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ABSTRACT

The microstructures of a series of reactor pressure vessel (RPV)
steels and model iron alloys with various copper, nickel, and
phosphorus contents were examined in the unirradiated condition and
neutron-irradiated (fluence of 2 to 4.63 x 10°7 n/em®, E > | MeV at
~ 288°C) «conditions wusing high resolution analytical microscopy
techniques to understand the mechanisms by which these elements affect
the radiation embrittlement sensitivity of RPV steels. Fractography
techniques were employed to identify embrittlement mechanisms that
would be manifested as a change in the fracture surface properties.

Analysis showed that radiation hardening in the reference iron alloy
is associated with the format:cn of prismatic dislocation loops of an
interstitial nature with maji:ly a<l100> Burgers vector., The absence of
significant radiation hardening reported for the low Cu-low P steel
alloy was found to be consistent with the very low density of disloca-
tion loops with mainly a/2<111> Burgers vector,

Copper was found to decrease the size and to increase the number
density of observable defects., However, the enhancement of radiation
embrittlement sensitivity in copper-containing alloys is due to the
radiation-enhanced formation of Cu-rich clusters/precipitates., The
slight reduction in the radiation hardening of iron Ly a nickel
addition is attributed to a modification of the defect structure. No
synergism between copper and nickel was found in the model iron
alloys, except for an enrichment of copper clusters with nickel.

In both irradiated and unirradiated high P steels, phosphoru~ had
segregated to particle/matrix interfaces, which is consistent with the
reported lower upper-shelf energies of high P alloys. The fracture
surface was transgranular for these steels and no intergranular frac=-
ture was observed. Phosphorus also decreased the radiation-induced
defect size significantly, However, the detrimental effect of phos-
phorus on radiation embrittlement sensitivity in the absence of copper
is attributed to the radiation-induced clustering of phosphorus. The
absence of phosphorus clusters in the high Cu-high P model iron alloy
may explain the inactive role of phosphorus in radiation embrittlement
sensitivity of RPV steels in the presence of copper.

The effect of alloying/impurity elements on the evolution of defect
structures during neutron irradiation is ascribed to vacancy trapping
by solute atoms, which results in survival of a/2<111> loops. Conse=
quently, the number density of defects is increased while the size and
the total area of the dislocation loops are reduced.
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e INTRODUCTION

Water reactor pressure vessels (RPV's) operate at a nominal tempera-
ture of ~ 288°C and are subjected to neutron {rradiation, This
irradiation service results in an increase in the ductile-to-brittle
transition temperature and a decrease in upper-shelf energy absorption
as determined by Charpy V=-notch (Cv) impact testing (Ref., 1)
(Fig, 1). Older RPV's were constructed from A 302-B and A 533-B
steels and weldments, which contain traces of impurity elements such
as copper and phosphorus, The presence of certain impurity/alloyigg
elements in RPV steels has been found to enhance irradiation embrit-
tlement sensitivity at ~ 288°C, Among these elemenis, copper,
phosphorus, and nickel have been shown to have a most significant
effect (Ref., 2).

The increase in ductile-to-brittle transition temperature associated
with the irradiation embrittlement of RPV steels has been attribured
to radiation hardening (Refs. 2-4). A linear relationship between the
shift in the ductile-to-brittle transition temperature and the
increase in yield strength has been proposed (Ref. 4). Although this
empirical model is capable of explaining the reduction of resistance
to brittle fracture due to the elevation of yield strength, it fails
to predict the decrease in upper-shelf energy (see Appendix A). A
consideration of the reduction in strain-hardening capacity due to
irradiation is required to account for the loss in resistance to
ductile crack initiation and propagation. In general, the fracture
process associated with C, testing is complex (Ref. 5), and wany para-
meters should be considered in interpreting C, energy data.

The increase in yield strength and the loss of strain-hardening capa-
city of ferritic alloys have been attributed to the creation of
defects or defect clusters by the neutron bombardment, which restrict
the movement of glide dislocations (Ref. 6). The point defects
(interstitials and vacancies) generated in the displacement cascades
during neutron {irradiation can (1) recombine, (2) be trapped by
impurity atoms, (3) cluster and collapse to dislocation loops,
(4) coalesce (vacancies) and form voids, and/or (5) migrate to sinks
such as interfaces and dislocations. The migration of point defects
towards the sinks may result in radiation-induced segregation and
radiation-enhanced diffusion, both of which can cause radiation-
induced precipitation in alloys (Ref. 7). In ferritic iron alloys,
the type and the extent of microstructural damage depends on (a) the
irradiation parameters, i.e., irradiation temperature, neutron fluence
rate, and total neutron fluence, (b) the chemical composition, and
(¢) the preirradiation microstructure,

The deleterious effect of Cu on radiation embrittlement sensitivity
has been attributed to an enhancement of radiation hardening. It has
been suggested by many investigators (Refs. B-14), using Transmission
Electron Microscopy (TEM), Field Ion Microscopy/Atom Probe (FiM/AP),
and Small Angle Neutron Scattering (SANS) techniques, that Cu
increases the radiation hardening sensitivity by two mechanisms:
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(1) an increase in the density accompanied by a decrease in the size
of radiation defects (dislocation loops and voids) and (2) radiation-
induced precipitation. The latter mechanism has been attributed to a
diffusion-enhanced precipitation (Refs, 13-15); the former mechanism
has been suggested to be due to an enhanced nucleation of radiation
defects (Refs, 8, 9, and 13)., For a given composition, the relative
contribution of each mechanism to strengthening is expected to depend
on the irradiation temperature, the neutron fluence rate, and the
preirradiation microustructure, all of which contribute significantly
to the dislocation evolution during neutron irradiation
(Refs, 16=17). The effect of Cu on the irradiation embrittlement of
RPV steels has been reported to be enhanced by the addition of nickel
above a minimum copper content level (Refs. 18-19). Although the
synergism between copper and nickel has been established, the
mechanism by which nickel enhances the detrimental effect of Cu is not
known, Recent results (Ref, 20) indicate an increase in the yield
strength, paralleling the increase in ductile-to-brittle transition
temperature of RPV steels due to additions of nickel in copper-
containing steels.

In contrast to the large number of studies on the effect of copper, no
systematic evaluation of the mechanisms by which phosphorus affects
the radiation embrittlemeat sensitivity has been performed. Recent
results (Ref. 20) reveal that the addition .f phosphorus to low copper
steels increases the radiation embrit:lement sensitivity of RPV steels
and that the detrimental effect of phosphorus is manifested as an
increase in the radiation hardening. On the other hand, additions of
phosphorus in the presence of copper seem to ha.~ no significant
effect on either the ductile-to-brittle transition temperature or the
yleld strength,

The purpose of this program was to study the mechanisms whereby Cu and
P individually enhance the radiation sensitivity of RPV steels, and to
investigate the interactions between copper and nickel, and between
copper and phosphorus in radiation embrittlement sensitivity develop-
ment. Both pressure vessel steels and model iron alloys with various
amounts of Cu, P and Ni were studied. The {iron and steel alloys
studied were prepared, irradiated, and mechanically tested by
Materials Engineering Associates (MEA)., The main role of the research
group at the University of Florida was to characterize the microstruc-
ture of the alloys wusing high resolution analytical wmicroscopy
techniyues and to develop mechanistic models for the effects of Cu, P,
and Ni explaining the evolution of microstructure during neutron irra-
diation. Table 1 shows our general approach to investigate radiation
embrittlement in RPV steels.

