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ABSTRACT

The mic ros t ruc tu res of a series of re ac to r pressure vessel (RPV)
steels and model iron alloys with various copper, nickel, and
phos pho rus contents we re examined in the uni r radiated condition and
neut ron-i rrad i ated (fluence of 2 to 4.63 x 10 n/cm2, E> 1 MeV at19

~ 288*C) conditions using high resolution analytical microscopy

! techniques to understand the mechanisms by which these elements affect
I the radiation embrittlement sensitivity of RPV steels. Fractography

techniques we re employed to identify embrittlement mechanisms that'

would be nanifested as a change in the f racture surf ace properties.
1

Analysis showed that radiation hardening in the refe ence iron alloy
is associated with the fonaat; en of prismatic dislocation loops of an
interstitial nature with mak,1y a(100> Burgers vector. The absence of
significant radiation hardening re po rted 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 i nc rease the number
density of observable defects. However, the enhancement of radiation
embrittlement sensitivity in copper-containing alloys is due to the
radiation-enhanced f o rma tion of Cu-rich clusters / precipitates. The
slight reduction in the radiation hardening of i ron by a nickel
addition is attributed to a modification of the defect s t ruc tu re . No

syne rgism between copper and nickel was found in the model i ron
alloys, except for an enrichment of copper clusters with nickel.

In both irradiated and unirradiated high P steels, phosphorua had
seg regated to particle / mat rix interf aces, which is consistent with the
reported lower u ppe r-s hel f e ne rgies of high P alloys. The f racture
surf ace was transgranular for these steels and no intergranular f rac-
ture was ob s e rved . Phosphorus also decreased the radiat ion-i nduced
defect size significantly. However, the detrimental effect of phos-
phorus on radiation embrittlement sensitivity in the absence of copper
is at t ributed to the radiation-induced cluste ring of phos pho ru s. 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 neu t ron irradiation is ascribed to vacancy trapping
by solute atoms, which results in survival of a/2(lll> 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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1. INTRODUCTION

Water reactor pressure vessels (RPV's) operate at a nominal tempera-
tu re of ~ 288'C and- are subjected to neutron irradiation. This
irradiation service results in an increase in the ductile-to-brittle
transition temperature and a decrease in upper-shelf energy absorption
as dete rmined by Charpy V-notch (C ) impact testing (Ref. 1).y
(Fig. 1). Older RPV's we re const ructed from A 302-B and A 533-B
steels and weldments, which contain traces of impurity elements such
as copper and phospho rus. The presence of certain, impurity / alloying
elements in RPV steels has been found to enhance irradiation embrit-
tiement sensitivity at ~ 288'C. Among these elements, copper,

phosphorus, and nickel have been shown to have a most significant
effect (Ref. 2).

The increase in duc t ile-t o-b ri t tle transition t empe ratu re associated

with the irradiation embrittlement of RPV steels has been attributed
to radiation hardening (Ref s. 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 ene rgy (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 f racture
process associated with C testing is complex (Ref. 5), and many para-y
meters should be considered in interpreting C energy data.y

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 cluste rs 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 f orm voids , and/o r (5) migrate to sinks
such as interf aces 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
(c) 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. 8-14), using Transmission
Electron Microscopy (TEM), Field Ion Microscopy / Atom Probe (F1M/AP),
and Small Angle Neutron Scat te ring (SANS) techniques, that Cu
increases the radiation hardening sensitivity by two mechanisms:

l
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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 f o rme r 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 mic ros t ruc tu re , all of which contribute significantly j

*

to the dislocation evolution du ring neut'ron . irradiation !

(Refs. 16-17). The effect of Cu on the irradiation embrittlement of
RPV steels has been repo rted to be enhanced by the addition of nickel
above a minimum copper content level (Refs. 18-19). Although the
syne rgism 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 cont rast to the large number of studies on the effect of copper, no
systematic evaluation of the mechanisms by which phosphorus affects i

the radiation emb ri t tleme nt sensitivity has been performed. Recent
results (Ref. 20) reveal that the addition of phosphorus to low copper
steels increases the radiation embrittlement sensitivity of RPV steels
and that the de t rimental effect of phospho rus is manifested as an i

increase in the radiation hardening. On the other hand , ' additions of

phospho rus in the, presence of copper seem to ha;, no significant
effect on either the ductile-to-brittle transition temperature or the
yield 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 inte rac tions between copper and nickel, ' and between
copper and phospho rus in radiation embrittlement sensitivity develop-
ment. Both pressure vessel steels and model iron alloys with various
amounts of Cu, P and Ni we re studied. The iron and steel alloys
studied were p re pa red , 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-
tu re of the alloys using high resolution analytical microscopy
techniques and to develop mechanistic models for the effects of Cu, P,
and Ni explaining the evolution of microstructure during neutron irra-
diation. Table I shows our general approach to investigate radiation
embrittlement in RPV steels.

i
i

The results of our efforts during the three year duration of this i
program were previously reported in the f orm of four Interim Reports |
(Refs. 21-24). This Final Report summarizes the results previously
documented and includes new determinations since our last Inte rim
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,

3
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Table 1 A Ceneral Approach to Investigate the Effect of Coc: position on Radiation Fabrittlement in Reactor
| Pressure Vessel Steels
|

a
Phenomena Embrittlement Mechanisms Experimental Observations Elements

I. Radiation-enhanced segregation - Cohesive strength at - Intergranular f racture (SEM) -P

to prior austenite boundaries boundaries +
p+-o

II. Radiation-enhanced segregation - Cohesive strength at - Shallow microvolds (SEM) -P

to carbide / matrix interfaces interfaces + - Surface analysis (AES/ SAM)
- Microvoid initiation

st rain +

- Fracture strain

= og 4

III. Modification of radiation- - Fracture stress - Size, density, and composition of - P, Ou?

enhanced and/or induced changes - Fracture strain + carbides (T M )y

in carbide microstructure o-c - Size of microvoids (SEM)
(dissolution, ripening, - Size of carbides associated with
reprecipitation) microvoida (TEM, extraction replica)

IV. Modification of radiation- o - c relationship - Density, size and distribution - P, Cu, Ni

induced defects - Yield strength t of dislocation loeps (T M)
- Dislocation loops - Strain-hardening - Voids (TEM, FIM/AP)
- Voids capacity +
- Coc2plexes - Fracture straia +

V. Radiation-induced and/or - o - c relationship - Existence of clusters or precipi- - P, Qi, Ni

enhanced clustering or - Yield strength t tates (TDi, FLM/AP/IAP)
precipitation - Strain-hardening

capacity 4

- Fracture strain 4

a Based on the facilities available to the authors at the University of Florida

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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and thermally aged conditions.. The results of fractography and Auger !-

Electron Spectroscopy / Scanning Auger Microscopy ( AES/ SAM) analyses of
the steel alloys are given in Section 4. The . mechanisms .whe reby Cu,
P, and .Ni affect radiation hardening .o f model iron alloys are
discussed in Section 5. Comments a re made on connections between
(1) microstructure, (2) radiation ha rdening, and (3) irradiation
embrittlement in Section 6. Finally, the. results of this program are
summarized in Section . 7.
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2. MATERIALS AND EXPERIMENTAL PROCEDURES

2.1 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 i

steels a re part of e larger . mate rials 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 pressu re vessel steels. C specimens of .each steel we rey

irradiated at a contgolled temperature of 288*C (target) to a neutron
fluence of ~ 2 x 10 n/cm (E > 1 MeV). The irradiated and unieradi-
ated steel samples provided to the University of Florida were in the
form of b roken C . specimens. For -further information on the heaty
treatment and irradiation condition, the reader is di rected to

Ref erence 25.
)
|
<

Table 2 Chemical Compositions of Stect Alloys (A 302-B)a

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

68A 0.23 1.31 0.003 0.017 0.22 0.30 0.70 0.52 0.010
68B 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. 30 0.70 0.52 0.010

a Hot rolled to 15-m gage
Heat treatment: 900*C, I h, air cool

649'C, I h, water quench
677'C, 5 h, water quench

Microst ructure: Tempered upper bainite and proeutectoid ferrite
Irradiation parameters: Specimen: Charpy V-notch

Hours of exposure: 740-750
Temperature : ~ 288'C

19 2Averar.e fluence: ~ 2.5 x 10 n/cm , E > 1 MeV
i

I

The model iron 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

6
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rolled to 16.5-mm thick plate in five passes. The plates were then
austenitized for 30 min at a temperature between 915'C and 926'C, then
air cooled to room temperature.

