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CHAPTER I. SWELLING AND CREEP

1. Density Changes in Neutron-Irradiated Commercial Alloys (HEDL)

Swelling data were obtained for a number of candidate commercial
alloys irradiated in EBR-II to a nominal peak fluence of
6 x 1022 n/cm? (E>0.1 MeV). The results confirm the expected

swelling resistance of _HT-9, 330 and Inconel 706.
the swelling behavior of the aTToys examined is in good agreement
with the current design equations contained in TC-293, the Alloy

In general,

Properties Databook. Significant heat-to-heat variability in
swelling behavior is exhibited by the commercial alloys A 286

and Nimonic PEI6.
Nimonic rLl

2. The Swelling and Microstructural Characterization of Nickel Ion

Bombarded Commercial Alloys (GE)

The results of ion bombardment swelling experiments with the
candidate commercial alloys are recapitulated in this paper,

intended for publication as a GE topical report.

Although marked

differences in the temperature dependence of swelling were observed
among_the alloys, only one of the candidate alloys (20% cold-worked
AIS 31,}’exh1b1ted peak swelling in excess of 2.5% at an
Detailed microstructural
examination revealed that ion bombardment resulited in a general
acceleration in precipitation kinetics; enhanced overaging was
observed in alloys with high Ti:Al ratio.

extrapolated nickel ion dose of 250 dpa.

3. HVEM Irradiation of Reactor-Conditioned Commercial Alloys (HEDL)

A procedure for empirical correlation of alloy swelling behavior

under neutron and charged-particle irradiation has been developed.

Electron irradiation of previously neutron-irradiated ("reactor-

conditioned") Nimonic PE16.resulted in the same swelling as had
been observed—5efore with non-conditioned specimens of this alloy,

and it is concluded that the response of similarly stable alloys

will be the same. In these cases, the response of reactor-

conditioned alloys to subsequent charged-particle irradiation
can be interpreted simply in terms of effective irradiation temper-
atures. Unstable alloys, according to the analysis developed here,

require more extensive experimentation in order to establish the

data necessary for extrapolation to high neutron fluences.

4. Microstructural Changes in Neutron-Irradiated A-286 (HEDL)

the swelling behavior of this alloy. This behavior is described

Microstructural analysis of the neutron-irradiated candidate

commercial alloy A-286 (peak fluence 5.4 x 1022 n/cm?, E>0.1
MeV) has shown the controlling influence of phase stability on

as the superposition of two swelling regimes, one at low
temperatures dominated by an irradiation-induced precipitate
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phase and one at high.temperatures characteristic of the matrix
composition. Irradiation-induced transformation of v' to the

n phase is quite extensive, but seems to have little effect on
swelling behavior.

Void Swelling in Ni-Ion Irradiated A-286 (W-ARD)

Nickel ion bombardment of A-286 produces microstructural changes

g quite similar to those resulting from neutron irradi-
ation. A small amount of n phase is observed after ion bombard-
ment; the precipitate phase which occurs in association with voids
is identified as G phase. The swelling in ion-bombarded A-286 can
be correlated with that in the neutron-irradiated alloy on the
basis of a dose equivalence of 2 dpa (Ni ion) = 1 dpa (neutron).

Phase Stability of D21 and D25 Under Irradiation {W-ARD)

Precipitates formed in the candidate developmental alloys D21}
and D25 under nickel ion_bombardment at 750°C have been analyzed.

The principdl precipitates in D21 are MgC and a Laves phase.
Alloy D25 exhibits MgC precipitation as well as another phase
which has not yet been identified.

Swelling of Solid Solution Developmental Alloys Under Nickel Ion
Bombardment {ORNL)

A high solution-annealing temperature has been found to result in
doublezpeak swelling behavior in an jon-bombarded Taboratory heat
0f€316 jstainless steel. Single-peak swelling occurs in the alloy

a “solution treatment at 1050°C, while an 1150°C treatment

leads to double-peak swelling and a general reduction in the

amount of swelling. The reduced low-temperature peak is attributed
to the general reduction in swelling associated with increased
solute in solid solution, while the high-temperature peak is related
to increased precipitation rate at higher temperatures as a conse-
quence of increased solute supersaturation. This increased
precipitation results in enhanced void nucleation at the higher
temperatures, but the total swelling remains below that for
specimens solution treated at the Tower temperature.

Thermal Stability of Alloys D9 and D11 (ORNL)

Aging studies on the candidate developmental alloy D9 have shown
a tendency for formation of the Fe,Mo Laves phases in this
alloy. . Since precipitation of this phase is expected to have an
adverse effect on long-term swelling behavior, a series of six
modified versions of D9 has been prepared in order to develop
improved phase stability in this important developmental alioy.