The results of our efforts during the three year duration of this
program were previously reported in the form of four Interim Reports
(Refs. 21-24,. This Final Report summarizes the results previously
documented and includes new determinations since our last Interim
Report (Ref. 24). The materials studied and a brief description of
the experimental procedures are presented in Section 2. Section 3 is
devoted to the results and discussion of microstructural characteriza-
tions of the steel and model iron alloys in unirradiated, irradiated,
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Table 1 A General Approach to Investigate the Effect of Composition on Radiation Embrittlement in Reactor
Pressure Vessel Steels
Phenomena Embrittlement Mechanisms Experimental Observations® Elements
1. Radiation-enhanced segregation Cohesive strength at Intergranular fracture (SEM) P
to prior austenite boundaries boundaries 4
op *
1T. Radiation-enhanced segregation Cohesive strength at Shallow microvoids (SEM) P
to carbide/matrix interfaces interfaces + Surface analysis (AES/SAM)
Microvoid initiation
strain +
Fracture strain
op +
I1I. Modification of radiation- Fracture stress Size, density, and composition of P, Qu?
enhanced and/or induced changes Fracture strain + carbides (TEM)
in carbide microstructure a-e S.ze of amicrovoids (SEM)
(dissolution, ripening, Size of carbides associated with
reprecipitation) microvoids (TEM, extraction replica)
IV. Modification of radiation— o — € relationship Density, size and distributioa P, Cu, M
induced defects Yield strength * of dislocation locps (TEM)
« Dislocation loops Strain-hardening Voids (TEM, FIM/AP)
- Voids capacity +
« Complexes Fracture straia +
V. Radiation—induced and/or o - € relationship Existence of clusters or precipi- P, Gu, M

enhanced clustering or
precipitation

Yield strength ¢
Strain-hardening

capacity +
Fracture strain ¢

tates (TEM, FIM/AP/IAP)

3 pased on the facilities available to the

authors at the University of Florida



and thermally aged conditions. The results of Iractography and Auger
Electron Spectroscopy/Scanning Auger Microscopy (AES/SAM) analyses of
the steel alloys are given in Section 4. The mechanisms whereby Cu,
P, and Ni affect radiation hardening of model iron alloys are
discussed in Section 5. Comments are made on connections between
(1) microstructure, (2) radiation hardening, and (3) irradiation
embrittlement in Section 6., Finally, the results of this program are
summarized in Section 7.



2 MATFRIALS AND EXPERIMENTAL PROCEDURES
/' £9 | Materials

The materials studied in this program were prepared and irradiated by
MEA., The chemical compositions of the steel alloys examined in this
investigation and their designated codes are given in Table 2. These
steels are part of 2 larger materials matrix designed by MEA for
obtaining statistical combinations of specific {impurities and/or
alloying elements with primary base compositions of A 302-B and
A 533-B pressure vessel steels. C, specimens of each steel were
irradiated at a conlt"tol.l.ed2 temperature of 288°C (target) to a neutron
fluence of ~ 2 x 10°7 n/cm® (E > 1 MeV). The irradiated and unirradi-
ated steel samples provided to the University of Florida were in the
form of broken C, speciwmens. For further information on the heat
treatment and irradiation condition, the reader 1is directed to
Reference 25.

Table 2 Chemical Compositions of Steel Alloys (A 302-8)2

Code Composition (Wt %)
C Mn P S Si Cu Ni Mo N

67A 0.23 1.31 0,003 0.018 0.20 0,002 0,70 0.51 0.009
67B 0.23 1.31 0.015 0.018 0.20 0,002 0.70 0,51 0.009
67C 0.23 1.31 0.025 0.018 0,20 0.002 0,70 0.51 0.009
63A 0.23 1,31 0,003 0.017 0,22 0.3 0.70 0.52 0,010
688 0.23 1.31 0.016 0.017 0.22 0.30 0.70 0.52 0.010
68C 0.23 1.31 0,028 0.017 0.22 0.3 0.720 0.52 0,010

3 Hot rolled to 15-mm gage
Heat treatment: 900°C, 1 h, air cool
649°C, 1 h, water quench
677°C, 5 h, water quench
Microstructure: Tempered upper ba‘nite and proeutectoid ferrite
Irradiation parameters: Specimen: Charpy V-notch
Hours of exposure: 740-750
Temperature: ~ 288°C
Averas  fluence: ~ 2.5 x 10'? n/cn®, E > 1 MeV

The model lron alloys were designed to illuminate the roles of Cu, Ni,
and P in radiation sensitivity development, The base material used
for melting iron alloys was electrolytic iron. The analyzed composi-
tions of the seven alloys are given in Table 3. The alloys were first
cast into ingots., Each ingot was soaked at 1260°C and subsequently









to produce a rough circular taper along the length of the blank. A
sharp tip was formed by electropolishing the specimen as it was mani-
pulated through a droplet of electrolyte suspended on a platinum
ring. The electrolyte contained 600-mL methanol, 450-mL n-butyl
alcohol, and 22.5-mL perchloric acid and was cooled to a temperature
below =-60°C., An applied potential between 12-20 volts produced the
best polishing conditions.

The preliminary examination of the specimen tips was performed using
the field ion microscope/imaging atom probe (FIM/IAP) at the Univer-
sity of Florida. Then, the specimens were transported to the Oak
Ridge National Laboratory where they were examined in the field ion
microscope/atom probe (FIM/AP),

2.2.4 Experimental Procedures for Auger Electron Spectroscopy

To study the phosphorus segregation to particle/matrix interfaces,
scanning Auger microscopy (SAM) was conducted on specimens of an irra-
diated and an unirradiated steel alloy containing phosphorus
(Code 67C)., Specimens were broken in-situ and analyzed in a PHI 660
system, The small-beam capability (~ 100 A) with high-beam current
makes it possible to perform SEM-type studies in combination with AES
analysis on small surface features,
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TEM micrographs showing the g-carbide platelets using
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TEM micrograph showing the defect structure in the irradiated
reference iro.n alloy accompanied by the defect size distribution,
Near [Ol”a zone axis; g = 0ll.
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TEM micrograph showing the defect structure in the irradiated
Fe-0.3Cu iron alloy accompanied by the defect size distribution.
Near [011] zome axis; g = 01T,
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TEM micrograph showing the defect structure in the irradiated

Fe-0.7Ni iron alloy accompanied by the defect size distribution.
Near [011](‘ zone axis; g = 017,
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Loop Image Stze (A)
TEM micrograph showing the defect structure in the irradiated

Fe-0.4Ni-0,3Cu iron alloy accompanied by the defect size distribu-
tion, Near [Oll]‘:I zore axis; g = 01T,
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TEM micrograph showing the defect structure in the irradiated
Fe-0.7Ni-0,3Cu iron alloy accompanied by the defect size distribu-
tion, Near (0“]0 zone axis; g = 01T,
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The above results show that additions of Cu, Ni, and/or P decrease the
size of irradiation-induced defects significantly and perhaps increuse
the number density of the defects, Phosphorus is the most potent
element in reducing the size of defects, The predominant type of
Burgers vector of the loops observed in the reference iron alloy was
found to be a<l100> type. The presence of copper (Fe-0,3Cu) in {ron
increased the fraction of a/2<111>-type dislocation loops. The
presence of nickel (Fe-0.7Ni) had a dramatic effect upon the Burgers
vector of the loops. The percent of a/2<{l11> loops increased from 9%
in the reference iron to 75% in the Fe=0.7Ni alloy. Due to the small
size of defects, the combined effect of copper and nickel, and the
effect of phosphorus on the type of Burgers vector could not be evalu-
ated., The coexistence of a/2<111> and a<100> dislocation loops has
been reported by Gelles in Fe-Cr ferritic steels (Ref. 31). He found
that a<l100> Burgers vector were predominant in the Fe-3Cr alloy but
changed to predominantly a/2<111> Burgers vector at higher chroamium
concentrations, The dependency of the Burgers vector of dislocation
loops upon impurity has also been reported by Horton (Ref, 30).