The model iron alloys were irradiated in various geometrical forms.
The alloys, for which microstructural characterizations a re reported
he re , we re irradiated in the f orm of C specimens and 8-mm diametery
x 0.5-mm thick waf e rs . These alloys will be ref e rred to as bulk-
irradiated and wafer-irradiated samples, respectively, throughout this i

repo rt . The model iropg alloys were irradiated at ~ 288'C to a neutron
fluence of ~ 4.63 x 10 n/cm (E > 1 MeV).

aTable 3 Chemical Compositions of Model Iron Alloys

Designation Composition (Wt-%)

C Mn P Ni Cu N 0

Reference Iron 0.013 0.018 0.003 0.018 <0.005 0.004 0.11

Fe-0.3Cu 0.013 0.013 0.004 0.012 0.28 0.004 0.12

Fe-0.3Cu-0.4Ni 0.010 0.017 0.003 0.37 0.27 0.005 b

Fe-0.3Cu-0.7Ni 0.014 0.017 0.005 0.73 0.25 0.006 0.12

Fe-0.7Ni 0.010 0.017 0.003 0.74 <0.005 0.004

Fe-0.7Ni-0.025P 0.010 0.015 0.023 0.69 0.009 0.005 0.11

Fe-0.7Ni-0.025P-0.3Cu 0.012 0.013 0.023 0.70 0.25 0.004 0.13

a Hot rolled to 16.5m gage
Heat treatment: 915'C,1/2 h, air cool
Irradiation condition: Tempe rature : ~ 288'C

19 2Average fluence: ~ 4.63 x 10 n/cm , E > 1 MeV
Specimen: (a) Charpy-V notch

(b) TDi discs ](c) Wafers
(d) Rolled wedges
(e) Tensile specimens

b Not analyzed

1

1

2.2 Experimental Procedures

2.2.1 Experimental Procedures for Scanning Electron Microscopy

The fracture surfaces of irradiated and unirradiated steel C '

specimens were p repa red for SEM examination. Normal deg reasing ank

I
|
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ultrasonic cleaning techniques were found to be inadequate. Repeated
applications of a cellulose acetate replica were required to obtain
reasonably clean specimens. Special lead holde rs were designed - and
built to facilitate transportation and handling of the cut ' specimens
in the electron microscope.

All specimens were examined in a JE0L 35 CM scanning electron micro-
scope. The ductile and brittle f racture morphologies and the presence
of any unusual f ractographic features were noted and pho tog raphed .
Quantitative measurements of void size were performed _ on a few speci-
mens under a set of standard operating conditions ' to ensure internally
consistent results.

2.2.2 Experimental Procedures for Transmission Electron Microscopy

Thin foils for TEM analysis were p repa red by chemical thinning of
0.5-mm thick wafers to a thickness of ~ 0.08 mm in a solution of
85 parts H0, 10 parts H 0, and 5 parts HF acid. Then, 3-mm discs22 2
we re punched out of the thinned wafers and jet-polished until an
electron t ranspa rent region was obtained. The best results we re
obtained with an elect rolyte of 750-mL methanol. 450-mL n-butyl
alcohol, and 45-mL perchloric acid at -60'C with an applied potential
of 20-30 volts and a current of 5-20 mA.

Single-stage carbon extraction replicas we re made of polished and
etched surfaces and of f racture surf aces of selected steel specimens
to aid the analysis of their carbide microstructures. Identification
of specific carbides was made on the basis of selected area dif f rac-
tion patterns, energy-dispersive X-ray microanalysis and particle size
and morphology.

The specimens were examined in a JEOL-200CX scanning transmission
electron microscope with an accelerating potential of 200 kV. This
microscope is located in the Depa rtmen t of Materials Science and
Enginee ring , Unive rsity of Flo rida , and is equipped with an ene rg y-
dispe rsive X-ray detection (EDS) and an electron loss spect romete r
(EELS) for elemental analysis. Typical investigations involved the
use of conventional bright field (BF), centered dark field (CDF), and
selected a rea diffraction (SAD) to analyze the carbide and defect
mic ro s t ructu re s. Contrast experiments on the defect structures were
performed under two-beam dynamical conditions. The weak-beam micro-
scopy technique was employed for imaging very small defects.
Additional replicas we re examined in a Phillips 400 FEG electron
microscope located at the Oak Ridge National Laboratory (ORNL).

2.2.3 Experimental Procedures for Field Ion Microscopy / Atom Probe

Specimens we re p repa red for FIM/ AP/I AP analysis by first cutting
0.4-mm square by 1-cm long blanks from the appropriate bulk material
f o rm. For the i rradia ted alloys, the blanks we re cut f rom the C
specimens. The blanks we re then suspended vertically in a chemicaY
polishing solution of 85 parts H 0 , 10 parts H 0, and 5 parts HF acid22 2

8
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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 d roplet 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. |

! I

! The preliminary examination of the specimen tips was performed using i

the field ion microscope / imaging atom probe (FIM/IAP) at the Univer- I
i

| 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 phospho rus segregation to particle / matrix interf aces,
scanning Auger microscopy (SAM) was conducted on specimens of an irra-
diated and an unirradiated steel alloy containing phospho rus
(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 surf ace features.

,

k
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3. MICR0 STRUCTURAL CHARACTERIZATION

3.1 Unirradiated Materials

3.1.1 1ron Alloys

The microstructures of unieradiated iron alloys have been discussed in
detail in Ref e rence 22. The most significant aspects a re summarized
here.

The TEM analysis of thin foils revealed the formation of disc-shaped
precipitates, which lie parallel to {l00), planes, on dislocations and
in the matrix. The extent of in-matrix precipitation was signifi-
cantly increased in the copper-containing alloys as shown in Fig. 2.
Nickel modified this effect of copper and the alloy Fe-0.3Cu-0.7Ni
showed a fewer number of in-matrix precipitates. Phosphorus seemed to
have an effect simila- to that of nickel, i.e., to further retard the
in-matrix precipitation when added to a high Cu-high Ni alloy.

The in-matrix precipitates were distributed inhomogeneously, particu-
larly in the nickel-containing alloys. During ingot solidification,
Ni is pushed in between dendrite a rm s . Since nickel is a very slow
diffuser in iron, the heat t reatme nts given to these iron alloys did
not homogenize the composition. During cooling f rom the austenite
phase, the high nickel regions t ransf o rm to ferrite last and,
consequently, the concentration of copper, which is more soluble in
austenite, will be higher in these regions. This inhomogeneity in
copper composition results in an inhomogeneous distribution of
precipitates.

Within the resolution of TEM, no apparent nucleation sites could be
de te rmined for the precipitates f o rmed in the mat rix. These precipi-
tates showed a flower-like image contrast. It was found that more
than one precipitate had f o rmed f rom a common origin. The g.R=0
criterion for invisibility, where g is a unit vector perpendict.lar to
the dif f racting planes and R is the displacement vector perpendicular
to the precipitate plate, was used for distinguishing between
a"-ni t rides and c-carbides (Ref. 26). An demonstrated in Fig. 3,
almost no precipitates appea red or disappeared upon tilting f rom the
g = 200 reflection to the g = 020 re fle c tio n. As will be shown in
later sections, a"-nitride does disappear under the g . R = 0 condi-
tion. The image contrast (Ref. 27), the absence of visibility /
invisibility c rite rion (Ref. 26), and the higher carbon content

esuggest that the precipitates consist mainly of c-carbides.

A recent quench-aging study of the i ron alloys has confirmed the
effect of copper on enhancing the in-matrix nucleation of c-carbides
(Ref. 28). It has been suggested (Ref. 28) that copper-vacancy pai rs
f o rmed in a a-iron at high temperatures act as sites for the nuclea-
tion of c-carbide at low temperatures.

