses.

The results of the derived boron analyses are now available in preliminary
form". They show that the specimens of the A212B, A350, and Al05 steels contain
1, 0.66, and 0.38 wppm natural boron, respectively. Clearly, there is not enough
boron impurity to cause the accelerated HFIR RPV embrittlement even in the
falsely high thermal flux. The lower level of thermal flux now recognized for

the surveillance specimens further undermines any significant embrittling effect
from boron impurity.

*B. M. Oliver, "Helium and Cloron Analyses of Pressure Vessel Steels," Enclosure 92RC00778, Rockwell
International Corporation, March 31, i7Q2.



2.4 COPPER EFFECT

Radiation embrittlement of RPV steels at 288°C is sensitive to the chemical
composition of the steels, particularly to residual impurity elements. Numerous
elements have been claimed to increase embrittlement, but the strongest evidence
is for Cu, Ni, and P. Copper has received the greatest attention, and it is
established that copper levels in the range -~0.15 to 0.36 wt % can cause
considerable upward shifts in the ductile-to-brittle transition temperature (25-
27). These observations have led to models in which the extra embrittlement due
to copper impurity is blamed on hardening by fine copper-rich precipitates (28-
30). An augmenting effect of nickel has also been established (27,31,32). These
effects relate to embrittlement at temperatures in the range 170 to 300°C. The
HFIR RPV embrittlement is occurring at 50°C, yet a treatment of the data in terms
of a copper precipitate model has deduced that radiation-induced precipitates of
copper could account for the accelerated HFIR embrittlement (3). The HFIR A212B
and A350 steels contain 0.15 and 0.11 wt % Cu, respectively, also 0.20 and
3.3 wt % Ni, as listed in Teble 1. There is only very limited experimental
evidence of an effect of Cu on radiation strengthening at a low temperature;
model Fe-Cu alloys with high Cu levels of 0.5 to 1.2%, which showed pronounced
strengthening during irradiation at 200 to 235°, displayed relatively little
strengthening when irradiated at 50° (33). There is a need for more information
on the effects of Cu (and Ni) during low-temperature irradiations, not only for
the present work but to expand the meager data base. Accordingly, we have
irradiated a number of RPV steels, including the HFIR steels, and some simple,
model iron-based alloys in the hydraulic tube facility in the HFIR, and measured
their tensile properties. The model alloys were provided by J. R. Hawthorne of
Materials Engineering Associates, Inc., through the auspices of the IG-RDM.
Their chemical compositions are given in Table 1.

The HFIR hydraulic facility is an aluminum flight tube that passes through the
target region in the center of the cylindrical fuel assembly of the HFIR
(Fig. 3). 1It carries small capsules, or rabbits, with a useable volume about the
size of a standard Charpy bar. The neutron fluxes are high, -5 x
10¥%n-m2.s } (>1 MeV) and ~2 x 10*®n-m™2-s7! (<0.4 eV), making the thermal-to-fast
flux ratio about four. This is close enough to that for LWR irradiations to
eliminate spectral concerns. A range of fluences into the 10%*n-m™2 region can
be obtained in only hours. Gamma heating is strong in the facility but is
dissipated by a very fast flow of water over the capsules and by the use of
highly perforated capsules and small, flat tensile specimens. The specimens have
a large surface-to-volume ratio and are in direct contact with the flowing water,
which dissipates the heat. The inlet water temperature to the facility is 40°C,
and the outlet temperature is about 60°C. The fluxes are level through a fuel
cycle and are highly reproducible from one fuel cycle to the next, which means
that once the fluxes are measured, irradiations can be made to chosen fluences
with confidence on an exposure time basis without requiring dosimetry for every
capsule. Because these specimens were intended to fill the dual purpose of
providing the high flux data for our damage rate effects experiments, and because
we hope the data will serve as a benchmark for future low-temperature radiation
embrittlement data, we took great pains to characterize our experimental
conditions. We made a special, thorough dosimetric survey of the facility, the



results of which will be available shortly”. All tensile tests were made in
duplicate, in random order, in a single machine calibrated to National Institute
of Standards and Technology (NIST) standards using ASTM procedures. Control
specimens were tested at the same time in the same machine. The full results
will be reported later. For the present purpose, we consider only the lower
yield strength (or 0.2% ys) data in Figs. 6 and 7.