As far as the effects of copper and phosphorus on defect size are
concerned, our results are qualitatively in agreement with Smidt and
Sprague results (Ref, 9), i.e., additions of these elements reduce the
mean diameter and increase the number density of dislocation loops.
Wagner et al. (Ref. 13) have also reported a similar effect of copper
on defect size distribution, Contrary to Smidt and Sprague results
(Ref., 9), we found a significant effect of nickel on the defect struc~
ture generated by neutron irradiation., It should be soted that their
samples were irradiated to a higher fluence (4.5 x 102 n/cnz) than the
fluence used in this study.

Within the resolution of TEM (~ 20 A), no voids were observed in the
irradiated iron alloys. Recent results of SANS experiments performed
on the same alloys examined in this study (Ref., 32) show the existence
of defects of the order of 12-15 A in diameter in the reference and
Fe-0.7Ni alloys. These defects have been suggested to be voids,
However, the FIM/AP study of these alloys (Ref, 29) showed no wvaid
formation,

The behavior of dislocation loops near dislocation lines, low-angle
boundaries and grain boundaries was ancther area of investigation,
Zones denuded of dislocation loops were observed in the reference
iron alloy near many low-angle boundaries and dislocation lines as
shown in Fig. 12, However, this behavior was not observed in any of
the alloys containing nickel, copper, and/or phosphorus, In fact,
alloys containing copper or phosphorus showed formation of a high
density of very large dislocation loops adjacent to dislocation
lines. These large loops were preferentially distributed along one
side of the dislocation line, Similar damage structure has been
reported for neutron irradiation molybdenum (Ref, 16) and high purity
iron (Ref, 33). Figure 13 shows the formation of large dislocation
loops in the vicinity of dislocations in Fe-0,7Ni-0.025P and Fe-0.3Cu
alloys. The addition of nickel (Fe-0.7Ni{) did not cause formation of
large dislocation loops and, in fact, it reduced the extent of this
phenomenon in the copper-containing alloys,




0.1 um

Fige 12 TEM micrographs showing denuded zones of defects in the irra-
diated reference iron alloy around (a) a low-angle boundary
and (b) dislocations. Near [UIl]: zone axis,



(a)

(b)

Figs 13 TEM micrographs showing the formation of large dislocation
loops adjacent to dislocations in (a) Fe- .7Ni~-0,025P and
(b) Fe-0,3Cu,



To discuss the possible mechanisms responsible for the above observa-
tions, first we have to ccnsider the nucleation and growth of
interstitial dislocation 1loops. Eyre and Bullough (Ref., 34) have
suggested that, in BCC metals, interstitial loops form by the collapse
of a disc of point defects in a (110) plane, Such a faulted loop with
a4 Burgers vector of a/2<110> can unfault by two possible shear
mechanisms:

a/2<110> + a/2<001> = a/2<111> (1

a/2<110> + a/2<1T0> = a<100> (2)

Reaction (1) 4s energetically favored at all irradiation tempera-
tures, Little, Bullough, and Wood (Ref. 35) calculated the relative
probability of a<l100> and 3/2<111> loop formation, Their calculations
showed a very small, but finite, probability for a<l00> loop forma=-
tion, The observation of predominantly a<l00> loop in an Fe~Cr
ferritic steel has been attributed to the stronger bias of a<l100>~type
dislocations, which have a large Burgers vector, for interstitial
atoms. Initially, loops with a b = a/2<111> are the predominant loop
type nucleated. Each adl00> loop is surrounded by the relatively
neutral a/2<{l11>-type loops. The latter loops act as sinks and absorb
the net vacancy flux created by the preferential interstitial capture
of the isolated a<100> loops. Eventually, the a/2<111> interstitial
loops disappear and a<l100> loops grow, Following this model {n
ferritic steels, any alloying/impurity element that reduces the number
of interstitial defects available for the growth of a<l00> loops will
increase the number density of dislocation loops by increasing the
number of a<lll> loops that survive. Consequently, both the size and
the total area of dislocation loops will be reduced.

The most important effect of solute atoms on the evolution of defect
structure during irradiation is the trapping of point defects. Vacan-
cies have been suggested to be associated with copper in a-iron
(Refs, 9, 36, and 37)., The association of copper with vacancies have
been suggested to affect the evolution of the defect structure
directly by providing nucleation sites for defect aggregates and/or
indirectly by influencing the kinetics of the defect motion
(Ref. 9). Smidt and Sprague (Ref. 9) have argued that vacancy
trapping reduces the interstitfial concentration, and therefore it
would decrease the homogeneous nucleation rate of interstitial
defects, Therefore, they have suggested a heterogeneous nucleation
mechanism in which copper-vacancy pairs act as nucleation sites.
However, a simple copper-vacancy pair is expected to act as a
recombination site rather than a nucleation site, In fact, Little
(Ref, 38) has concluded that as a result of recombination, growth of
both voids and dislocation loops is reduced due to the reduced number
of available point defects, Obviously, the effect of vacancy trapping
on the evolution of defect structure should be sought in the growth
process rather than in the nucleation of the loops. As shown in
Figs. 5 through 9, the reference iron alloy has a broad size
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distribution of defect aggregates, while the other alloys show a much
narrower defect size distribution, This difference in size
distribution clearly indicates a significant change in the growth rate
and/or survival rate of the dislocation loops. It should be noted
that the number density of defecus observed after irradiation does not
represent the true number of nucleation sites since dislocation loops
themselves act as sinks and may shrink and disappear.

Based on the above discussion, we present the following model to
account for the reduction in size and the increase in number density
of dislocation loops due to the addition of copper. The interstitial
loops nucleate as a<l00> loops (Ref, 34), which mostly unfault to
a/2¢111> loops with a small fraction of a<100> loops (Ref. 35). The
vacancy trapping by copper reduces the interstitial concentration, and
consequently the a<l00> loop growth rate is decreased. Following
Little et al, (Ref., 35), as a result of the lower growth rate of
a<l100> loops, the a/2<111> loops see a smaller net vacancy flux, which
is created by preferential interstitial capture of the a<l00> loops,
and their shrinkage rate will be reduced. This proposed mechanism
accounts for both the smaller size of the defect aggregates and the
larger fraction of a/2<111> loops in the alloys containing Cu.

Our results indicate that nickel is a more influential element than Cu
in modifying the size distribution of dislocation loops. Large
concentrations of Ni is known to increase the pre-exponential term of
the vacancy diffusion coefficient in austenitic steels; however, the
mechanism of this effect is not known (Ref. 39). 1If nickel increased
the diffusivity of vacancies in BCC crystals, then we would expect an
opposite effect of NI on microstructure, i.e., larger interstitial
dislocation lcops with a lower number of a/2<1l1> loops. Also, nickel
would be expected to decrease the swelling rate in ferritic steels,
similar to austenitic steels, The results reported by Smidt and
Sprague (Ref. 9) indicate that, in fact, nickel increases both the
number density and the size of voids in ferritic iron alloys. This
result is consistent with our observation of small dislocation loops
with a high density of a/2<111> loope it the Fe-0.7Ni alloy. The
interaction of Ni with point defects in BCC iron has not been
explored., Nickel has an atomic radius very close to iron; therefore,
from the atomic size point of view, it does not have a tendency to
bind with point defects., The effect of nickel on the electronic and
magnetic states of {ron a&atoms (Ref, 40) may account for any
{nteraction between nickel and point defects in BCC iron crystals.

Similar to copper and nickel, phosphorus also reduces the size of
dislocation loops. Although due to the small size of defect aggre-
gates we could not identify their Burgers vector, we expect that
phosphorus also retards the growth of a<l100> loops. Positron annihi-
lation results (Ref, 41) indicate a strong binding between phosphorus
and vacancies in an austenitic steel, It is possible that this inter-
action also exists in ferritic alloys.