10
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3.1.2 Steel Alloys

The mic ro s t ruc tu re s of the steel alloys were charac te rized by TEM
analysis of thin foils and extraction replicas. The latter specimens
were used for chemical analysis of carbides. The detail of mic ro-
st ructural analysis of unirradiated steel alloys can be found in
References 21 and 23. The identification of specific carbides was
accomplished by analyzing selected area diffraction patterns and
e ne rgy-dispe rsive X-ray spectra. The carbide microstructures of all
the steel alloys examined were the same and consisted of an inhomogen-
eous distribution of MC and MC carbides in a bainitic micro-3 2
s t ruc tu re . We did not encounter any M C carbides, but this does not6
eliminate the fact that some MC carbides may have existed at6
boundaries.

|

The carbides were categorized based on their (a) size [la rge , > 1 pm-
medium, 1-0.2 pm; small, 0.2-0.5 pm; fine, < 0. 0 5 prt ) , (b) shape |
[ spherical, elonga :ed , irregular, needle), and (c) location (grain |
boundary, inter-lath, intra-lath). There were indications of lamellar |

cementite plates, which suggest that the austenitizing treatment of
Ih at 900*C (Ref. 25) was not long enough to dissolve all the
carbides.

Figure 4 shows TEM micrographs of thin foil and extraction replica
specimens of the high P-low Cu (Code 67C) steel. These mic rog raphs {
a re representative of all the steel alloys examined. A high j
dislocation density, typical of t empe red martensite/bainite
microstructures, was found in thin foils, as shown in Fig. 4a. The
inhomogeneity of the carbide distribution is represented in Fig. 4b.

3.2 Irradiated Materials

3.2.1 Iron Alloys

The microstructures of irradiated iron alloys were characterized using
TEM and FIM/AP techniques. The FIM/AP study was conducted at the
Metals and Ceramics Division of ORNL under the supe rvision of
Dr. M. Miller (Ref. 29). This section is divided into th ree parts:
(1) Defect S t ruc t u re , where the results of TEM analysis of dislocation
loops are repo rted; (2) Carbide and Nitride Structures, which separate
f rom the defect structure de se rves an independent discussion; and
(3) Ultra-Fine S t ruc tu re , where the results of FIM/AP analysis are
discussed. The reade- is referred to References 23 and 24 for a
comprehensive report of the microstructural analysis of the irradiated
iron alloys.

3.2.1.1 Defect S t ruc tu re

Neutron irradiation had introduced obse rvable defects in all irradi-
ated alloys examined. These defects were distributed homogeneously in
the matrix, in contrast to the reported inhomogeneous distribution (or

clustering) of defects gn neugron irradiated iron alloys irradiated to
higher fluences (> 10 n/cm ) than this study, but at comparable

13
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I

| irradiation tempe ratu re s (Refs. 9 and 30). Tilting ezperiments on 3

those defects that we re large enough for analysis showed they are
near-edge dislocation loops of interstitial na t u re . Both a(100> and

( a/2<111> Burgers vectors were identified. The size and number density j

| of observable loops and the f raction of dislocation loops with a(100) 1

I and a/2<111> Burger vectors were found to depend on the composition of
) the iron alloys, as shown in Table 4.

;
!

i

Table 4 Results of Quantitative Analysis of Observable
Dislocation Loops in Irradiated Iron Alloys

a bAlloy d N f(100>c

(A) (cm'3) (%)

15Reference Iron 86 3.7 x 10 93

15Fe-0.3Cu 32 4.8 x 10 75
16 dFe-0.3Cu-0.4Ni ~22 ~1.0 x 10

16 dFe-0.3Cu-0.7Ni ~12 ~1.0 x 10
15Fe-0. 7 Ni 28 6.5 x 10 25

Fe-0.7Ni-0.025P d d d

d d dFe-0. 7 Ni-0. 02 5 P-0. 3 Cu

| a
f d = mean defect diameter
i b N = number density of defects

e f <100> = f raction of dislocation loops with a<100>
Burgers vector

d too small to be analyzed by TEM

Figures 5 through 11 p rese nt the defect mic ros t ruc tu re of the iron
alloys examined, accompanied by the size distribution of dislocation
loops. Weak-beam technique was employed to reveal the fine defects;
howeve r , the number density reported for very fine loops should be
regarded as an approximate value and most probably an underestimation
of the real value. The number density reported in Table 4 includes

j
those defects with black spot contrast. These defects are most |probably very fine dislocation loops rather than copper or phosphorus
clusters. The former clusters have been reported to show no visible )
contrast and the latter clusters, as will be shown later, a re too
small to be imaged in TEM. The defects in Fe-0.7Ni-0.025P and
Fe-0.7Ni-0.025P-0.3Cu alloys were too small for the size distribution
analysis.
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|
The above results show that additions of Cu, Ni, and/or P decrease the |
size of irradiation-induced def ects significantly and perhaps increase
the number density of the defects. Phosphorus is the most potent
element in reducing the size of defects. The predominant . type of
Burge rs vector of the loops obse rved in the ref e rence iron alloy was
found to be a<100> type. The presence of copper (Fe-0.3Cu) in iron
increased the fraction of a/2<lll>-type dislocation loops.. The
presence of nickei (Fe-0.7N1) had a d ramatic effect upon the Bu rge rs
vector of the loops. The pe rce nt of a/2<lll> loops increased f rom 9%
in the re f e rence iron to 7 5% 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<lll> and a(100> dislocation loops has
been reported by Gelles in Fe-Cr ferritic steels (Ref. 31). He found
that a<100> Bu rge rs vector were p redominant in the Fe-3Cr alloy but
changed to predominantly a/2<lll> Burgers vector at higher chromium
concentrations. The dependency of the Bu rge rs 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 a re
conce rned , 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.
Wagne r et al. (Ref. 13) have also reported a similar effect of copper
on defect size dist ribution. Contrary to Smidt and Sprague results
(Ref. 9), we found a significant effect of nickel on the def ect struc-
ture generated by neut ron irradiation. It should be goted that their2samples were irradiated to a higher fluence (4.5 x 10 n/cm ) 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 pe rf ormed
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 ref e rence 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 void
f o rma tion.

The behavior of dislocation loops near dislocation lines, low-angle
boundaries and grain boundaries was ancther a rea of investigation.
Zones denuded of dislocation loops were obse rved in the ref e rence
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 phos pho rus. In fact,
alloys containing copper or phospho rus showed formation of a high
density of very large dislocation loops adjacent to dislocation
lines. These large loops we re preferentially dist ributed 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 coppe r-containing alloys.
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- To discuss the possible mechanisms responsibic for the above observa-
tions, first we have to consider the nucleation and growth of
interstitial dislocation loops. 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
a Bu rge rs vector of a/2<110) can unfault by two possiblo shear
mechanisms:

a/2<110) + a/2<001) = a/2<lll> (1)

a/2<110) + a/2<!IO) = a(100) (2)

Reaction (1) is energetically favored at all irradiation t empe ra-
t u re s. Little, Bullough, and Wood (Ref. 35) calculated the relative
probability of a<100> and s/2<111> loop formation. Their calculations
showed a very small, but finite, probability for a(100> loop f o rma-
tion. The obse rvation of predominantly a<100> loop in an Fe-Cr
ferritic steel has been attributed to the stronger bias of a<100>-type
dislocations, which have a la rge Bu rge rs vector, for interstitial
atoms. Initially, loops with a b = a/2<111> are the predominant loop
type nucleated. Each a<100> loop is surrounded by the relatively
neutral a/2<111>-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, tho a/2<111) interstitial
loops disappear and a(100> loops grow. Following this model in
ferritic steels, any alloying / impurity element that reduces the number
of interstitial defects available for the growth of a(100> loops will
increase the numbe r density of dislocation loops by inc reasing the
number of a(111) loops that su rvive . 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 n-i ron
(Refs. 9, 36, and 37). The association of copper with vacancies have
been suggested to affect the evolution of the defect structure
di rec tly by providing nucleation sites for defect aggregates and/or
indi rec tly by influencing the kinetics of the defect motion
(Ref. 9). Smidt and Sprague (Ref. 9) have argued that vacancy {
trapping reduces the interstitial concentration, and t he ref o re it '

would decrease the homogeneous nucleation rate of interstitial
defects. The re f o re , they have suggested a heterogeneous nacleation 1

mechanism in which coppe r-vacancy pairs act as nucleation sites.
However, a simple coppe r-vac a ncy 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 ef fect of vacancy trapping
on the evolution of defect s t ruc tu re should be sought in the growth
process rather than in the nucleation of the loops. As shown in
Figs. 5 through 9, the re f e rence iron alloy has a broad size