Figure 6 is a plot of lower yield strength versus fast fluence for five steels
and five model alloys. Their copper and nickel contents are given in wt %.
There is good reproducibility in the duplicate tensile tests, and each material
displays a remarkably smooth and consistent dependence on fluence, allowing
differences to be discerned readily. All materials show little radiation
strengthening at the lower fluences up to about 5 x 10%'n-m™?, followed by
prog.essive strengthening at higher fluences. Some of the apparent differences
in the various materials’ responses in Fig. 6 are due to different yield
strengths in the unirradiated materials. The wunirradiated strengths are
subtracted in Fig. 7 where the bar graphs portray only the strength increments
caused by the irradiation. As a group, the steels demonstrate greater increments
of radiation strengthening than the model alloys for fluences of 2.3 x 10%n.m™?
and higher, but they show no overt dependence on Cu and Ni levels. For example,
at a fluence of 1.2 x 20%*n-m™?, the A588B steel with the highest Cu content of
0.22% is matched in strengthening increment by the A36 steel with only 0.05 Cu.
Only at the highest fluence of 2.3 x 10%n-m™2 does the A36 lag behind; even then,
there is no ascendency with Cu level among the other four steels. No effects of
Ni can be distinguished in the steels.

In the model alloys, as in the steels, there are no effects of the alloying
elements on radiation strengthening up to a fluence of 1.2 x 10%n-m2.s7!, At
higher fluences, there is progressively greater strengthening in Fe-0.3 Cu and
in Fe-0.7 Ni than in pure Fe, with 0.3 Cu showing a slightly larger effect than
0.7 Ni. The ternary Fe 0.3 Cu-0.7 Ni alloy shows only marginally more hardening
than the binary alloys, the increase being considerably less than the sum of the
individual hardening increments for the binary alloys. Evidently, nickel barely
augments the irradiation-hardening effects of copper impurities in iron
irradiated at ~55°C; there is certainly no synergistic effect. This observation

agrees with the lack of a Cu-Ni synergism found in these same model alloys
irradiated at 288°C (34).

In agreement with ref. 33, these data establish that the presence of copper can
promote additional radiation strengthening during irradiation at 50 to 60°C, at
least in simple Fe-Cu alloys. They also show that the contribution from the
copper is smaller than that from so-called matrix defects in the base iron, which
are presumably vacancy or interstitial-type clusters, perhaps allied with trace
impurities. In the binary alloys, 0.3% Cu or 0.7% Ni causes a 20 to 30% increase
in radiation strengthening at the higher fluences. The steels, which display

*S. T. Mahmood, S. Mirzadeh, J. B. Pace, IIl, and K. Farrell, Neutron Flux Measurements in the HFIR
Hydraulic Facility, Oak Ridge Natl. Lab. (report in preparation).
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more strengthening than the model alloys, reveal no dependence on copper (0.05
to 0.22%) and nickel (0.07 to 3.3%) concentrations. This means that in the
steels, there are either no measurable effects of copper and nickel or that the
contributions from these elements saturate at concentrations below 0.05% Cu and
0.07% Ni. At a fluence of 5 x 10?! n-m™?, which is the top fluence for the HFIR
RPV surveillance data in Fig. 1, no effects of copper or nickel are evident in
the steels or the model alloys. The question is, do these data have any

relevance to the accelerated embrittlement of the HFIR RPV surveillance
specimens?