Interstitial impurities, i.e., carbon, nitrogen, and oxygen, are known

to trap vacancies; however, the stability of such complexes at 288°C
is questionable. The iron alloys studied in this investigation had
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similar interstitial contents, and we were not concerned with the
effect of these elements, However, the effect of substitutional
solutes, M, can be modified by interstitial elements, I, through the
formation of M-V-1 complexes, On the basis of enhanced {in-matrix
precipitation of e-carbides by copper, we suspect that formation of
Cu=V=C complexes are probable.

The addition of copper and phosphorus was observed to cause the
formation of many large dislocation loops adjacent to network disloca-
tions. Robertson (Ref. 33) has observed that the extent of formation
of large dislocation loops in the vicinity of low-angle boundaries in
high purity irons irradiated at ~ 80°C depends on the interstitial
impurity content, Therefore, he has suggested that interstitial
carbon and nitrogen atoms form atmospheres around the dislocation and
trap the in-flowing point defects and thereby form stable loop
nuclei. This mechanism cannot explain the absence of higher density
and larger dislocation loops and the existence of the denuded zones
around the low-angle boundaries in the reference iron alloy examined
in this investigation. Furthermore, interstitial impurities interact
more strongly with vacancies than with interstitial iron atoms.
However, the large loops in both this investigation and Robertson's
study have been fournd to be of interstitial nature.

The existence of denuded zones of defect aggregates in the vicinity of
sinks in reference iron and the absence of them in iron alloys
containing alloying/impurity elements suggest that the strength and
the bias of sinks have been altered by the solute atoms due to size
and Kirkendall effects, Following Bullough (Ref. 16), the formation
of large dislocation loops adjacent to dislocation lines indicates the
poisoning of the dislocation lines., The {interstitial atoms are
attracted to the stress-field of dislocations; however, they are
unable to join the core of dislocation lines due to the accumulation
of solute atoms. Consequently, a high density of interstitials is
generated in the neighborhood of dislocation lines. As a result, the
nucleation rate {is enhanced and loops grow larger than in the
matrix. The nucleation rate of the loops could also be enhanced by
the stress-field of the dislocziion network,

3.2.1.2 Carbide and Nitride Structures

The microstructural analysis revealed that, as anticipated, ¢-carbides
had disappeared upon exposure to 288°C due to thermal instability.
Cementite particles had formed in the matrix during the early stages
of irradiation. Eventually, the grain boundary carbides grew in
expense of the dissolution of in-matrix cementite particles,
Figure l4a presents a low magnification TEM micrograph showing the
typical in-matrix cementite left in irradiated allcys. Figure 1l4b
shows a half-dissolved cementite particle, The number density of
cementite particles was very small, and no conclusion could be made on
possible effects of alloying/impurity elements on the dissolution of
cementite during irradiation,
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Fig.

14

TEM micrographs shtowing (a) the typical distribution
of in-matrix cementite particles left after
irradiation (Fe-0.3Cu~0.4Ni alloy) and (b) a half-
dissolved cementite particle in the irradiated
Fe-0,7Ni1-0,3Cu~0.025P alloy.



As was mentioned in the Materials Section, samples were irradiated in
wafer and bulk geometries. Although the carbide and defect structures
were found to be the same in bulk-irradiated and wafer-irradiated
samples, a difference 1in nitride structure was observed in these
samples, Most of the nitrogen cont-nt of fron alloys is soluble in
the matrix at 288°C (Ref. 42)., No nitride precipitates were found in
the wafer-irradiated {ron alloys. However, TEM foils prepared from
the bulk-irradiated samples showed the formation of nitrides on
carbides, in-matrix and on dislocations. Figure 15 shows a TEM micro-
graph showing the formation of precipitates on dislocations and in the
matrix. The a''-nitrides were formed as platelets parallel to {100}
planes., Since selected area diffraction patterns could not be
obtained from these precipitates due to their very small thickness,
the g » R = 0 criterion for invisibility (weak or residual contrast),
where g is a unit vector perpendicular to the diffracting planes and R
is the displacement vector perpendicular to the platelet plane, was
used for identifying the a"-nitrides (Ref. 26). Figure 16 demon-
strates that near a [00l). zone axis the precipitates are visible with
a g =170 reflection (Fig. l6a); those with edge-on image parallel to
[100]) . direction show weak (or residual contrast) with a g = 020
reflection, and those with edge-on image parallel to [010)_ direction
disappear (or show residual contrast) with a g = 200 refloc%lon. This
behavior of the precipitates confirms that they are a"-nitride
(Ref., 26). Figure 17 shows the presence of nitrides on a carbide/
matrix interface in a bulk-irradiated sample.

The extent of nitride precipitation was found to depend on the alloy
content. The reference iron alloy showed a very small number of
in-matrix nitrides, and also most of the dislocations were free from
precipitates. In fact, in-matrix nitrides could be found easily only
in thick regions of thin foils as shown in Fig. 18, It was found that
in-matrix nitrides were etched out in the thin areas of foils.

As will be discussed in Section 2.3, the absence of a"-nitride preci-
pitation in the wafer-irradiated samples is due to their faster
cooling rate in comparison to the bulk-irradiated specimens, The
difference in the extent of nitride precipitation between the refer-
ence iron alloy and the other iron alloys can be explained by a
consideration of point-defect trapping. It may be speculated that
mnost of the nitrogen atoms are associated with vacancies in the form
of stable complexes in the reference iron alloy and therefore are not
available for precipitation. However, in the alloys containing Cu,
Ni, and/or P vacancies bind with substitutional elements, and there-
fore nitrogen is free for precipitation upon cooling.

3.2.1.3 VUltra-Fine Structure

The FIM/AP experiments were conducted at ORNL (Ref, 29), and the
results are discussed here briefly, Copper clusters and/or ;recipi-
tates were found in the irradiated copper-containing alloys examined
(Fe=0,3Cu, Fe-0,3Cu-0.7Ni, Fe-0,7Ni-0,025P). Almost all of the copper
had precipitatea, as evidenced by a very low matrix copper content
(Ref, 29). The maximum local copper concentration measured for the
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Fig. 16 TEM micrographs showing the precipitates in bulk-
irradiated Fe~0,7Ni-0.025P alloy with (a) g = 110,
(b) g = 020, and (c) g = 200 reflections. Near [U\Hja
zone axis,










largest precipitate was 58 at. %, This value 1is consistent with
results reported by Goodman et al., (Refs. 43-44), who found a copper
content of 51 at, % in a large particle. It should be noted that the
local concentration measured depends on the size, geometry, orienta-
tion of the particle, and the aperture hole size., Only in the case of
particles much larger than the aperture hole, this measured concentra-
tiun represents the actual particle compositicn., The precipitation of
Cu-rich particles during neutron irradiation of copper-containing iron
alloys at ~ 290°C has been reported previously (Refs., 12-14).

The composition profile of a large Cu-containing cluster/precipitate
in the Fe-0,3Cu-0.7Ni showed that the nickel content of the particle
was enriched by a factor of ~ 7, and a higher enrichment level of ~ 14
over the matrix was measured at the precipitate/matrix interface.
Similar enrichment of the Cu precipitate/matrix interface was found in
Fe-0.3Cu-0,7Ni-0,025P alloy. Recently, Worall et al, (Ref. 45) have
conducted FIM/AP analysis on an age-hardened (unirradiated) iron-
copper-nickel alloy. They have reported a nickel-rich shell around
the larger overaged FCC copper precipitates with no nickel contained
in the precipitate. However, nickel was found to be associated with
the smaller underaged coherent BCC copper particles, although it is
not possible at these small sizes to determine if nickel has segre-
gated to the interface region, The results of matrix composition
(Ref, 29) showed that nickel had remained mainly in the matrix and
only a very small fraction of the nickel content is associated with
copper clusters/precipitates., This result is consistent with the
recent SAYS data (Ref, 32) which show that nickel has virtually no
effect on the distribution of Cu precipitates formed during
irradiatiou,

In addition to the nickel enrichment, phosphorus enrichment of the
copper clusters/precipitates was observed in the Fe-0,3Cu=-0,7Ni-0.,025P
alloy. A total of 25 of the 32 copper clusters/precipitates analyzed
contained varying levels of phosphorus., The low phosphorus content of
the matrix (Ref. 29) indicate that most of the phosphorus atoms were
associated with copper clusters/precipitates., In this alloy, no
clusters of phosphorus were found.