,

l
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distribution of defect agg regates , 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 defects observed af ter irradiation does not i

represent the t rue number' of nucleation sites since dislocation loops j
themselves act as sinks and may shrink and disappear. 1

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<100> loops (Ref. 34), which mostly unfault to
a/2<111) loops with a small f raction of a<100> loops (Ref. 35). The
vacancy trapping by copper reduces the interstitial concentration, and
consequently the a<100> loop g rowth rate is decreased. Following
Little et al. (Ref. 35), as a result of the lower g rowth rate of
a<100> loops, the a/2<111> loops see a smaller net vacancy flux, which
is created by preferential interstitial capture of the a<100> loops,
and their shrinkage rate will be reduced. This proposed mechanism
accounts for both the smaller size of the defect aggregates and the
larger f raction of a/2<lll> 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. La rge
concentrations of Ni is known to increase the pre-exponential term of
the vacancy dif fusion coefficient in austenitic steels; however, the
mechanism of this effect is not known (Ref. 39). If nickel increased
the diffusivity of vacancies in BCC crystals, then we would expect an
opposite effect of Ni on microstructure, i.e., la rge r interstitial
dislocation loops with a lower number of a/2<lll> 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
numbe r 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<lll> loops in 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; the re f o re ,
f rom 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 i ron atoms (Ref. 40) may account for any
interaction 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 Burge rs vector, we expect that
phospho rus also re ta rd s the growth of a<100) 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
f o rmation of M-V-I complexes. On the basis of enhanced i n-ma t rix
precipitation of c-carbides by copper, we suspect that f o rmation of
Cu-V-C complexes are probable.

The addition of copper and phosphorus was obse rved 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 i rons irradiated at ~ 80*C depends on the interstitial
impurity content. The re f o re , he has suggested that interstitial
carbon and nitrogen atoms f orm atmospheres around the dislocation and
trap the in-flowing point defects and the reby form stabic 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. Fu rt he rmo re , inte rstit ial impurities inte ract

more s t rongly with vacancies than with interstitial iron atoms.
However, the large loops in both this investigation and Robertson's
study have been four4d to be of interstitial nature.

The existence of denuded zones of defect aggregates in the vicinity of
sinks in re f e rence i ron and the absence of them in iron alloys
containing alloying / impurity elements suggest that the st rength and
the bias of sinks have been altered by the solute atoms due to size
and Ki rkendall effects. Following Bullough (Ref. 16), the f o rmation
of large dislocation loops adjacent to dislocation lines indicates the
poisoning of the dislocation lines. The interstitial atoms are
attracted to the s t re s s-f ield 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
gene rat ed in the neighborhood of dislocation lines. As a result, the
nucleation rate is enhanced and loops grow la rge r than in the
mat rix. The nucleation rate of the loops could also be enhanced by
the stress-field of the dislocttion network.

3.2.1.2 Carbide and Nit ride Structures

The microstructural analysis revealed that, as anticipated, c-carbides
had disappeared upon exposure to 288'C due to the rmal instability.

,

Cementite particles had formed in the mat rix during the early stages i

of irradiation. Eventually, the grain boundary carbides grew in
expense of the dissolution of in-mat rix cementite particles.
Figu re 14a presents a low magnification TEM mic rog raph showing the i

typical in-matrix cementite left in irradiated alleys. Figure 14b I
'

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.

I
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]
As was mentioned in the Materials Section, samples were irradiated in
wafer and bulk geometries. Although the carbide and defect structures
we re found to be the same in bulk-irradiated and wafer-irradiated
samples, a dif f e rence in nitride st ructu re was . obse rved in these
samples. Most of the nit rogen - cont ant of iron alloys is soluble in

the matrix at 288'C (Ref. 42). No nitride precipitates were found in
the waf e r-i rradiat ed i ron alloys. However, TEM foils prepared f rom
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 1
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 dif f racting planes and R
is the displacement vector perpendicular to the platelet plane, was
used for identifying the a"-nit rides (Ref. 26). Figure 16 demon-

,

[001]a zone axis the precipitates are visible withstrates that near a
a g = 1I0 reflection (Fig. 16a); those with edge-on image parallel to

[100) direction show weak (or residual cont rast) . with a -g = 020
re f lec,t io n , and those with edge-on image parallel to (010) direction
disappear (or show residual contrast) with a g = 200 reflec, tion. This
behavior of the precipitates confirms that they are a"-nit ride
(Ref. 26). Figure 17 shows the presence of nit rides on a carbide /
matrix interf ace in a bulk-irradiated sample.

'i
*

The extent of nitride precipitation was found to depend on the alloy
; content. The re f e rence i ron alloy showed a very small number of
; in-matrix nit ride s , and also most of the dislocations were f ree f rom

1 precipitates. In f act. -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. i

L
"

',
As will be discussed in Section 2.3, the absence of a"-nitride preci-
pitation in the waf e r-i rrad ia ted 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
most of the nitrogen atoms a re associated with vacancies in the f o rm

; 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 the re-

| fore nitrogen is f ree for precipitation upon cooling.
.

I

| 3.2.1.3 Ultra-Fine Structure

The FIM/AP expe riments we re conducted at ORNL (Ref. 29), and the
results are discussed here briefly. Copper clusters and/or precipi-
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 precipitated, as evidenced by a very low matrix copper content
(Ref. 29). The maximum local copper concentration measured for the

,
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'
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This value is consistent with
la rges t precipitate was 58 at. %. . (Refs. 43-44), who found a copperresults reported by Goodman et al.
content of 51 at. % in a large particle. It should be noted that the
local concentration measured ; depends on the size, geometry, o rienta-
tion of the particle, and the aperture hole size. Only in the case of

particles much larger than the aperture hole, this measured concentra-
tien represents the actual particle composition. The precipitation of

Cu-rich particles during neutron irradiation of copper-containing iron
alloys at '~ 290*C has been reported previously (Ref s. 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 f actor 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 interf ace was found in
Fe-0.3Cu-0.7Ni-0.025P alloy. Recently, Wrall et al. (Ref. 45) have |

conducted FIH/AP analysis on an age-hardened (unirradiated) iron-
copper-nickel alloy. They have reported a nickel-rich shell a round
the larger overaged FCC copper precipitates with no nickel contained
in the precipitate. However, nickel was found to be associated with
the smaller underaged cohe rent BCC copper particles, although it is
not possible at these small sizes to dete rmine if nickel has s eg re-
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 SA'iS data (Ref. 32) which show that nickel has virtually no
effeet on the distribution of Cu precipitates f o rmed during
irradiation.

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 largeriphos-
pho rus 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 discussed in the
previous section, the bulk-irradiated iron alloys showed formation of
nitride precipitates. The FIM/AP specimens were p repared f rom the
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broken C specimens, and the re f o re the observation of i ro n-nit ride isy
not surprising.

Frisius et al. (Ref. 32) have conducted SANS experiments on the same
alloys as studied at the University of Flo rida. Their results

indicate the existence of gfect4 of ~ 15 A in diameter with a number
density of the order of 10 cm in the re f e rence iron and the Fe-Ni

alloy. However, the F1M/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 ext raction replica specimens of the irradiated steel
alloys we re examined using TEM for (1) the p resence of irradiation-
induced defects such as those found in the model iron, (2) the j
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
a re presented in Fig. 19. Only a few sparsely distributed la rge
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 a re 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
neutton irradiation was obse rved . Compared to the iron alloys, the
steel alloys contain much larger areas of sinks (lath boundaries,
dislocation and carbide / matrix inte rf aces) for i r radiation-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
defect clusters a re formed. The fact that no significent change in
the subst ructure of the irradiated steel alloys was observed indicates
that dislocations mainly act as neutral sinks.