As mentioned earlier, the effects of copper on radiation embrittlement are
modeled in terms of hardening by fine, copper-rich precipitates (28-30). The
underlying assumption in these models is that an excess of mobile vacancies
produced by atomic displacements will bolster the diffusion of copper atoms and
will shorten the time to develop a dispersion of copper precipitates. The models
are attractive because they can be readily adjusted to fit the embrittlement data
bases. There seems to be a growing acceptance of them. However, examination of
these models reveals several assumptions that need to be critically evaluated.
*n order to compute the temperature and/or dose dependence of the hardening due
to copper-rich precipitates, the embrittlement models require a value for the
radiation-enhanced diffusion (RED) coefficient. Three assumptions are commonly
made in the calculation of the vacancy concentration used to obtain the RED
coefficient. First, the full dpa rate calculated from ASTM Standard Practice
E-693 is used, thus neglecting in-cascade recombination. Second, matrix
recombination is disregarded. Finally, any radiation-induced change in the sink
structure is neglected; this amounts to ignoring any effect of the evolving sink
structure, e.g. point defect clusters or precipitates, on point defect
absorption. The failure to take into account point defect recombination will
give unrealistically high diffusion rates.

In order to gauge the extent of the errors caused by these three approximations,
we have done calculations that can be compared with the results obtained in
ref. 20. The calculations show that each of the assumptions causes an
incremental overestimate of the RED coefficient. The relative impact of each
assumption is strongly dependent on the irradiation temperature and displacement
rate. At conditions for which matrix recombination is important, i.e., lower
temperatures and/or higher displacement rates, the effect of neglecting only
point defect absorption at clusters leads to an error of from 24% to a factor of
10. Neglecting matrix recombination under these conditions leads to an
additional factor of ten in the overestimate of RED. Consideration of in-cascade
recombination brings in a further factor of 4 to 10, based on reasonable
estimates of such recombination from molecular dynamics simulations. The
accumulative magnitude of these errors ranges from a factor of 16 to 130 at 285°C
and a factor of 40 to 300 at 60°C for displacement rates between 107!! and 1077
dpa/s. At 285°C, the degree of error increases with increasing displacement
rate, while at 60°C, this trend is reversed due to the relative importance of
matrix recombination at the two temperatures. These errors in the RED
coefficient will lead to gross overestimates of the precipitate hardening
expected at any given dose. In the case of the HFIR surveillance data,
incorporation of point defect recombination in a copper precipitate model would
require that the irradiation times be extended to many hundreds of years, making
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it highly unlikely that copper precipitates are responsible for the observed
embrittlement. This contention concurs with the fact that no copper precipitates
(indeed, no radiation-induced clusters of any sort) were detected during
transmission electron microscopy (TEM), small-angle neutron scattering (SANS),
and atom probe field ion microscopy (APFIM) examinations of the surveillance
specimens (1). It is pointed out, however, that the limit of resolution in TEM
is »>1 nm ani that SANS and APFIM may not detect vacancy and interstitial loops,
so the clusters in the HFIR steels could be interstitial and vacancy types with
sizes less than 1 nm. Another strong score against a role of copper precipitates
in the HFIR surveillance data is that the AlO0S steel, which contains only 0.03
Cu (and 0.14 Ni), exhibits the same degree of accelerated embrittlement as the
A350 steel, regardless of the significant differences in Cu and Ni levels between
the two steels. On these grounds, it is contended that copper precipitates are
not the cause of the accelerated HFIR RPV embrittlement.

This rejection of copper precipitate models does not, per se, dispel an effect
of copper impurity on the HFIR RPV embrittlement, nor does it refute the solid
body of evidence for copper effects in LWR materials studies. It simply
indicates that alternate copper-affected mechanisms should be considered. A
route lies in the other microstructural features induced by irradiation. The
presence of copper in ferritic alloys during neutron irradiation at temperatures
above about 200°C not only produces Cu-rich precipitates (29,35-40), it also
increases the concentrations and reduces the sizes of the dislocation loop and
void components of the damage structure (35,41,42), and irradiation generates
ultra-fine precipitates of carbides, nitrides, and phosphides (38-41). In short,
copper precipitates are only one of many types of microscopic, extended defects,
all of which have the potential for causing hardening. It seems that copper
encourages the formation of these defects. An explanation of the refined loops
and voids could be, as others have suggested (35,42-44), that dissolved copper
atoms stabilize clusters of vacancies. We can also hypothesize that copper
solutes trap self-interstitial atoms, too, and that the clusters of interstitials
and vacancies stabilized by copper atoms become nuclei for aggregation of other
solutes, initiating fine carbides, nitrides, etc., if the temperature is adequate
for solute diffusion or if there is sufficient radiation-enhanced diffusion.
Fine-scale seeding of precipitate nucleation sites, in this manner, will reduce
the diffusion distances required to grow the precipitates, and only a minor boost
in diffusivity by the irradiation may suffice. At low irradiation temperatures,
the point defects trapped at solute atoms are more stable than at higher
temperatures; the primary effect of copper (and nickel) and low irradiation
temperatures may be to promote more, but smaller, vacancy and interstitial
clusters. This is manifest as the clear copper and nickel effects found in the