Investigation of the irradiated Fe-0,7Ni-0.025P alloy revealed the
existence of phosphorus-rich clusters, These clusters were very small
in size., Eight phosphorus-rich clusters were detected. Seven of the
eight clusters contained less than ~ 20 phosphorus atoms, while the
eighth cluster contained ~ 90 phosphorus atoms. Only the larger phos-
phorus cluster was enriched with nickel. Again, the matrix
composition (Ref. 29) indicates that almost all of the phosphorus had
clustered during irradiation.

No nickel clustering was detected in any of the irradiated alloys
including Fe-0.,7Ni alloy. The FIM/AP analysis did not show any
indications of void formation in the irradiated iron alloys. The atom
probe analysis showed a darkly imaging disc-shaped iron-nitride preci-
pitate in the Fe-0.3Cu alloy (Ref. 29). As was aiscussed in the
previous section, the bulk-irradiated iron alloys showed formation of
nitride precipitates. The FIM/AP specimens were prepared from the
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broken Cv specimens, and therefore the observation of iron-nitride is
not surprising.

Frisius et al. (Ref., 32) have conducted SANS experiments on the same
alloys as studied at the University of Florida. Their results
indicate the existence of 3fect3 of ~ 15 A in diameter with a number
density of the order of 10" c¢m in the reference iron and the Fe-Ni
alloy. However, the FIM/AP (Ref. 29) and the TEM studies did not
reveal any clustering or void formation in these alloys. As will be
discussed in Section 5, such a large number density of voids should
give rise to significant strengthening, which has not bee observed in
these alloys (Ref. 46).

3.2,2 Steel Alloys

Thin foil and extraction replica specimens of the {rradiated steel
alloys were examined using TEM for (1) the presence of {irradiation-
induced defects such as those found in the model 1iren, (2) the
recovery of dislocation network alloys, and (3) evidences of irradia-
tion-induced carbide microstructural changes.

The general microstructure appeared to be the same in irradiated steel
alloys and similar to the unirradiated structure, Typical micrographs
are presented in Fig. 19, Only a few sparsely distributed large
dislocation loops were found in each of the steel alloys. Analysis of
these loops suggested that they are interstitial loops of b = a/2<111>
type, Figure 20 shows the dislocation loops in the low P-low Cu
(Code 67A) steel alloy. Detailed examination of a number of thin
foils revealed that the high P and high Cu steel alloys contain fewer
resolvable defects, and those that are resolvable were smaller than in
the low P-low Cu steel. It should be noted that the high dislocation
density of the steels makes it very difficult to single out very small
defects.,

No significant recovery in the dislocation substructure due to the
nentron irradiation was observed. Compared to the iron alloys, the
steel alloys contain much larger areas of sinks (lath boundaries,
dislocation and carbide/matrix interfaces) for irradiation-induced
point defects., As a result, the supersaturation of point defects is
much lower in steel alloys, and only a very small number density of
defert clusters are formed. The fact that no significent change in
the substructure of the irradiated steel alloys was observed indicates
that dislocations mainly act as neutral sinks.

In our third Interim Report (Ref., 23), we reported that no changes in
the carbide structure due to irradiated were found. However, in more
recent studies, fine precipitates were found in the high P-low Cu
irradiated steel alloy, as shown in Fig. 21. Analysis of these preci-
pitates showed that they are rod-like. Such precipitates were not
found in the similar alloy in the unirradiated condition. Also, they
were not found in the other irradiated steel alloys examined. Lott
et al. (Ref., 47) have reported that in an A 302-B r&eel. Zwith
virtually identlical composition and fluence level (~ x 10°” n/cm®) as
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0.07 um
Fig., 20 TEM micrograph showing the sparsely distributed large disloca-
tion loops in irradiated steel alloys. The loops are marked by

Arrows.



o———

0.07 um

Fig. 21 TEM micrograph showing the fine needle-like precipitates found
in the irradiated high P-low Cu steel alloy.
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(a)

1 um

(b)

Fig. 22 TEM micrcgraphs showving the dissolution of cementite particles
in the reference icon alloy after long time aging at 288°C,
(a) Aged 20 min and (b) aged 1600 h,
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interfaces (Ref, 50), A reduction in the interface energy reduces the
driving force for ripening, and hence the dissolution rate of
in-matrix cementite particles is reduced. No significant effect of
copper on the dissolution of carbides was found.

a"-nitrides were found on dislocations and on the cementite parti-
cles., Sets of micrographs showing the g « R = 0 criterion for
residual contrast for nitrides formed on dislocations and on carbides
are presented in Figs. 24 and 25, respectively. a"-nitrides are known
to precipitate on dislocations (Ref. 51); however, to the best of our
knowledge, their nucleation on cementite has not been reported
previously, In contrast to the {irradiated iron alloys, in-matrix
precipitation of a''-nitride was not observed in the thermally aged
iron alloys. This observation suggest; that either the thermally aged
samples were cooled differently or, more possibly, the irradiation-
induced solute=-vacancy complexes enlance the in-matrix nucleation of
a"=nitrides.

Since most of the nitrogen content of the iron alloys is soluble at
~ 288°C, we believe that a'-nitrides formed upon cooling from this
temperature, Furthermore, very slow cooling rates are required to
allow the precipitation of nitrides. This hypothesis was proven by
heating two unirradiated wafer samples to 288°C and cooling ore in the
furnace and the other in the air., Figure 26 shows the formation of
the a"-nitrides on a cementite particle in the former specimen and the
absence of a''-nitrides in the latter, This experiment also confirms
that the absence of nitrides in the wafer-irradiated samples is due to
the faster cooling rate of these samples compared to the bulk-
frradiated C, specimens.

An interesting feature was observed in all thermally aged iron alloys
examined. a"-nitrides were found on the periphery of the cementite
particles that had already dissolved., Figure 27 shows the a'"-nitride
particles formed on the periphery of a cementite ghost which does not
exist any longer., The micrographs in Fig. 27 should be compared to
the micrographs presented in Fig. 26. As is apparent in Fig. 27b, the
nitrides had nucleated on particles which are imaged differently than
the nitride. Further analysis is required to identify these precipi-
tates, which apparently had formed on the cementite/matrix interfaces
and later, upon cooling from 288°C, had provided a nucleation site for
a"-nitrides. Such cementite ghosts were not observed in the irradi-
ated iron alloys, which suggests that no precipitation had occurred at
the cementite/matrix interfaces.