In our thi rd 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 we re found in the high P-low Cu
irradiated steel alloy, as shown in Fig. 21. Analysis of these preci-
pitates showed that they a re rod-like. Such precipitates we re not
found in the similar alloy in the unirradiated condition. Also, they
we re not found in the other irradiated steel alloys examined. Lott

et al. (Ref. 47) have reported that in an A 302-B gec1, with
virtually identical composition and fluence level (~ x 10 n/cm ) as
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steel's examined in this study, the M C carbides partially dissolve2
du ring irradiation and reprecipitate as fine (<200 A) rods. Our
analysis revealed that the needle-like precipitates observed in the

high P-low Cu steel did not lie parallel to < 100>, di rections. This
obse rvation may suggest that they a re not Mo2C carbides. Buswell
(Ref. 48) did not find any modification of the carbide mic rost ructure

in a gtudy of a similar material irradiated to a fluence of
1 x 10 n/cm . Considering the seve re inhomogeneity in the
microst ruc tu re of steel alloys, the small volume of the material
examined in a thin foil, and the fact that small M C carbides a re

2
invisible using certain reflections, makes it difficult to draw any
conclusions with respect to the effects. of irradiation and
alloying / impurity additions on the dissolution'and reprect oitation of
carbides.

It was attempted to analyze the irradiated steel alloys using the
FIM/AP technique. Unfortunately, the samples flashed in the ve ry
early stages of the analysis. Recently, SANS analysis on these steel
alloys has been pe rf o rmed by Beaven et al. (Ref. 49). They have
concluded that the SANS results derived f rom Guinier plots could

gterialn/cm-3,(Code 67A),
indicate that in low Cu-low P voids had formed

R s 16 A). Due to theduring irradiation (N s 5 x 10
difficulties involved in TEM analysis of steel alloys, we cannot
confirm such a finding. However, as will be discussed later, the
small change in tensile properties due to irradiation suggests that
the presence of such a high density of voids may not be realistic.

Beaven et al. (Ref. 49) have reported that in the presence of phos-
phorus (Code 67C alloy), a precipitate (or cluster) component appears
in their SANS results. This finding is consistent with FIM/AP
results, which indicate that phosphorus clusters in the absence of Cu
for the low Cu t ron alloy (Fe-Ni-P). The SANS results (Ref. 49) also-
indicate that Cu-rich p recipitates had f o rmed during irradiation.
These precipitates are suggested to be rich in Mn and Ni. The
enrichment of Cu clusters / precipitates with Ni has also been reported
by FIM/AP results (Refs. 29, and 45).

3.3 Thermally Aged Iron Alloys

These alloys were thermally aged for ~ 1600 h t'. ~ 288'C to investi-
gate the the rmal contribution of irradiation at this temperature.
Similar to the irradiated microstructure, the rmal aging was found to
dissolve c-carbides and to cause precipitation of cementite. Eventu-
ally, the cementite particles had dissolved, and the grain boundary
carbides had grown. The dissolution of cementite particles is demon-
strated in Fig. 22, where the mic ros t ructure of the ref e rence alloy,
which had been heat treated at 288'C for only 20 min, is compared to a
long-term thermally aged specimen.

The carbide dissolution seemed to be re ta rded in the phosphorus
containing alloys, as demonstrated in Fig. 23. Phosphorus is a very
surface active element and is known ta segregate to carbide / matrix
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i

interfaces (Ref. 50). A reduction in the interf ace energy reduces the
d riving 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 we re found on dislocations and on the cementite parti-
cles. Sets of mic rog raphs showing the g R.=0 c rite rion for
residual contrast for nitrides formed on- dislocations and on carbides
are presented in Figs. 24 and 25, respectively. a"-nit rides ' a re 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.irri.diated iron alloys, :in-ma t rix
precipitation of a"-ni t ride was not observed. in the thermally ' aged
iron alloys. This observation suggests that either' the thermally aged
samples we re . cooled dif f e rently or, mo re possibly, the irradiation-
induced solute-vacancy complexes enhance the in-matrix nucleation of
a"-ni t rid e s .

Since most of the nitrogen content of the iron alloys is soluble at
~ 288'C, we believe that a"-ni t rid e s f o rmed upon cooling from this
tempe ratu re. Fu rthe rmo re , very slow cooling rates a re required to
allow the precipitation of nit ride s. This hypothesis was proven by
heating two unirradiated wafer samples to 288'c and coolini; one 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 compa red to the bulk-
irradiated C specimens.y

An interesting feature was observed in all thermally aged iron alloys
examined. a"-nitrides we re found on the periphery of the cementite,

i particles that had already dissolved. Figure 27 shows the o"-nitride
i 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 dif ferently than
the nit ride. Further analysis is required to identify these precipi-
tates, which apparently had formed on the cementite/ matrix interfaces

,

and later, upon cooling f rom 288'C, had provided a nucleation site .for
a"-nitrides. Such cementite ghosts were not obse rved in the irradt-
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 dif f e rences between the the rmally aged and the irradiated
iron alloys a re 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/impu rity elements, and the absence of precipitates along the
periphery of cementite ghosts in the irradiated alloys.
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4. FRACTOGRAPilY AND TIIE FRACTURE SURFACE ANALYSIS

The f racture surf aces 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 irradiation sensitivity of
p re s su re vessel steels include (1) radiation-induced segregation to
interfaces, (2) modification of possible radiation-induced changes in
the carbide mic ros t ruc tu re , (3) radiation-induced clus te ring / p reci p t-
tation of phosphorus, and (4) modification of the defect aggregates.
Mechanisms (1) and (2) would af fect the f ractu re stress and/or strain,
and the latter mechanisms would reduce the f racture toughness by
increasing the yield strength and reducing ductility.

In general, the characteristics of ductile and brittle fracture
surfaces were the same in the i rradiated and unirradiated condi-
tions. No intergranular f racture was found, and the brittle f racture
was t ransg ranula r (cleavage), as shown in Fig. 28 for the high P-
low Cu steel. The re f o re , the promotion of intergranular f racture by
grain boundary segregation of phosphorus was eliminated as a possibic
embrittlement mechanism.

It was interesting that the crack initiation mode was ductile in all
the broken C specimens studied, even in samples with as low as 11 Jy
(8 ft-lb) 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 zone has a thumbnail shape, as
demonst rated by the f ractographs given in Fig. 29.

Considering the ductile c rack initiation mode and the fact that irra-
diation embrittlement is also manifested as a reduction in the upper-
shelf e ne rg y , we pursued the subj ect of ductile cracking in the
p re s su re vessel steels. The sizes of microvoids present on the f rac-
tu re surface of steel alloys fell into three distinct size ranges.
The extraction replicas f rom the ductile f racture surf aces showed that
the ve ry large microvoids (5-10 pm) we re associated with MnS

i particles, the medium (2-5 pm) and small (< 2 pm) microvoids were

| associated with semisphe rical carbide and sometimes oxide or nitride
precipitates. Most of the iracture surf ace was characterized by
microvoids in the 1-pm size class, which a re shown in Fig. 30. A

quantitative analysis of the microvoid size distribution showed no
effect of irradiation (Refs. 21 and 23). The re f o re , it was concluded
that no significant changes in the size distribution of carbides that
participate in the ductile f racture had occurred upon irradiation.

The AES/ SAM analysis of the ductile f racture surf aces of high P-low Cu
specimens broken in-situ showed phosphorus accumulation at

particle / matrix interf aces in both irradiated and unirradiated

specimens. The particles analyzed we re mainly inclusions, and the
carbides found on the f racture surf ace we re too small for analysis.

'

Figures 31 and 32 show typical Auger spectra obtained for unirradiated
and irradiated high P-low Cu steel. Qualitatively, for the irradiated

specimen, a la rge r fraction of particles analyzed showed phosphorus

48
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AES SURVEY P-C 2/9/87 AREA i ACQ TIME-10.01 HIN.

FILE: 67CiU.S High P Steel. Unirradiated

SCALE FACTOR. OFFSET-454.990, 0.000 k COUNTS /SEC BV-10.00kV BI-0.1044uA
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Fig. 31 Auger spectrum from the surface of a particle (Nb(C,N) + oxide?) showing phosphorus accumulation at
the interface. Unirradiated high P-low Ou steel (67C).
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segregation compa red to the u ni e rad ia ted specimen. Since phosphorus
segregation is usually inhomogeneous and localized (Ref. 50), it is
difficult to draw any conclusions with rega rd to the irradiation-
enhanced seg regation of phosphorus to pa rticle/ciat rix inte rf aces.