Swelling Behavior of HT-9 in Modified Heat Treatment Condition (NRL)

A previous ion bombardment study of the candidate ferritic alloy
HT-9 showed the major swelling contribution to derive from voids
associated with grain boundary precipitates. Accordingly, a
modified heat treatment was developed to reduce the extent of
precipitation at grain boundaries. Subsequent ion bombardment of
HT-9 specimens given the modified heat treatment have shown this
modification to be effective in reducing swelling up to about

80 dpa, after which the swelling rate is the same as observed in
the case of the original heat treatment.
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Optimization of Candidate Alloy Compositions (HEOL)

Evaluation of the characteristics of the Series A, B and C
modifications to the candidate developmental alloys is in progress,
with the aim of identifying those compositional modifications which
are appropriate for the first series of advanced alloy tests in
FFTF. Experimentation to date has been limited to thermal aging
and short-term stress-rupture tests, since these data will be
relied upon for initial guidance in developing ordering specifi-
cations. The results obtained to this point suggest that minor
modifications to alloys D9, D11, D21 and D25 would be beneficial

to overall alloy performance, the modifications being directed

primarily to improvements in phase stability.

CHAPTER II. ANALYTICAL STUDIES

1.

Theory of Particle Redistribution in an Irradiation Environment

{W-ARD)

A new theory of precipitate behavior in an irradiation environment
is proposed. It is shown that, as a result of solute resolution,
the irradiation equilibrium state is characterized by the existence
of a maximum stable precipitate particle radius and by an amount

of solute in dynamic solution which is in excess of the thermal
equilibrium concentration for the irradiation temperature in
question. The theory is consistent with previous conceptions of
the characteristics of high displacement rate (simulation) irradi-
ations in demonstrating that equivalent precipitate behavior is
obtained if simulation experiments are carried oul at Tower temper-

atures than neutron irradiation experiments.

Neutron-Irradiated v'#1 Alloys in AA-IX Experiments (W-ARD)

Postirradiation microstructural examination of experimental
v'-bearing alloys after irradiation to 2.7 x 1022 n/cm? (E>0.1
MeV) at 600°C has revealed an increase in the volume fraction of
v' phase attributable to irradiation. The increased v' precipi-
tation occurred in the form of small precipitates dispersed
throughout the matrix as well as on dislocations and on void
surfaces. Alloy additions of C, Si and B were found to result
in further enhancement of irradiation-induced v' precipitation.
The results are in agreement with the new theory of precipitate

redistribution.

Electron Irradiation of Solution Annea]ed/gqgj}or the USP

Experiment (HEDL) S~

Electron irradiations of annealed 316 stainless steel specimens
(heat M2783) have been performed as part of the Unified Simulation
Program. The steady-state swelling rates for heat M2783 at 600
and 650°C lie within the range of values determined previously

for FTR first-core steels in the 20% cold-worked condition.

Preparation of Ion Bombardment Specihens from Neutron Irradiated

Tubing (NRL)

This report destribes techniqﬁes which have been developed for the
preparation of reactor-conditioned specimens for nickel ign bombard-

ment, as part of the Unified Simulation Program.

have been established to permit specimen preparation under controlled
laboratory conditions, rather than in a hot cell,

personnel exposure.

Special procedures

while minimizing
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5. Near-Surface Deformation of USP Specimens (HEDL)

The specimen preparation procedure employed in the USP experiment
leads to extensive near-surface damage which is easily removed by
electrochemical techniques. Transmission electron microscopy.
observations confirm the presence. of surface deformation .but show
that no damage due to mechanical polishing reaches to or beyond
the depth picked for irradiation damage characterization.

6. So1ﬁte Redistribution Under Irradiation in 20% cwfg;g)ss
) S

(W-ARD/W-R&D)

Comparative elemental concentration profiles were determined by
Auger electron spectroscopy on irradiated and unirradiated sections
of a nickel-ion bombarded 20% CW 316 stainless steel specimen.

The distribution of Ni, Cr and Fe is such that the alloy composition
is unperturbed in the peak damage region where swelling determi-
nations are normally made. Ion bombardment results in depletion of
Ni and enhancement of the Cr and Fe concentration in a region near
the ion entry surface, however, and may lead to spurious swelling

values in this region.

7. Design and Analysis of Intercorrelation Experiments (HEDL)

The rationale, schedule and status of the Unified Simulation

The experiment must be
regarded in the context of present understanding of the simulation
of neutron irradiation effects by means of charged-particle irradi-
ation. A thorough overview of this understanding is presented. It
is concluded that, with the exception of very simple alloys, the
temperature shift and dose equivalency concepts are more complex
than previously modeled. It is anticipated, however, that the use
of reactor conditioned specimens will allow the modified
application of these concepts to more complex alloys.