The FIM/AP analysis was conducted on the thermally aged Fe-Cu alloy,
and no copper clusters/precipitates were found (Ref, 29)., In summary,
the main differences between the thermally aged and the irradiated
iron alloys are the presence of irradiation-induced (1) dislocation
loops, (2) cluster/precipitates in copper- and phosphorus-containing
alloys, and (3) complexes, possibly consisting of vacancy and alloy-
ing/impurity elements, and the absence of precipitates along the
periphery of cementite ghosts in the irradiated alloys.
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(a)

[y
0.2 um
A
’
;
(b)
Piniesmumtey
0.2 um

Fig. 26 TEM micrographs showing (a) the formation of
a'-nitride on a cementite particle in a furnace-cooled
iron alloy sample and (b) the absence of nitrides in an
air-cooled iron alloy sample.
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(a)

S p—

(b)

Fig. 27 TEM micrographs showing the formation of a"-nitrides on
precipitates formed on the periphery of a cementite
ghost. (a) B = [011), g = 200; (b) B = (Ol1], g = OTIl.
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4. FRACTOGRAPHY AND THE FRACTURE SURFACE ANALYSIS

The fracture surfaces of selected broken C, steel samples were studied
in the irradiated and unirradiated conditions using SEM and AES/SAM
with an emphasis on the effect of phosphorus, The possible mechanisms
by which phosphorus could enhance the {rradiation sensitivity of
pressure vessel steels include (1) radiation-induced segregation to
interfaces, (2) modification of possible radiation-induced changes in
the carbide microstructure, (3) radiation-induced clustering/precipi=-
tation of phosphorus, and (4) modification of the defect aggregates.
Mechanisms (1) and (2) would affect the fracture stress and/or strain,
and the latter mechanisms would reduce the fracture toughness by
increasing the yield strength and reducing ductility.

In general, the characteristics of ductile and brittle fracture
surfaces were the same in the irradiated and unirradiated condi-
tions, No intergranular fracture was found, and the brittle fracture
was transgranular (cleavage), as shown in Fig, 28 for the high P-
low Cu steel. Therefore, the promotion of intergranular fracture by
grain boundary segregation of phosphorus was eliminated as a possible
embrittlement mechanism.

1t was interesting that the crack initiation mode was ductile in all
the broken C_, specimens studied, even in samples with as low as 11 J
(8 ft-1b) absorbed energy., The mode of crack initiation in fracture
specimens is established by the shape of the ductile shear zone at the
crack tip or notch root (Refs., 5 and 52). In the case of ductile
initiation mode, the ductile shear 2zone has a thumbnail shape, as
demonstrated by the fractographs given in Fig. 29,

Considering the ductile crack initiation mode and the fact that irra-
diation embrittlement is also manifested as a reduction in the upper-
shelf energy, we pursued the subject of ductile cracking in the
pressure vessel steels, The sizes of microvoids present on the frac-
ture surface of steel alloys fell into three distinct size ranges.
The extraction replicas from the ductile fracture surfaces showed that
the very large microvoids (5-10 ym) were associated with MnS
particles, the medium (2-5 ym) and small (< 2 uym) microvoids were
associated with semispherical carbide and sometimes oxide or nitride
precipitates. Most of the fracture surface was characterized by
microvoids in the l-uym size class, which are shown in Fig. 30. A
quantitative analysis of the microvoid size distribution showed no
effect of irradiation (Refs., 21 and 23). Therefore, it was concluded
that no significant changes in the size distribution of carbides that
participate in the ductile fracture had occurred upon irradiation.

The AES/SAM analysis of the ductile fracture surfaces of high P-low Cu
specimens broken in=-situ showed phosphorus accumulation at
particle/matrix interfaces in both irradiated and unirradiated
specimens., The particles analyzed were mainly iaclusions, and the
carbides found on the fracture surface were too small for analysis.
Figures 31 and 32 show typical Auger spectra obtained for unirradiated
and irradiated high P-low Cu steel. Qualicatively, for the irradiated
specimen, a larger fraction of particles analyzed showed phosphorus
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(a)

2‘5 um

(b)

graphs showing the shear zone adjacent to the V-notch

irradiated high P=low Cu steel fractured at =1°C with 11 J

8 fr-lt ! rbe ergy at 1) the edge of the specimen and

(b) the midthickness., Note the larger shear zone size at
midthickness mpared the edge.,
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segregation compared to the unirradiaced specimen. Since phosphorus
segregation is usually inhomogeneous and localized (Ref. 50), it is
difficult to draw any conclusions with regard to the irradiation-
enhanced segregation of phosphorus to particle/matrix interfaces.
However, as will be discussed later, the effect of phosphorus
segregation is manifested as an equal reduction in the upper-shelf
energy for irradiated and unirradiated C, specimens. Therefore, it is
concluded that phosphorus segregation causes ~ombrittlement in both
irradiated and unirradiated alloys. However, it is not the cause of
enhanced irradiation embrittlement sensitivity of RPV steels.
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Se THE CORRELATION BETWEEN MICROSTRUCTURE AND RADIATION HARDENING

The possible sources of hardening in the irradiated iron alloys are
(1) dislocation loops, (2) clusters and precipitates, (3) voilds, and
(4) point defect-solute complexes, In general, the irradiation-
induced aggregates {mpede the movement of glide dislocations.
Therefore, a glide dislocati{ - must be bent to some angle 0 < $ < n
before it can move on. For weak obstacles, as {s the case for the
above aggregates, using Fridel's statistics, the critical shear stress
(rc) required to move a dislocation passed the obstacles of a random
distribution is given by Reference 53:

s v 3/2
2T cy13/2 2 ¢
T "B [cos (2 )] =173 (2 ) (3)
bLT
where T = the glide dislocation line tension
b = Burgers vector
L = the mean distance between obstacles in the slip plane
b critical break-away angle
" 2T cos 35 = critical break-away force acting on dislocation
sz
In general, assuming T = 7 s the critical shear stress can be
expressed as:
Gb ;
LR (4)

where a, is a function of ¢, (or F,) and represents the strength of
the obstacles and G is the shear modulus.

In the case of dislocation loops, L = (2!1!’4)"1/2 and:

T, = a, GBY 2RN (5)

L

Hirsch (Ref, 54) has reviewed the mechanisms of interaction of glide
dislocations with point defect clusters such as dislocation loops in
FCC crystals, His analysis shows that, depending on the de¢’ormation
temperature and size of the loops, various mechanisms may be operative
and a, can vary from 0.8 (Orowan loop, ¢, = 0) to as low as¢ a, = 0.0°
(long-range elastic interaction). Unfortunately, such analysis has
not been done for BCC crystals. We have arbitrarily chosea
3 (b = 1/2<111>) = 0,3 for a theoretical prediction of strengthening
in iron alloys due to dislocation loops. According to Eq. 3:

. 3/2
a, (b = <100>) -(s-‘-il) a, (b = 1/2K11D) = 0.372 (6)

100
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Table 5 Theoretical Predictions of Strengthening by Irradiation—Induced Aggregates in Iron Alloys

Alloy Dislocation Loops (TEM) Clusters/Voids (SANS) 80 41 Aa'“.b
a N vt a o I N Voids QrRich Clusters _  oqy
L e vl a
n (=) «ah MPa) () (@) ah ah (Pa) (MPa)  (MPa)
Reference Iron 86 37x10P® sex10® 0.3 101 % i7x107 L22x10 o.0897 8 116 103
L, P03 2 48x10 39x107* o.355 n &l 6.1z 1010 1.28 x 1077 0.224 146 162 195
w 16 - 16 -3
Fe—0. 3Cu—0. TNL <2 ~1.0x 10 3sx10™* 0.3 s« 41 6.9x 10 1.%x 1070 0.218 150 159 180
Fe-0.7N 2 65x10" 4L3x10* 0319 68 16 1.8x107 1L33x107 o0.1426 97 18 69
Fe—0. 7N1-0.0259 - ? 20 1.2x10"7 14asx107 0.235 175 17s 146
Fe-0.7M-0.025P0.30u — — 3% 9.7x 10 1.52 x 1070 0.2064 161 161 164