'

Howeve r , as will be discussed later, the effect of phosphorus
segregation is manifested as an equal reduction in the uppe r-she lf

| energy for irradiated and unirradiated C specimens. The re f o re , it isy

| concluded that phosphorus seg reg ation causes ombrittlement in both
| irradiated and unirradiated alloys. However, it is not the cause of

enhanced irradiation embrittlement sensitivity of RPV steels.

!

|
4

1
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5. THE CORRELATION BETWEEN MICROSTRUCTURE AND RADIATION HARDENING |

The possible sources of ha rdening in the irradiated iron alloys are
(1) dislocation loops, (2) clusters and p recipit ates , (3) voids, and
(4) point defect-solute complexes. In general, the irradiation-
induced aggregates impede the movement of glide dislocations. |

The re f o re , a . glide dislocation must be bent to some c angle 0<$<w
before it can move on. For weak obstacles, as.is the case for the
above aggregates, using Fridel's statistics, the critical shear stress
(tc) required to move a dislocation passed the obstacles of a random
distribution is given by Reference 53: '

!
4 /F )

cs(f)] /2
=t =

c (
|

where T = the glide dislocation line tension
b = Burgers vector
L = the mean distance between obstacles in the slip plane

;
' &c = critical break-away angle

=2Tcos[4= critical break-away force acting on dislocationFe

In general, assuming T = Gb , the critical shear stress ~ can be
expressed as:

|

tc " "c ;

function of 4e (or F) and represents the strength ofwhere a is a cc
the obstacles and G is the shear modulus.

In the case of dislocation loops, L = (2RN)-1/2 and: |
I

t =a GB/2RN (5)

Hirsch (Ref. 54) has reviewed the mechanisms of interaction of - glide
.

dislocations with point defect clus te rs such as dislocation loops in
FCC crystals. His analysis shows that, depending on the dclormation
temperature and size of the loops, various mechanisms may be opencive
and o can vary f rom 0.8 (0 rowan loop, 4e = 0) to as low av a = 0.05
(longcrange elastic inte rac tion) . Unfortunately, such analysis har,

not been done for BCC crystals. We have arbitrarily chosea

c (b = 1/2<111>) = 0.3 for a theoretical prediction of strengtheninga
in iron alloys due to dislocation loops. According to Eq. 3:

\ |23(b

e (b = <100>) =|\b "c (b = 1/2<111>) = 0.372 (6)|a
100)
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. Russell and Brown (Ref. 55) have shown that for a random distribution
of second phase particles as spheres of lower shear modulus than the
matrix phase, such as coherent copper precipitates / clusters and voids,
the shear stress is given by:

- 1/2-

S ~11- , sin < 50 * (7a)t= 0.8
|

D \ 2) 2
| . -

|

|
- 3/4-

-I( i=S sin > 50' (7b)
1 - (E )

,

L
2 2

-.

8E log
g

+y=Eao R R
2 1 87 108 72

o o

whe re G = shear modulus of matrix
b = Burgers vector of glide dislocation

E = elastic modulus of matrix in an infinite body

E = elastic modulus of particle in an infinite body

r = particle diameter
3R = outer cut-off radius = 10 r

r, = inne r cut-of f radius = 2.5b ,
1/2

7 f
~

1.77r

f = volume fraction of particles

i

This model was proposed to explain the increase in yield strength and
< the lack of increase in strain-hardening rate due to the precipitation

of Cu in the Fe-Cu system. For pure copper clusters, E /E2 = 0.6 andg

for voids E /E 0. In both cases, at the limit of fine particles or
voids (r = r )2 =he energy of the dislocation in the particle or voidg

to,
becomes equal to the energy of the dislocation in the matrix and,
therefore, there will be no strengthening.

When a distribution of obstacle strengths exists, as is the case in
the irradiated iron alloys examined in this study, the total contribu-
tion of the obstacles to the yield strength can be approximated as

< (Ref. 53):
I
|
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T = Et .(9)

.

The yield strength of a ferritic steel can be expressed as:

~

i+Kd (l' )0.o =ay y

where og = f riction stress
d = grain size
K = a constant-= f (T, c, heat t reatme nt )y

The higher yield strength of the steel alloys in comparison to iron
alloys is mainly due to boundary strengthening (bainitic lath boun-
daries), high dislocation density, and dispersion ha rdening by the
smaller carbides. Assuming that irradiation-induced damage affect
only the stress needed to move dislocations . in the grains, i.e.,
friction stress, then the radiation hardening will be additive to
Eq. 10 and can be expressed as:

"

1/2
oc = 2.5 Gb E (cx /L )2 (gg)

irr g g f

assuming a = 2.St.

Tables 5 and 6 show the results of calculations for iron alloys and
steel alloys, respectively, using the TEM results - obtained in this
study and SANS results reported by Frisius et al. (Ref. 32) and Beaven
et al. (Ref. 49). As mentioned in previous sections, TEM and FIH/AP
analyses did not reveal any void formation. In Table 5, a comparison
of the calculated st re ngth components with the neasured radiation
hardening repo rted by Hawthorne (Ref. 46) for the ref e rence iron and
the Fe-Ni alloy shows that the dislocation loops by themselves can
account for the radiation hardening obse rved in these ' alloys and
considering the voids will result in high strength levels. Further-
more, a consideration of the dislocation loops explains the decrease
in radiation hardening due to the addition of nickel, which enhances
f ormation of glissile b = a/2<111> loops. However, a consideration of
voids predicts an enhanced radiation hardening due to the. nickel addi-
tion. Similarly, as shown in Table 6, the . S ANS results suggest the
formation of defect clusters in the low P-low Cu steel alloy
(Code 67A), while the reported strength value (Ref. 20) reveals almost
no radiation ha rdening in this alloy consistent with the very' low
dislocation loop density observed in this alloy.

In calculation of the radiation strengthening in the Fe-0.7Ni-0.025P
alloy (Table 5), we have considered that the defect clusters detected
by the SANS analysis (Ref. 32) are voids. However, on the basis of
FIM/AP results (Ref. 29), we know that phosphorus clusters form
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Table 5 1heoretical Predictions of Strerggthenirgg by Irradiation-Induced Aggregates in Iron Alloys

DAlloy Dislocation loops (tdt) Clusters / Voids (SANS) aog ao

d N CI d* N Volds Or-Rich Clustersa
a g ogy

IC a CI a

(A) (ca~ ) (A~ ) EMPa) (A) (ca~ ) (A~I) (A~I) (MPa) (MPa) (MPs)

15 I7 1.27 x 10~3 0.0897 58 116 103Reference Iron 86 3.7 x 10 5.6 x 10 0.366 101 14 1.7 x 10

15 16Fe-0.h 32 4.8 x 10 3.9 x to 0.355 71 41 6.1 x 10 1.28 x 10~3 0.224 14 162 195

16 16
Fe-0.3Ch-0.7N1 ~12 ~1.0 x 10 3.5 x 10 0.3 54 41 6.9 x 10 1.34 x 10~3 0.218 150 159 180

15 II -3Fe-0.7Ni 28 6.5 x 10 4.3 x 10 0.319 68 16 1.8 x 10 1.33 x 10 0.1426 97 118 69

17 1.45 x 10~3 0.235 175 - 175 -146Fe-0.7Ni-0.025F - 7 20 1.2 x 10

16 -3 0.2064' 161 161 164Fe-0.7Ni-0.025P-0.h - - 36 9.7 x 10 1.52 x 10

b* Reference 32 g,f, g
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i

Table 6 Theoretical Predictions of Strengthening by Irradiation-Induced Aggregates in Steel Alloys
|
|

Alloy Voids Clusters / Precipitates Aomas

b C -I~I gb g a d ogda N^ a I oy

(A) (cm-3) (A~I) OiPa) (A) (cm-3) (3-1) (gp,) (gp,)

16 4 16 4
67A 16. 6.7 x 10 0.1535 8.35 x 10 66 16. 4.9 x 10 0.2 7.06 x 10 72 21

67B 15.4 6.9 x 10 0.1376 8.36 x 10 59 15.4 1.8 x 10 0.2 1.33 x 10~3 136 7416 -4 I7

67C 19. 2.0 x 10 0.2147 4.9 x 10 55 19. 7.5 x 10 0.2 1.03 x 10-3 105 8516 16

$
17 -3 17 -3

68A 22. 1.2 x 10 0.262 1.36 x 10 182 22.8 6.6 x 10 0.1403 3.13 x 10 225 232

68B 17.4 2.7 x 10 0.184 1.72 x 10-3 162 19.6 1.0 x 10 0.1153 3.64 x 10-3 215 26017 18

17 -3 18 -3
68C 16.4 3.3 x 10 0.1621 1.86 x 10 154 16.2 1.9 x 10 0.0859 4.35 x 10 192 252

D c
Reference 49 Reference 20 We have arbitrarily assume a = 0.2 for phosphorus clustersa

_ _ _ _ _ _ _ _ _ _ - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ - .



during irradiation. The composition of these phosphorus-rich clusters
and the mschanism of ha rdening 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 phospho rus increases the radiatien hardening of the iron
alloys by 77 MPa, from 69 MPa for the Fe-0.7Ni to 146 MP.s for the
Fe-0.7Ni-0.025P alloy. Similarly in the steel alloys, the radiation
strengthening is enhanced by 64 MPa, f rom 21 MPa for the low P-low Cu
alloy (Code 67 A) to 85 MPa for the hign P-low Cu alloy (Code 67C).