Program are described in this report.

CHAPTER III. COOLANT COMPATIBILITY STUDIES

T
Sodium Compatibility Tests of Advanced Cladding Alloys (HEDL)
Ml

Sodium compatibility tests on the candidate developmental alloys
D9, D21 and D68 have been extended to 2,000 hours at a temper-
ature of 700°C. The corrosion rates of D21 and D68 are less

than that for AISI 316, while the corrosion rate of D9 is slightly

higher.

2. Corrosion of Candidate Alloys Under High Heat Input Conditions

(W-RL)

Sodium corrosion studies of the candidate commercial alloys
Nimopic PE16, Inconel 706 and A-286 indicate that the equilibrium
corrosion rate is attained at exposure times between 4,000 and
6,000 hours. Surface depletion of nickel and chromium was
observed in PE16, to the extent that a_ferritic surface layer

is formed.

3. Corrosion Studies of Advanced Cladding Alloys (W-RL)

Modifications to the WHIRL-1 Toop were

completed.

The modifications

include the addition of a new specimen holder and the isolation of
the vanadium wire equilibration device on a separate economizer.

vi
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The Influence of Thermal-Aging and Sodium Corrosion on the
Stability of AISI Typé 3105 and Alloy 330)at 700°C (W-ARD/W-RL)
" g

Exposure of AISI 310S stainless steel to flowing sodium at 700°C
has been found to result in the surface depletion of Ni and Cr to
the degree that the austenitic character is lost in depleted
regions extending to depths of about 70 um after 6,000 hours.
Thermal aging effects alone are shown to result in extensive
sigma phase formation in 310S, the volume fraction of sigma

phase being as high as 28% after 2,000 hours at 700°C. Alloy

330 shows even greater surface depletion of Ni than does AISI
310S. The extent of grain boundary attack in 330 is quite high,
and accounts for the high corrosion rate observed in this alloy.

IV. STATUS OF EBR-II IRRADIATION TESTS

Status of EBR-II Irradiation Tests

Page

336

355
357
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CHAPTER 1.

SWELLING AND CREEP







G
A

1. DENSITY CHANGES IN NEUTRON-IRRADIATED COMMERCIAL ALLOYS

W. V. Cummings, J. J. Laidler, R. R. Borisch and M. K. Korenko
Hanford Engineering Development Laboratory

1.1 OBJECTIVE

The objective of this investigation is to characterize the swelling behavior of candidate
commercial alloys from irradiation test AA-I, utilizing immersion density measurements.

1.2 SUMMARY

Immersion density swelling data were obtained for a number of candidate commercial alloys,
each jrradiated to fluences of 3.3 to 5.9 x 1022 n/cm2 (E>0.1 MeV) at eight different temper-
atures ranging from 400 to 650°C. The results confirm the expected swelling resistance of
HT-9, 330 and Inconel 706. In general, the swelling behavior of the alloys examined is in
good agreement with the current design equations(]). Exceptions to this are shown by A-286
and Nimonic PE16, in which cases the variance from predicted swelling is attributed to heat-
to-heat variability in swelling behavior.

1.3 ACCOMPLISHMENTS AND STATUS
1.3.1 Introduction

The AA-T test consists of four B-7a capsules (B-113, B-115, B-116 and B-117) and
is the principal irradiation vehicle for evaluating the swelling behavior of commercial alloys
of interest to the National Advanced Alloy Development Program. The test was fabricated in
1974, prior to the time at which the eight candidate commercial alloys were selected. The
test therefore includes a rather wide variety of commercial a]]oys(z), among which are all of
the alloys subsequently selected as candidate alloys; however, two of the candidate alloys,
AISI 310 and 330, are not present in the thermomechanical treatment condition (20% cold-work)
identified as the prime condition for these particular alloys. Specimens with that cold-work
level are included in the AA-VII test(z). The M-813 specimens in the AA-I test may not be
fully representative of commercially-prepared M-813, since the material was prepared by hot
isostatic pressing of a powder mixture. Arc-melted M-813 specimens were included in a later
test, AA-XI(Z). The balance of the alloys and conditions in the AA-I test are completely
representative of the candidate alloys and require no backup or supplementary tests.

The AA-I capsules are designed for discharges and specimen examination at peak

fluences ranging from 6 x 1022 to 20 x 1022 n/cm? (E>0.1 MeV), with examinations to include

immersion density measurements and transmission electron microscopy. Density changes have
been determined for the candidate alloys after the first discharge of Capsule B-113, and the
results of the measurements are reported here. Immersion density measurements on the
remaining alloys contained in Capsule B-113 have been deferred indefinitely.