#  Reference 32 b Reference 46
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Table 6 Theoretical Predictions of Strengthening by Irradiation-Induced Aggregates in Steel Alloys
Alloy Voids Clusters/Precipitates A ns

a‘ N a L“l oy a'b Nb ac d-l oL

) () @b (MPa) (0 (ca™3) (ah (MPa)  (MPa)
67A 6. 6.7 x 101  0.1535 8.35 x 107 66 6. 4.9 x 10'% 0.2 7.06 x 1074 72 21
578 15.4 6.9 x 10"® 0.1376 8.36 x 107 59 15.6 1.8 x w07 0.2 1.33x 1072 136 74
67C 19. 2.0x 10" 0.2147 4.9 x 107% <5 19. 7.5x 10'% 0.2 1.03 x 1073 105 85
68A 22. 1.2x107 0.262 1.36x 107> 182 2.8 6.6 x 1017 0.1403 3.13x 1072 225 232
688 7.4 2.7 x 10" 0.18 172 x 1072 162 19.6 1.0 x 108  0.1153 3.66 x 1070 215 260
68C 16.4 3.3 x 1017 0.1621 1.86 x 1072 154 16.2 1.9 x 1018 0.0859 4.35 x 1073 192 252
2 Reference 49 o Reference 20 € We have arbitrarily assume a = 0.2 for phosphorus clusters



during irradiation. The composition of these phosphorus-rich clusters
and the mechanism of hardening by them are not known. However, the
ptosphorus additioa clearly contributes to radiation hardening by
radiation-induced clustering of phosphorus., The effect of phosphorus
seems to be comparable in the iron alloys and the steel alloys. The
addition of phosphorus increases the radiati~n hardening of the iron
allovs by 77 MPa, from 69 MPa for the Fe-0.7Ni to 146 Mia for the
Fe-0,7N1~0,025P alloy. Similarly in the steel alloys, the radiation
strengthening is enhanced by 64 MPa, from 21 MPa for the low P-low Cu
alloy (Code 67A) to 85 MPa for the hign P-low Cu alloy {Code 67C).

The addition of copper in the alloys studied contributes to rudiation
hardening mainlv by irradiation-enhanced precipitation, In contrast
to previously reported hypotheses (Refs. 9 and 13), copper does not
contribute to dirradiation hardening by modifying the {irradiation-
induced defect aggregates. Actually, as shown in Table 5 for “ron
alloys, the additica of copper results in a smaller contribution of
dislocation loops to irradiation hardening.

The irradiation-induced increase in yield strength due to precipita-
tion hardening, calculated on the basis of SANS data reported for the
copper-containing ailoys (Refs. 32 and 49), seems to be, in general,
lower than the mea-ured values reported for these alloys (Refs. 20 and
46) as shown in Tables 5 and 6. It sliould be noted that the calcu-
lated values ure an upper limit due to the fact that copper clusters
are not pure copper (Ref, 49). Consequently, the a value (Eq. 7),
which depeias on the modulus of the cluster, would !e sme''er if other
elements such 2s Fe, Mn, or Ni are associated with (he Cu-rich
clusters. One other pcssible mechanism by which the addition of
copper may enhance the irradiation hardening of iro and steel alloys
is dislocation pinning by irradiaticn-induced segregation to disloca-
tions, Such a mechanifm would mcdiify the K, value in Eq. 10.
However, there is not enough information available tc evaluate this
mechanism,

The steel alloys showed a larger enhancement in irradiation hardening
by the addition of copper compared to th2 iron alloys. The addition
of 0.3% Cu increased the irradiation hardening by 212 MPa in the steel
allsys from 21 MPa for 67A alloy to 232 MPa for 68A alloy. However,
the same amount of copper contributes to irradiation hardening by
92 MPa in the iron alloys from 103 MPa in the reference iron to
195 MPa in the Fe-0.,3Cu alloy. Part of this difference is accounted
for by the fact that the contribution cf dislocation loops to the
s .rengthening of irradiated alloys is reduced in the Fe-0.3Cu alloy
(see Tabla 5), Furthermore, the SANS results (Refs. 32 and 49) show
an order of magnitude higher number density of smaller Cu~-rich
precipitates in the 68A steel alloy compared to the Fe-0,3Cu iron
alloy. This difference also contributes to the enhanced effect of
copper on radiation hardening in the steel alloys.

The addition of phosphorus to copper-containing alloys did not enhance
the irradiation hardening, as can be seen in Tables 5 and 6. This
result is consistent with the FIM/AP findings (Ref. 29) that phos~
phorus does not cluster in the presence of copper in iron alloys.
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6. COMMENTS ON RADIATION EMBRITTLEMENT OF RPV STEELS

The radiation embrittlement sensitivity of a reactor pressure vessel
steel typically is evaluated by Charpy V-notch impact testing. Cy
impact energy is one of the most complicated fracture toughness
parameters in the sense it may include all of the processes of plastic
deformation at high strain rates: crack initiation, crack propagation,
crack arrest, reinitiation, and finally shear failure (Ref. 5). Tae
material parameters that control these processes are: tensile stress-
strain relationship {(o=-¢), strain rate sensitivity, critical fracture
stress (o*) and critical fracture strain (e*). The latter two para-
meters are usually controlled by microstructural features, in this
case carbides and inclusions, of the order of > 0.1 ym, and the
cohesive strength of interfaces. However, the o¢-¢ relationship is
more sensitive to finer microstructural features.

Our analysis showed no significant changes in the carbide micro-
structure due to neutron irradiation. Phosphorus was found to be
accumulated at particle/matrix interfaces in both unirradiated and
irradiated high " steels, This is manifested as a higher ductile-to-
brittle transition temperature and a lower upper-shelf energy of
high P steels (Ref. 25). The 1&frostsyctural changes caused by
neutron irradiation (2.5 to 5 x 10" n/em®, 288°C) in the iron and
steel alloys examined were all at a fine scale and, as a result, they
are expected to modify the stress-strain relationship. The tensile
results reported by Hawthorne (Refs. 20, 25, and 46) indicate that the
irradiation damage is manifested as an increase in the yield strength
and a loss in the strain-hardening capacityt. As shown in the
Appendix, although there is a correlation between the increase in
yield strength and the shift in the ductile-to-brittle transition
temperature or the reduction in upper-shelf energy, the scatter in
data is significant, Probatly a more appropriate factor for such
empirical correlations would be the area under the true stress-strain
curve,

The SEM analysis of fracture surfaces of Cv specimens revealed that
the mode of crack iritiation had been ductile *‘n specimens with
absorbed energy as low as 11 J (8 ft-lb)., We sugg.st that the radia-
tion embrittlement as evaluated by C, impact cesting is wmainly
associated with the loss in strain-hardening capacity, which causes
shear localization near the notch tip. It shculd be realized that the
reduction in strain-hardening capacity is the result of an increase in
yield strength.

tThe loss in strain-hardening capacity was evaluated by the analysis
of stress-strain curves for iron alloys. The true maximum uniform
strain was decreased from ~ 25% in unirradiated iron alloys to ~ 10X
in the irradiated iron alloys. The strain-hardening rate in irradi-
ated alloys was found to be minimum in the reference and highest in
the phosphorus-containing alloys.
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74 SUMMARY

This report summarizes the results of a three-year research program
undertaken in the Department of Materials Science and Engineering at
the University of Florida to investigate the mechanisms by which
copper, phosphorus, and nickel modify the evoluation of microstructire
in pressure vessel steels and model iron alloys upon expostres itu fast
neutrons, A series of pressure vessel steels and model iron alloys
with various contents of copper, nickel, and phosphorus in unirradi-
ated and irradiated conditions were provided by Materials Engineering
Associates, Inc. The microstructures of these alloys were character-
ized using high resolution analytical microscopy techniques. A model
is proposed to account for the effect of alloying/impurity elements on
the evolution of dislocation loops in iron alloys. Existing strength-
ening models were reviewed, The microstructura! findings of this
study were combined with results of other studies (Refs. 20, 25, 29,
32, 46, and 49), and attempts were made to predict the radiat‘on
hardening of the examined alloys.