The addition of copper in the alloys studied contributes to radiation
hardening mainiv by irradiation-enhanced precipitation. In contrast
to p reviously reported hypotheses (Refs. 9 and 13), copper does not
contribute to irradiation hardening by modifying the irradiation-
induced defect agg rega te s. Actually, as shown in Table 5 for ' ron
alloys, the additica of copper results in o smaller contribution of i

dislocation loops to irradiation hardening. I
1

The irradiation-induced increase in yield strength due to precipita-
tion hardening , calculated on the basis of SANS data reported for the
coppe r-containing alloys (Refs. 32 and 49), seems to be , in general,
lower than the mea..ared values reported for these alloys (Refs. 20 and
46) as shown in Tables 5 and 6. It should be noted that the calcu-
lated values are an upper limit due to the fact that copper clusters
are not pu re copper (Ref. 49). Consequently, the a value (Eq. 7),
which depends on the modulus of the clutter, would be sme'1er if other
elements such as Fe, Mn, or Ni tre associated with the Cu-rich
clusters. One other pcssible mechanism by which the addition of
copper may enhance the irradiation hardening of iroc and steel alloys
is dislocation pinning by irradiaticn-induced segregation to disloca-
tions. Such a mechanirm would modify the K value in Eq. 10.

YHowever, there is not enough information available tc evaluate this
mechanism.

The steel alloye 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
alloys f rom 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 re f e rence iron to
195 MPa in the Fe-0.3Cu alloy. Part of this dif ference is accounted
for by the fact that the contribution of dislocation loops to the
s . re ng t hening of irradiated alloys is reduced in the Fe-0.3Cu alloy
(see Tabla 5). Fu rthe rmo re , the SANS results (Refs. 32 and 49) show
an o rde r of magnitude higher number density of smaller Cu-rich
precipitates in the 68A steel alloy compa red 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 F1M/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 I

The radiation embrittlement sensitivity of a reactor pressure vessel
steel typically is evaluated by Charpy V-notch impact testing. Cy
impact ene rgy is one of .the most complicated f racture 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 f ailure (Ref. 5). The

'
material parameters that control these processes are: tensile stress-
strain relationship (e-c), strain rate sensitivity, critical f racture

stress (op) and critical f racture strain (cy). The latter two para-
meters are usually controlled by microstructural features. in this
case carbides and inclusions, of the o rde r of > 0.1 um, and the
cohesive strength of interfaces. However, the o-c relationship is
more sensitive to finer microstructural features.

Our analysis showed no significant changes in the carbide micro-
st ructure due to neutron irradiation. Phosphorus vss found to be
accumulated at particle / matrix interfaces in both unirradiated and
irradiated high ? steels. This is manif ested as a higher ductile-to-
brittle transition tempe ratu re and a lower uppe r-shelf ene rgy of
high P steels (Ref. 25). The ge rost guctural changes caused by
neutron irradiation (2.5 to 5 x 10 n/cm , 288*C) in the iron and
steel alloys examined were all at a fine scale and, as a result, they
a re expected to modify the s t res s-s t rain 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 s t rain-ha rdening 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
tempe ratu re or the reduction in upper-shelf ene rgy, the scatter in
data is significant. Probably a more appropriate factor for such
empirical correlations would be the area under the true stress-strain
cu rve .

The SEM analysis of fracture surfaces of C specimens revealed thaty
the mode of crack it.itiation had been ductile in specimens with
absorbed energy as low as 11 J (8 ft-lb). We suggJst that the radia-
tion embrittlement as evaluated by C impact testing is mainly
associated with the loss in s t rain-ha rde ning c apac i.t y , which causes

shear localization near the notch tip. It should 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 s t res s-s t rain curves for iron alloys. The t rue maximum uniform
strain was decreased f rom ~ 25% in unirradiated iron alloys to ~ 10%
in the irradiated iron alloys. The s t rain-ha rde ning rate in irradi-
ated alloys was found to be minimum in the reference and highest in
the phosphorus-containing alloys.

,
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7. SUMMARY

This report summarizes the results of a th ree-yea r research p rog ram
undertaken in the Department of Ma te rials Science and Engineering at
the University of Florida to investigate the mechanisms by which
copper, phospho rus , and nickel modify the evoluation of microstructure
in pressure vessel steels and model iron alloys upon exposer 6 to fast
neutrons. A series of p ressu re vessel steels and model iron alloys
with various contents of copper, nickel, and phosphorus in unirradi-
ated and irradiated conditions we re provided by Mate rials Enginee ring
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 st rength-
ening models were reviewed. The microstructural findings of this
s tudy we re combined with results of other studies (Refs. 20, 25, 29,
32, 46, and 49), and attempts we re made to predict the radiation
hardening of the examined alloys.

|
The results of our analyses can be summarized as follows: j

19 2e Neutron irradiation (fluence of 4.63 x 10 n/cm , E > 1 Mev,
288'C) produced observable defects in all the model iron alloys
examined. The analysis of the larger defects revealed they are
prismatic dislocation loops of an interstitial na tu re with
a<100) and a/2<lll> 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 dif ferences are attributed
to the large number of point-defect sinks in the steel alloys.

e Additions of copper, nickel, and/or phosphorus reduced the size,
increased the a ppa re nt number density of observable defects and
increased the fraction of a/2<111> dislocation loops. Following
Little et al. (Ref. 35) these effects we re explained by point-
defect t rapping by solute atoms, which results in a slower
growth rate of a(100> loops and consequently a higher survival
rate of a/2<111> loops. In contrast to repo rted SANS results
(Ref. 32), voids were not found in the alloys examined.

e c-carbides were observed in the matrix and on the dislocations
in the unieradiated model iron alloys. Copper enhanced the in-
ma t rix precipitation of c-carbides significantly. The carbide
mic ros t ruc tu re was the aame for the irradiated and the rmally
aged iron alloys. Cementite particles formed in the ma t rix
within a short time on exposure to 288'C. Eventually, the grain
boundary carbides grew at the expense of the in-mat rix cementite
particles by dissolution. Phos pho ru s seems to retard the
dissolution process.

e The carbide and defect structures we re the same in the wafer-
and bulk-i rradia t ed i re n alloys. However, the bulk-irradiated
samples but not the waf e r-i r rad ia t ed samples ahowed a"-ni t ride
precipitates on dislocations, in the matrix and on the cementite
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particles. The absence of nitride precipitation in the -wafer- i
irradiated samples is attributed to the faster cooling rate of i
these specimens after the 288'C irradiation.