binary alloys irradiated at ~55°C. In the steels irradiated at -55°C, any
effects of copper and nickel are overwhelmed by massive competition from trapping
by the greater supersaturations of other solute species. Therefore, in the

steels the overall trapping is higher and is reflected in more hardening, but the
specific effects of copper and nickel are swamped by the higher background.

Taken together, the lack of a clear response to copper concentration in the
steels during high flux irradiation at 50 to 60°C, and the estimation of little
or no sensitivity to displacement rate, implies that dissolved copper is not the
cause of the accelerated HFIR RPV embrittlement. We conclude, then, that copper



impurity, in solute or precipitate form, can not be blamed for the accelerated
HFIR RPV embrittlement.

2.5 OTHER POSSIBILITIES

Our primary suspects (neutron spectrum, low displacement rate, boron impurity,
and copper impurity) have been found innocent. Or, rather, none of them can be
proved guilty with the evidence at hand. More evidence is being gathered, but
the prognosis for a satisfactory explanation along the channels explored is not
good. So, where do we go from here?

One aspect that has not been investigated is the role of phosphorus. Like
copper, phosphorus has been identified as a promoter of radiation embrit*lement
(27,45). And, as with copper, fine precipitates of phosphorus-rich phases have
been observed after irradiation at 288°C (39-41,46). If phosphorus precipitation
depends on vacancy transport, the same arguments that defeat the copper
precipitates models can be marshalled against phosphorus. We are casting a

judicial eye on phosphorus, and we plan to look at its embrittling effects during
55°C irradiations.

The initially suggested mechanism, the spectrum effect, is now believed not to
explain the key 7 surveillance results because the dosimetry experiment has shown
that the spectrum at the key 7 position is not as strongly thermalized as was
originally supposed. Paradoxically, the same dosimetry experiment may have
revealed a new and unexpected spectral effect in the fast neutron area. This
latest suspect is the possibility that the fast neutron flux has been
underestimated. An underestimate of the fast fluence of sufficient magnitude
would mean that the embrittlement was not really accelerated. This new prospect
arose as follows.

Until now, the flux of fast neutrons at the vessel surveillance positions has
never been in question. Stainless steel flux monitor wires are carried routinely
in the notches of the Charpy bars in the surveillance packages. When the
Charpies are tested, the gamma activities from SiMn and %8Co, derived from Fe and
Ni transmutations in the wires, are measured to obtain the fast neutron flux.
This flux has always been of the expected order, and it agrees reasonably well
with the neutron transport calculations. When the dosimetry experiment was
performed to settle the question of the conflicting computed values of thermal
flux, a pure nickel wire was included to reaffirm the established fast flux. It
did so, as described earlier, giving a flux of 1.5 x 10%n-m™2.s"!. Actually,
there were two Ni wires, one "bare" and the other in a gadolinium-shielded can
with some of the thermal flux monitors. The shielded wire recorded a fast flux
of 1.5 x 102n.m2-s7!, in close agreement with the unshielded Ni wire, which gave
a flux of 1.6 x 10%n-m2.s7%. The recent calculations gave a flux of
1.2 x 102n.m2.s"!. To back up the Ni monitor measurements, two additional fast
flux monitors, 2¥Np and Be, were included in the experiment. The latter is a
HAFM, supplied and subsequently analyzed for helium, by B. A. Oliver of Rockwell
International Corp. To our great surprise, these monitors indicated a fast flux
of 2.4 x 10¥®n-m2.-5! for the Np and 2.3 x 103n.m2.s"! for the Be, both about a
factor of 15 higher than the flux from the Ni wires.