The results of our analyses can be summarized as follows:

® Neutron irradiation (flueace of 4.63 x 10!? n/cmz, E > 1 MeVv,
288°C) produced observable defects in all the model iron alloys
examined. The analysis of the larger defects revealed they are
prismatic dislocation 1loops of an interstitial nature with
a<l00> and a/2<111> Burgers vectors., Compared to the model iron
alloys, the steel alloys showed a much lower number density of
dislocation loops. The loops were larger and those analyzed had
a/2<{111>-type Burgers vectors. These differences are attributed
to the large number of point-defect sinks in the steel alloys.

® Additions of copper, nickel, and/or phosphorus reduced the size,
increased the apparent number density of observable defects and
increased the fraction of a/2<111> dislocation loops. Following
Little et al. (Ref. 35) these effects were explained by point=-
defect trapping by solute atoms, which results in a slower
growth rate of a<l00> loops and consequently a higher survival
rate of a/2{111> loops. In contrast to reported SANS results
(Ref. 32), voids were not found in the alloys examined.

® c-carbides were observed in the matrix and on the dislocations
in the unirradiated model iron alloys. Copper enhanced the in-
matrix precipitation of e-carbides significantly, The carbide
microstructure was the same for the irradiated and thermally
aged iron alloys. Cementite particles formed in the matrix
within a short time on exposure to 288°C. Eventually, the grain
boundary carbides grew at the expense of the in-matrix cementite
particles by dissolution, Phosphorus seems to retard the
dissolution process.

® The carbide and defect structures were the same in the wafer=-
and bulk-irradiated ircn alloys. However, the bulk-irradiated
samples but not the wafer-irradiated samples showed a"-nitride
precipitates on dislocations, in the matrix and on the cementite
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particles, The absence of nitride precipitation in the wafer-
irradiated samples is attributed to the faster cooling rate of
these specimens after the 288°C irradiation.

We did not find a significant modification of the carbide micro-
structure of the steel alloys by neuivon {rradiation,.
Consistently, the size distributions of microvoids on the
ductile fracture surfaces of the unirradiated and irradiated
alloys were similar; the alloying/impurity content did not
modify the distributions,

Phosphorus accumulation was detected at particle/matrix inter-
faces in both unirradiated and irradiated high P stecels. This
segregation of P is responsible for the slight embrittlement of
high P alloys; however, it is not the cause of enhanced irradia-
tion embrittlement sensitivity of RPV steels., The absence of
intergranular fracture in high P steels eliminated radiation-
induced segregation of phosphorus to prior austenite grain
boundaries as an embrittlement mechanism.

Consistent with other reported studies (Refs, 12-14), copper
precipitation/clustering was found to be enhanced by neutron
irradiation, probably due to an increased diffusion rate.
Copper 1. reases the irradiation sensitivity of pressure vessel
steels by a precipitation hardening mechanism. The reduction in
defect size by copper, in fact, reduces the contribution of
dislocation loops to radiation Hhardening in the copper~-
containing alleys. It is suggested that, for the {irradiation
conditions of this study, Cu modifies the dislocation loop
structure by changing the kinetics of defect evolution rather
thar by providing nucleation sites.

The addition of nickel decreases the dislocation loop size
significantly; the Burgers vectors o:. those loops analyzed were
predominantly a/2<111> type, The slightly lower radiation
hardening observed in the e-~0,7Ni alloy in comparison to the
reference iron is attributed to this modification of dislocation
loop structure., Nickel was found to be associated with the Cu-
rich clusters; however, this association is not expected to
modify radiation embrittlement sensitivity significantly. No
other synergism between copper and nickel was found.

In the absence of copper, irradiation-induced clustering of

phosphorus occurs., These clusters act as obstacles to the
motion of glide dislocations and hence increase the yield
strength of {irradiated high P alloys. In the presence of

copper, phosphorus is associated with Cu-rich clusters/precipi-
tates in model iron alloys but does not cluster by itself. This
observation correlates with the {nsensitivity to phosphorus
content of radiation hardening and radiation embrittlement found
in C, tests for high Cu alloys.
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Although many investigations heve been periormed to characterize the
microstructure of neutron irradiatec ferritic 4iron alloys in an
undeformed condition, only very few studies of the deformation
mechanism have beeu conducted. The strengthening mechanisms presented
in this report are speculative. Experimental studies of plastically
deformed conditions are essential for reaching new levels of under-
standing of radiation embrittlement.
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APPENDIX A

Analysis of the Correlation Between Radiation Hardening
and Embrittiement of Pressure Vessel Steels



ANALYSIS OF THE CORRELATION BETWEEN RADIATION HARDENING
AND EMBRITTLEMENT OF PRESSURE VESSEL STEELS

A number of researchers have advanced the proposal that the embrittle-
ment of reactor pressure vessel steels arises primarily as a
consequence of radiation-induced hardening (Refs., Al-A3), It 1is
proposed that irradiation increases the yleld strength of the material
while leaving the critical fracture stress largely unchanged. Experi-
mental confirmation of this 1idea has been attempted with moderate
success by several investigators (Refs. A2-A5). Most recently,
Odette, Lombrozo, and Wullaert (Ref. AS5) have analyzed the relation-
ship between hardening and embrittlement in some detail. They propose
that the increase in DBTT can be expressed as

o
oy‘(Td) Ao

-1
ys Ao
- I e 1
M'd ¢ Aays’ ¢ Ao . /a (To) (d'r) dcys (A1)
y ys d

where o . as a function of temperature is the dynamic yield stress;
il.e., i is tre yield stress determined at the strain rates (approxi-
mately 10° s™') typical of Charpy impact tests. It should be noted
that the constant, C, is simply the mean reciprocal slope of this
curve taken over the desired temperature and yield strength inter-
val. That is, it represents a linear approximation of ¢ s V8. T over
a relatively narrow range, Odette et al. further assJ;ed that the
irradiation hardening, Ao¢ g» 1s not dependent on temperature or strain
rate and thus may be determined from the usual static tensile tests at
any convenient temperature. They also showed that, due to upper-shelf
energy effects, the DBTT measured from instrumented Charpy tests on
unirradiated specimens, 4 , corresponds approximately to the 10-J
level, not the 41-J level which is commonly used. In summary then,
Odette et al, used a master curve of the dynamic yield stress vs.,
temperature combined with static measurements of irradiation-induced
hardening, Ao g+ and a knowledge of the unirradiated DBTT, Td y tO
predict the change in DBTT, AT4e

In this Appendix, we will show, in a more clear way, how it is possi-
ble to use static tensile data (o vs., temperature and Aoys) in
conjunction with the unirradiated De?& to calculate the constant, C,
directly, This value can then be compared with the value determined
from an empirical correlation of AT vs. Aoy..

We start by assuming a linear dependence of ¢ . (static) on tempera=-
ture with the understandirg that this approximation is valid only over
relatively small temperature or yield strength intervals.

ay' = a + bT (A2)






or

o' (T) = o(T)

where T' and T are the DBTT's in the irradiated and unirradiated
conditions, respectively, and where K is the plastic stress intensity
factor at the notch tip. Applying this criterion and rearranging
yields:

T (b' +4' ln =) = T (b+dln=)=a-=-a'+ (¢ = ¢') 1In
él él él

a

(A7)

Experimentally, it is observed that irradiation displaces the yield
stress curve by a constant amount, Ao g* as determined from static
tensile tests (Refs. A2, A4-A6). Thus, Ze can assume that:

b' = b
and

Aoys = a' - 3

Finally, based on the work of Steichen and Williams (Ref, A6), we can
assume that a_ 1s unaffected by {irradiation at temperatures greater
than approximately 27°C (300°K)., Thus:

and

Substituting these values into Eq., A7 and rearranging yields:

Ao
T -T= =
-(b +d 1ln é—-)
él
or
AT = C L (A8~1)

A-3






the upper-shelf energy should be correlated with the energy under the
true stress-strain curve truncated at maximum uniform strain. Such
information was not available for evaluation.
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