1.3.2 Experimental Details

Capsule B-113, containing eight subcapsules with design operating temperatures of
399, 427, 454, 482, 510, 538, 593 and 649°C, received a total exposure of 20,862 megawatt-days
in Row 2 of EBR-II. This resulted in specimen fluences ranging from 3.3 x 1022 to 5.9 x 1022
n/cm? (E>0.1 MeV) as shown in Table 1.

TABLE 1
FLUENCE/TEMPERATURE DATA FOR CAPSULE B-113

Design
Subcapsule Temperature Fluence,
Designation (°C/°F) 1022 n/ecm? (E>0.1 MeV)

399/750
427/800
4547850
- 482/900
510/950
538/1000
593/1100
649/1200

TLOXRTIMMEE
o~ wab
LOUPNOATWOO

A summary of the pre-irradiation candidate alloy specimen history, including alloy
designation, manufacturer, manufacturer's heat number, heat treatments and pre-irradiation
densities, is presented in Table 2.

Irradiation-induced volume changes were determined by comparison of pre- and
postirradiation density measurements, using a minimum of two averaged measurements. The
accepted maximum variation between individual measurements was +0.05%. Thermal control tests
are also being conducted at temperatures spanning the range of irradiation temperatures; data
have been obtained after an exposure of 100 hours.

1.3.3 Results and Discussion

The density change data for the candidate alloys, expressed as percent swelling
(AV/Vo or Ap/po), are presented in Table 3.

1.3.3.1 Ferritic Alloy. Figure 1 presents the immersion density change data for
the neutron-irradiated candidate ferritic alloy, HT-9. The volume change is small under all
irradiation conditions, in agreement with the predictions of good swelling resistance
established by e1ectron(3) and iron ion(4) irradiation experiments. Also shown in Figure 1
are the 100-hour thermal control data. The swelling at this fluence is so low at all temper-
atures as to preclude any conclusions regarding the peak swelling temperature. The predicted
swelling from the current Alloy Properties Databook 1) HT-9 swelling equation is also plotted
in Figure 1, and is seen to be an adequate rebreseﬁtatibn of the swelling behavior at these
fluences and well within the uncertainty 1imits related to actual irradiation temperatures and

neutron fluences.

1.3.3.2 Solid Solution Alloys. Swelling data for the candidate alloy, 20%
() for specimens contained

cold-worked AISI 310 stainless steel, have been reported previously
in the AA-Ia test (Capsule B-109), which received a fluence comparable to that of Capsule
B-113. Those data indicated very little swelling in this alloy, although preliminary
transmission electron microscopy resu]ts(s) indicate the impending onset of high swelling

rates, as expected from charged-particle irradiation experiments(7’8).
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TABLE 2
SPECIMEN HISTORY OF COMMERCIAL ALLOYS--IRRADIATION TEST AA-I (PIN B-113)
Source | Preirradiation
. Density
Material Heat No. | Manufacturer Heat Treatment Condition gm/cm3
M-813 STA R74073 Federal Mogul 1079°C/4 hr/AC + 899°C/1 hr/AC 7.9290
+ 749°C/8 hr/AC
AISI 316 81513 CarTech ‘As-Received 7.9614
20% CW
Inconel 706 48C5HK Huntington 1066°C/1 hr/WQ 8.0620
ST Alloys
AiSI 330 X-14726 Rolled Alloys 1066°C/1 hr/WQ 7.9819
ST '
HT-9 STA - Combustion 1052°C/30 min/AC + 780°C/2.5 7.7606
Engineering hr/AC
Inconel 706 48C5HK Huntington 954°C/1 hr/WQ + 843°C/3 hr/AC 8.0985
STA Alloys + 718°C/8 hr/FC to 621°C, Hold
~ at 621°C/18 hr total/AC
Nimonic, C-07206 CarTech 1079°C/4 hr/AC + 899°C/1 hr/AC 8.0409
PE16 : + 749°C/8 hr/AC
STA
A-286 STA L-2724K11 {Universal 982°C/1 hr/0Q + 718°C/16 hr/AC 7.9478
Cyclops

ST - Solution treated
STA - Solution treated and aged
CW - Cold worked




TABLE 3

TRRADIATION CONDITIONS AND PERCENT SWELLING
IN COMMERCIAL ALLOYS IRRADIATION TEST AA-I (B-113)