,

e We did not find a significant modification of the carbide micro-
st ruc tu re of the steel alloys by neu non irradiation. J
Consistently, the size distributions of microvoids on the |
ductile f racture surfaces of the unirradiated and irradiated )
alloys we re similar; the alloying / impurity content did not l

"

modify the distributions.

l !
' e Phosphorus accumulation was detected at particle / matrix inter-

faces in both unirradiated and irradiated high P steels. 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
inte rg ranular fracture in high P steels eliminated radiation- |

induced segregation of phosphorus to prior austenite grain
boundaries as an embrittlement mechanism..

e 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 isereases 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 hardening in the copper-
containing alloys. 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

~ than by providing nucleation sites.

e The addition of nickel decreases the dislocation loop size
significantly; the Burgers vectors or those loops analyzed were
predominantly a/2<lll> type. The slightly lower radiation
hardening obse rved in the re-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.
i

e 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
s t rength of irradiated high P alloys. In the presence of
copper, phospho rus is associated with Cu-rich clusters /precipi- |

tates in model iron alloys but does not cluster by itself. This
obse rvation correlates with the insensitivity to phosphorus
content of radiation hardening and radiation embrittlement found
in C tests for high Cu alloys.y

I

!
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Although many investigations have been performed to characterize the
mic ros t ructu re : of neutron irradiated ferritic iron alloys in' an
unde f ormed condition, only very few studies of the def o rmation
mechanism have been conducted. The strengthening mechanisms presented
in this report are speculative. Experimental studies of '. plastica 11y
deformed conditions are ' essential for reaching new levels of und e r-
standing of radiation embrittlement.
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ANALYSIS OF THE CORRELATION BETWEEN RADIATION 11ARDENING
AND EMBRITTLEMENT OF PRESSURE VESSEL STEELS

A number of researchers have advanced the proposal that the embrittle-
ment of reac to r p res su re vessel steels arises primarily as a
consequence of radiation-induced hardening (Refs. Al-A3). It is
proposed that irradiation increases the yield strength of the material
while leaving the critical f racture stress largely unchanged. Experi-
mental confirmation of this idea has been attempted with moderate
success by seve ral investigators (Refs. A2-A5). Most recent ly ,
Odette, Lomb rozo , and Wullaert (Ref. A5) have analyzed the relation-
ship between hardening and embrittlement in some detail. They propose
that the increase in DBTT can be expressed as

IAo W# - Aoys ys
1 Y' ' do (A1)AT =CAoys; C = Ao ( dT / ysd

ys(T )s a
d

whe re a as a function of tempe ra tu re is the dynamic yield s t ress ;
i.e., 1[sgss'p)

,

te yield st ress determined at the strain rates (approxi- j
typical of Charpy impact tests. It should be noted |mately 10

that the constant, C, is simply the mean reciprocal slope of this I

cu rve taken over the desi red t empe ra t u re and yield strength i nt e r-
val. That is, it represents a

linear approximation of a[med
vs. T overs

a relatively narrow range. Odette et al. further asst that the
irradiation hardening , Ao ,, is not dependent on temperature or strainy
rate and thus may be determined f rom the usual static tensile tests at
any convenient tempe ra tu re . They also showed that, due to uppe r-shelf
energy effects, the DBTT measured f rom instrumented Charpy tests on
unieradiated specimens, T tresponds approximately to the 10-J,

d
level, not the 41-J level which is commonly used. In summary then,
Odette et al. used a master cu rve of the dynamic yield stress vs.
tempe ra tu re combined with static measurements of i rrad ia tion-i nduced

hardening, Ao ,, and a knowledge of the unitradiated DBTT, T , to
dpredict the change in DBTT, AT 'd

In this Appendix, we will show, in a more clear way, how it is possi-
ble to use static tensile data

(a[TT cons t a n$),
vs. tempe ra tu re and Ao in

conj unc tion with the unirradiated D to calculate the C,
directly. This value can then be compared with the value dete rmined
f rom an empirical correlation of AT vs. Aoys'

We s t a rt by assuming a linear dependence of o , (static) on tempera-
ture with the understanding that this approximation is valid only over
relatively small temperature or yield strength intervals.

o = a + bT (A2)ys
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Based on the work of Steichen and Williams (Ref. A6) and Buchar et al.
(Ref. A7), we can write an expression for the st rain rate dependence
of the yigid-I(:o r flow) s t re ss which is valid over the strain range
10-5 to 10 s

og = og + a, in h (A3)

*1

where o. is the yield s t re ss at the strain rate, E, og is the yieldst ress *at h, and o is the strain rate sensitivity factor that
the slope of a semi-log plot of a vs. E. Fu rthe rmo re , we

g
represents
can incorporate temperature dependence into this equation by substitu-
ting Eq. A2 for o and assuming that the strain rate sensitivity

va rk,es linea rly with tempe ra tu re , at least over thepa rame te r , a,g
temperature interval of interest.

a (T) = c + dT (A4)9

Substitute Eq. A2 and Eq. A4 into Eq. A3:

a. = a + bT + (c + dT) In*
i

1

Rearranging gives:

a. = a + c in b + (b + d in b) T (A5)*
i i

1 1

For the irradiated condition, we can write a similar equation:

o = a' + c' in + (b' + d' In )T (A6)'
i i

1 1

where the primes indicate that the material is in the irradiated
condition. We a re now in a position to apply the critical f racture
stress criterion:

Ko'(T') = op = c (T) K
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or

o'(T) = a(T)

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

T' (b' + d' In ) - T (b + d in ) = a - a' + (c - c') in (A7)
1 1 1

Experimentally, it is obse rved that irradiation displaces the yield
s t ress cu rve by a constant amount, Aa as dete rmined f rom staticvs,
tensile tests (Refs. A2, A4-A6). Thus, ce can assume that:

b'=b

and

bo , = a' -ay

Finally, based on the work of Steichen and Williams (Ref. A6), we can
assume that o is unaffected by irradiation at t empe ra tu re s g reat e rg
than approximately 27'C (300*K). Thus:

d' =d

and

C' =C

Substituting these values into Eq. A7 and rearranging yields:

ha
ysT' -T=

-(b + d in )

1

or

AT = C Ao (A8-1)y
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whe re

~

C= (A8-2)
b + d in

1

Thus, we can calculate the change in DBTT, AT, due to irradiation f rom
a knowledge of how the yield stress changes with tempe ratu re (b),
strain rate (d), and irradiation (4c ,).7

Using Williams and Hunter (Ref. A8) yield stress vs. temperature data
for unirradiay5ed _g A 533-B Class 1 p ressu re vessel steel
at i: = 6. 7 x 10 -s we ' calculate the mean slope in the temperature,

regime between -8'C to 146*C to be b = 0.310 MPa/*C (0.0450 ksi/'C).
The parameter of o as a function of strain rate was derived f rom theg
data of Steichen and Williams (Ref. A6).- In the tempe ra tu re range
25'C to 300'C, we can approximate both the unirradiated and irradiated
data as a straight line with a common slope rate of '10~[a/*gd = 0.032 M
(0.0046 ksi/ *C). Finally, assuming a typical strain

~

s
for Charpy impact testing in Eq. A8-1:

C = 1.3*C/MPa = 9.I'C/ksi (A9)

Figure Al shows a plot of AT vs. Ao for A 533-B or A 302-B type
steels with varying amounts of allof$ng/ residual elements, de rived
f rom the data of Hawthorne (Refs. A9 and A10). The ave rage slope,

4T/ao $m,ately halfof this data is 0.68 i 0.13'C/MPa (4.7 t 0.9'C/ksi) which is
approk the value predicted f rom the tensile data analysis
presented here. This value is only slightly higher than the value of
0.50 t 0.2*C/MPa reported in an empirical correlation of AT vs. Ao
for plate and forgings in power reactor surveillance p rog rads,
(Ref. A4).

The discrepancy between the calculated and empirical values of C could
result f rom underestimating the strain rate dependence of the A 533-B
Class 1 steel since C depends sensitively on the slope, d, of n vs.oT. Neve rthele s s , the basic approach of the model appears to be valid
since its prediction of a strong dependence of AT on bo , is qualita-y
tively correct.

The radiation embrittlement sensitivity is also manifested as a reduc-
tion in upper-shelf ene rgy (USE). Figure A2 shows a plot of the USE
vs. Ao derived f rom the data of Hawthorne (Refs. A9 and A10). It is
interef Sing to note that, in contrast to Fig. A1, the intercept of the
plot is not equal to zero, i.e., the upper-shelf energy can be reduced
without an increase in the yield strength. Fu rthe rmo re , the re is a
large scatter associated with the AUSE vs. Ao , plot. Theoretically,y

A-4
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the upper-shelf energy should be correlated with the energy under the
t rue stress-strain curve truncated at maximum unif o rm strain. Such
information was not available for evaluation.
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