A discrepancy of this magnitude is too great to write off easily. We have
searched for errors without avail. The Np monitor has been measured repeatedly
by others, including the NIST at Gaithersburg, Maryland, and the results are
reproducible within a few percent. Helium analyses made on second and third
chips of Be in the experiment confirm those made on the first chip. The
activities of the Ni monitors have been repeatedly counted, too, with good
reproducibility. Another dosimetry experiment made in the HFIR target region in
the core concurrently with the key 7 dosimetry, using Ni, Np, and Be monitors
from the same source materials, showed good agreement of the monitors, testifying
to their wveracity. So, we have a situation where two different types of
monitors, Np and Be, neither type of which has previously been exposed to the
spectrum at the HFIR vessel, yield higher fast fluxes than the standard Ni
monitor during this first mutual exposure. The two new monitors were measured
by different people, using different techniques, and the two results were each
produced independently without knowledge of the other. Yet, they both agree with
each other but not with the Ni monitors. We conclude that either there is a
hidden fault in the key 7 experiment or there is something exceptional about the
moderated fast spectrum at the key 7, slot 5 location.

With regard to the latter possibility, we draw attention to another coincidence.
The monitors Fe, Ni, %*’Np, and Be are all threshold type. The Ni and Fe
monitors have thresholds between 2 and 3 MeV. The Np threshold is 0.67 MeV.
Helium is produced in Be by two major reactions, (n,2n) with a threshold of
2.6 MeV and (n,a) with a threshold of 0.7 MeV. Therefore, the Ni and Fe monitors
will detect little or no flux below 2 MeV, whereas both Np and Be will record
flux above 0.7 MeV. The factor of 15 greater flux yielded by the Be and Np
monitors could be accounted for by a hitherto unexpected population of neutrons
in the spectrum at 0.5 to 2 MeV. This would also induce extra atomic
displacements, shifting the RPV surveillance embrittlement data into closer
correspondence with the test reactor data, possibly eliminating the seeming
acceleration of embrittlement.

This scenario is very speculative. A spectrum of the type described would imply
a thermal-to-fast flux ratio of unity or less, which would be highly unusual for
a moderated spectrum. It also disagrees with the calculated spectrum for this
high-energy region, and it is difficult to imagine how it could arise.
Therefore, our first priority is to experimentally confirm or refute the
dosimetry measurements. A new dosimetry experiment under the sponsorship of the
NRC is now under way to repeat the measurements at the key 7, slot 5 position and
to monitor other surveillance locations on the vessel.

3. CONCLUSIONS

This investigation into the cause(s) of the accelerated hardening and
embrittlement of the HFIR RPV surveillance specimens during irradiation at 50°C
shows that:

1 a dosimetry experiment at one of the major surveillance positions reveals
that the neutron spectrum is not as strongly thermalized as was originally



supposed, thereby absolving a soft spectrum as the primary cause of the
accelerated embrittlement.

results from a new model of displacement rate dependence of point defect
recombination and cluster hardening under the non-steady state conditions
prevailing at low irradiation temperatures are inconsistent with a low

displacement rate being responsible for the apparant acceleration of
hardening.

measurements of boron impurity give 1 wt ppm or less, which is too low to be
of consequence.

copper at 0.3 wt % and nickel at 0.7 wt % in model iron binary alloys promote
radiation strengthening in tensile specimens irradiated at 50 to 60°C.

in steels, no effects of 0.05 to 0.22% Cu and 0.07 to 3.3% Ni are found.
Models of embrittlement by copper impurity are considered, and it is argued

that copper impurity is not the cause of the accelerated embrittlement in the
HFIR RPV steels.

the dosimetry experiment may have revealed a new and unexpected reason for
the accelerated embrittlement. It is tentatively deduced that the fast
fluence may be underestimated because the stainless steel monitors in the
surveillance packages do not record an unusually high level of neutrons with
energies just below their measurement thresholds of 2 to 3 MeV.
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