Irrad. Temp., °C - 399 427 454 482 510 538 593 649

ot x 1022 N 4.0 5.0 3.3 4.5 5.7 5.4 | 5.9 5.9

T H.T. ]
Alloy Code Percent Swelling

M-813 00 | +0.43 | +0.55 +0.14 +0.47 | +0.79 | +0.76 | +0.32|-0.23
STA
AISI 316 46 | -0.10 | -0.09 -0.09 ~0.12 | +0.67 | +0.85 | +1.34! +0.08
20% CW ‘
Inconel 706 80 | -0.12 | -0.30 -0.43 ~0.44 | -0.46 | -0.50 | -0.47] -0.51
ST =
AIST 330 89 | -0.19 | -0.20 -0.22 | -0.19 | +0.03 | -0.03 | +0.04 | +0.0T
ST
HT-9 97 | +0.09 | +0.04 +0.11 +0.04 | +0.10 | +0.04 | +0.07| +0.03
STA
Inconel 706 o8 | -0.01 | -0.08 -0.03 -0.02 | +0.15 | +0.04 0.00] -0.06
STA
N%Xonic PET6 5H 0.00 | -0.05 +0.04 +0.26 | +0.78 | +0.89 | +1.36| -0.12
S :
A-286 7E | +1.63 | +1.33 +0.14 +0.12 | -0.10 | -0.09 | -0.02] -0.15
STA
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FIGURE 1. Immersion density change data for alloy HT-9 from the AA-1 reactor test and the
100-hour thermal control specimens compared to the predictions from TC-293

(Rev. 2).

Figure 2 shows the density change results for alloy 330 in the solution-annealed
condition, for both neutron-irradiated and therma11y-agéd specimens. Swelling is negligible
at these fluences; there is some indication of irradiation-induced densification in the 400-
500°C temperature range, but. the difference may be a consequence of incomplete ex-reactor
densification after 100 hours aging as compared to the 8,000-hour duration of the reactor
test. The current swelling prediction 1 for 20% cold-worked 330 is seen in Figure 2 to be
satisfactory for the B-113 irradiation conditions.

A comparison which serves to place the advanced alloy development effort in the
correct perspective is shown in Figure 3, which contrasts the swelling behavior of solution-
annealed 330 with that of 20% cold-worked AISI 316 (BB lot) specimens irradiated in the same
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FIGURE 2. Immersion density change data for solution annealed 330 from the AA-I reactor test
and the 100-hour thermal control specimens, compared to the predictions for cold-
worked 330 appearing in TC-293 (Rev. 2).
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FIGURE 3. Immersion density change data comparing the swelling behavior of annealed 330 and
20% CW AISI 316 specimens included in Capsule B-113 of the AA-I test.

subcapsules. The peak swelling in the reference steel occurs at approximately 600°C and is
consistent with the predictions of the Rev. 5 NSM Handbook equation for an incubation param-
eter (t) of 5. Swelling of solution-annealed AISI 316 would be expected to be on the order
of 6% or so.under similar conditions. The steady-state swelling rate for alloy 330 is
probably much lower than that for AISI 316(7), and it also appears that the incubation
parameter, T, is larger for annealed 330 than for annealed 316. If the effects of cold-
working are the same for the two materials, which is reasonable to expect, then the swelling
of ZQ% cold-worked 330 at higher fluences should be much less than that of the reference
material.

1.3.3.3 vy'-Strengthened Alloys. The swelling behavior of the candidate
v'-strengthened commercial alloys (A-286, M-813 and Nimonic PE16) is illustrated in Figure 4.
While the fluence levels in this case are still too low to support anything but speculation
on alloy performance capabilities, it is appropriate to note that the observed swelling in two
of the alloys (A-286 and Nimonic PE16) did not follow the expectations'represented by the

current swelling equations

Alloy A-286 exhibited hiah swelling at the lowest irradiation temperatures, as
predicted(]); at higher temperatures, however, the swelling is substantially less than
expected, as shown in Figure 5. The swelling of similarly-treated A-286 specimens from the
AA-1a (B-109) test(s’s), on the other hand, agrees quite well with the predictions of TC-293.
This discrepancy may be attributed to heat-to-heat variability of swelling behavior in A-286,
since the specimens in the AA-Ia and AA-I tests were derived from different heats of this
alloy. It would appear from Figure 5 that this variability is expressed in the form of
variable breadth of the swelling/temperature profile, which is related to the "b" coefficignt
in the swelling equation(]). The results of a separate eva]uation(s) of the AA-Ia results’
for A-286 suggest, however, that the absence of significant swelling in the AA-I specimens at

_8-
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Immersion density change data comparing the swelling behavior of the candidate

strengthened alloys, as contained in the AA-I test.
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Immersion density change data for aged A-286 from the AA-I reactor test and the

100-hour thermal control specimens compared to the behavior from a different heat
of A-286 from the AA-I test and with the predictions from TC-293 (Rev. 2).

higher temperatures may be related to the matrix composition.

Comparison of the compositions

of the two A-286 heats, Table 4a, could lead to this rationalization but would imply high

sensitivity to minor compositional variations.

Clearly this is a question with far-reaching

implications, which will require higher-fluence data for resolution.
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TABLE 4

CHEMICAL COMPOSITIONS * OF COMMERCIAL ALLOYS A-286 AND NIMONIC PE16

USED IN IRRADIATION TESTS AA-I (B-113) AND AA-Ia (B-109)

a. A-286 Fe Cr Ni Mo Ti Al Mn Si C Nb Co B v Cu S Other
AA-1 Vendor Bal {14.15[24.6 {1.21{2.2 |0.17 ] 1.22 0.541} 0.053 - - 0.0057 | 0.25 - 0.008
ﬁgg]ég;24K1l Overcheck | Bal ;14.15| 24.6 |1.1512.4 |0.16]| 1.25 0.63 | 0.045 STSZ 0.62 - - 0.065( -

AA-1a Vendor Bal 15.01| 25.51 [ 1.26 {2.16 | 0.18{ 1.34 0.55] 0.05 - - 0.007 0.27 - 0.004 | 0.009 N2
Egé1g?%1644 Overcheck | Bal | 15.25| 25.00)1.34 12.10}0.25} 1.40 0.53 1 0.084 6T81 0.037 - - 0.075{ - 0.0025 N2
b. Nimonic PE16 Fe Cr Ni Mo Ti Al Mn Si c Nb Co B ) Cu S Other
FRX;I Vendor Bal | 16.5 | 43.37{3.15|1.27|1.20]<0.01 |<0.01 0.082 - 0.03 0.05 <0.01 |<0.01 | 0.001 | 0.05 Zr
55£1é?%7206 Overcheck | Bal [16.88] 44.45]3.08 }1.38(1.35| 0.005 - 0.067 STS] 0.038 | 0.0032 - 0.02 - <0.0% ZIr
AA-Ta Vendor Bal {16.35] 43.5 [3.32(1.1611.10] 0.03 0.10] 0.06 - 0.05 0.0015 - 0.04 | 0.003 | 0.035 Zr
ﬁ5£1g322213 Overcheck { Bal {16.70| 44.75 l3'20 1.20}1.30 | 0.025 | 0.08 | 0.059 <6TS] 0.012 - - 0.027 ¢ -

*
Weight percent




The density change data for Nimonic PE16 represent another case of heat-to-heat
variability in swelling behavior, as shown in Figure 6. The temperature profiles of swelling
are similar for the AA-1 and AA-la specimens, but the magnitude of swelling in the AA-I
material is substantially greater. The compositions of the two heats are compared in Table
4b; the principal difference between the two is the higher silicon content of the AA-Ia heat.
The lower swelling of the AA-Ia heat may reflect the anticipated general beneficial effect of
silicon additions in imparting resistance to swelling, but an additional difference between the
two materials which cannot be discounted at this time is the higher pre-irradiation dislocation
density(g) in the AA-Ia material. Both factors, higher silicon content and higher disiocation
density, might be expected to increase the incubation fluence for the onset of swelling and

produce the observed behavior.
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FIGURE 6. Immersion density change data for aged Nimonic PE16 from the AA-I reactor test and
the 100-hour thermal control specimens' compared to the behavior from a different
heat of Nimonic PE16 from the AA-Ia reactor test and with the predictions from

TC-293 (Rev. 2).

The good agreement between the TC-293 swelling equations and the observed swelling
in the AA-Ia A-286 and PE16 specimens, as contrasted with the apparently discrepant AA-I data,
should not be taken as indicative that the AA-I heats of A-286 and Nimonic PE16 can be expected
to display anomalous swelling behavior. In point of fact, the AA-Ia (B-109) data were the
primary data available at the time and strongly influenced the formulation of the current(])
swelling equations.

The observed swelling of M-813 is compared to the TC-293 swelling equation
predictions in Figure 7. The good agreement between data and prediction is verification of
the peak swelling temperature and peak breadth assumed in TC-293. These parameters, it should
be noted, were based strictly on the results of charged-particle simulation experiments.
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FIGURE 7. Immersion density change data for aged M-813 from the AA-I reactor test and the
100-hour thermal control specimens, compared to the predictions from TC-293
(Rev. 2).
1.3.3.4 ~v'/y"-Strengthened Alloys. Swelling behavior of the candidate alloy

Inconel 718 has been reported previous]yis), for neutron fluences comparable to those obtained

with Capsule B-113, and the measurement of density changes for the B-113 specimens was N
therefore not assigned a high priority for completion. These data will be obtained at a Q
later time.

Density change results for two heat treatment conditions (solution treated, fully

aged) of the candidate alloy Inconel 706 are shown in Figure 8. The swelling observed in
Inconel 706 is the lowest yet measured in the commercial alloys, confirming the expected
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FIGURE 8. Immersion density change data for the solution treated and aged conditions of ]

Inconel 706 from the AA-I reactor test and the 100-hour thermal control specimens,
compared to the prediction of TC-293 (Rev. 2) for the fully-aged condition.
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swelling resistance of this alloy. The fluences available at this stage are obviously too low -
to ascertain the peak swelling temperature. An interesting aspect of the irradiation response

~ of Inconel 706 is the extensive densification observed in specimens irradiated in the solution-

treated condition. The densification is most probably due to the precipitation of a combi-
nation of carbonitrides, v', y" and delta phases. The thermal control density change data
show similar densification reactions. As seen in Figure 8, there are indications that the
densification process is enhanced by irradiation in the lower range of“irradiation temper-
atures. Examination of the microstructure of irradiated solution-treated specimens should
prove particularly illuminating.
1.3.4 Conclusions

1. In general, the current(1) swelling equations for the commercial alloys are
adequate representations of the swelling behavior of these materials, insofar as the equations
can be confirmed at fluences ranging from 3.3 to 5.9 x 1022 n/cm? (E>0.1 MeV).

2. The possibility of significant heat-to-heat variations in swelling cannot be

ignored.
1.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIQD

The candidate commercial ailoys from B-113 will be examined by transmission electron
microscopy and subjected to charged-particle irradiation to assess swelling behavior at high
fluences. Further density measurements on the AA-I commercial alloys will be conducted as

resources permit.
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2. THE SWELLING AND MICROSTRUCTURAL CHARACTERIZATION OF
NICKEL ION BOMBARDED COMMERCIAL ALLOYS

T. Lauritzen and W. L. Bell
General Electric Company

2.1 OBJECTIVE

The objective of fhe nickel-ion bombardment studies on advanced commercial alloys is to
characterize the high-dose swelling behavior and assess the microstructural stability of
prospective LMFBR core structural materials in the absence of similar in-reactor data. The
work is intended to simulate in-reactor behavior and thus provide a basis for predicting the
type and magnitude of swelling and microstructural changes that could be expected in service.
Ultimately, the results of this study are expected to provide guidance for the selection of.

alloys for specific in-reactor applications.

2.2 SUMMARY

The swelling behavior and microstructural stability of a number of commercial austenitic
alloys were evaluated from results of transmission electron microscopy examination of nickel-
ion bombarded foils. Included were the solid solution grades Type 310 and Type 330 and the
precipitation-hardenable grades Nimonic PE16, Inconel 706, Inconel 718 and M-813. Specimens
of the several alloys in various commercial heat-treated conditions were bombarded with 4 and
5 MeV nickel ions over a range of temperatures to doses as high as 250 displacements per
atom. Although marked differences in the temperature dependence of swelling were observed
among the alloys, none but the solid solution alloys exhibited swelling in excess of two per-
cent at their respective peak swelling temperatures. Microstructural examination revealed a
general acceleration in brecipitation kinetics and enhanced overaging in alloys with high
titanium to aluminum ratios. In the less complex alloys, microstructural changes were
slight. The results demonstrate that valid simulation of in-reactor microstructural behavior
can be produced by nickel-ion bombardment and suggest that, except for Types 310 and 330, all
of the alloys studied exhibit acceptable swelling, i.e., <5 percent, to doses typical of goal
LMFBR fluence.

2.3 ACCOMPLISHMENTS AND STATUS
2.3.1 Introduction

One of the life-limiting factors in present LMFBR systems is the response of

prospective core materials to the effects of high neutron fluences and high sodium temperatures.

Alloys selected as cladding for the reactor fuel must, for example, be capable of maintaining
strength, dimensional stability and integrity at temperatures and doses as high as 700°C and
150 displacements per atom. The maintenance of adequate strength depends primarily upon
compositional and microstructural stability; the resistance of material to irradiation-induced
creep and swelling governs dimensional stability, and integrity is measured largely by the
compatibility of the cladding tube to liquid sodium on the outside and solid fuels and fission
products on the inside. Although all are affected to some degree by the nuclear environment,
only the phenomena of swelling and irradiation creep can be related directly to the exposure of

materials to high energy particle irradiation.
_14-




Tﬁus, the development of an appropriate material for such applications involves an
arduous series of both thermal and irradiation tests that extend, or can be extrapolated, to a
projected end of 1ife. Aside from the inconvenience of long aging times, thermal testing is
rather straightforward. In-reactor irradiation testing, on the other hand, is hampered by
substantially longer exposures, generally poor experimental control and limited facility
availability. Realizing the constraint that in-reactor testing posed to prompt materials
development, experimenters eaF]y sou%ht techniques whereby such testing could be simulated.
The work of Nelson, Mazey and Hudson on heavy ion bombardment in an accelerator introduced
such a simulation technique and was instrumental in initiating a large-scale experimental

effort both here and abroad to study irradiation effects on LMFBR structural materia]s(z).

General Electric interest in this experimental approach began in 1969 with a modest
company-funded program using high energy deuterons as the bombarding species(3). This effort
evolved into the highly successful joint FBRD-CR&D program of the early 1970s, in which a
large number of potential LMFBR materials was screened for swelling, and the significant
effects of alloy composition on swelling were discussed(4’5). .The bombarding species in that

work was 5 MeV nickel ions.

2.3.2 Description of Materials

Eleven grades of six commercial austenitic alloys are being evaluated in the
present program. They include annealed (ST) and commercially heat-treated (STA) Nimonic PE16
and Inconel 706, commercially heat-treated (STA) Inconel 718 and M-813, annealed (ST) Type 310
steel, annealed (ST) and 20 percent cold-worked (CW) Type 330 steel, and thermomechanically-
treated (AU) Nimonic PE16 and Inconel 706. Heat treatment details and chemical compositions
of the several alloys are given in Tables 5 and 6, respectively.

A1l alloys were procured by HEDL and were provided in the form of as-heat-treated
3 mm diameter rods or as 0.25 mm thick, 3 mm diameter wafers. A1l wafering was performed by
abrasive cutting. The disks were subsequently surfaced by wet grinding and metallographic
polishing.

Prebombardment microstructural éharacterization of the alloys was performed by
HEDL(G). Results of this characterization are summarized below to provide the basis for an

assessment of the effect of bombardment on microstructural stability.

0f the alloy types used in this study, four are precipitation hardenable; the
remaining two are solid solution alloys that are hardenable principally by solid solution
strengthening and by cold working. Precipitation in Nimonic PE16, Inconel 706, Inconel 718
and M-813 depends primarily upon alloy composition, and, in particular, upon the contents of

(7). Aluminum and titanium combine with

the alloying elements aluminum, titanium and niobium
nickel to form the cuboidal gamma prime (y') precipitate Niz(Ti;A1); niobium precipitates in
the gamma double prime (v") phase NisNb. As shown in Table 6, Inconel 706 contains the most
titanium and has the highest titanium-to-aluminum ratio (Ti/Al = 6.15), a parameter that
influences the overaging characteristics of these a11oys(8). Inconel 718, M-813 and Nimonic
PE16 contain decreasing ratios of titanium to aluminum; in PE16, the ratio is roughly one.

The v' precipitate formed in all four alloys is cuboidal; the average length of a cube edge

is generally used to specify the precipitate size. In those alloys containing more than trace
amounts of niobium (Inconel 706 and Inconel 718), both v' and y" are formed in the aging heat
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TABLE 5

HEAT TREATMENTS OF BASE COMMERCIAL ALLOYS

Alloy Heat. No. Heat Treatment
ST Nimonic PE16 C-07206 1080°C/4 hr/AC A
STA Nimonic PE16 C-07206 1080°C/4 hr/AC + 890°C/1 hr/AC +
. 750°C/8 hr/AC
ST Inconel 706 48C5HK 1066°C/1 hr/WQ
STA Inconel 706 48C5HK 954°C/1 hr/WQ + 843°C/3 hr/AC +
720°C/8 hr/FC to 620°C, hold for 18
hr total/AC
STA Inconel 718 44F9EY ) 954°C/1 hr/WQ + 718°C/8 hr/FC to
55F1EY 621°C, hold for 18 hr total/AC
CW Type 310 X-14342 1066°C/1 hr/WQ + 20% CW
ST Type 330 X-14726 1066°C/1 hr/WQ
CW Type 330 X-14726 1066°C/1 hr/WQ + 20% CW
STA M-813 R74073 1080°C/4 hr/AC + 900°C/1 hr/AC +
750°C/8 hr/AC
AU Nimonic PE16 C-07206 1100°C/2 hr/AC + 30% CW + 900°C/ 1 hr/
AC + 800°C/16 hr/AC + 700°C/2 hr/AC
CWA Inconel 706 48C5HK 1100°C/1 hr/WQ + 30% CW + 720°C/8 hr/
: FC to 620°C, hold for 18 hr total/AC

AC = Air Cool

WQ = Water Quench
FC = Furnace Cool
CW =

Cold Work (as measured by reduction in cross-sectional area)




TABLE 6

CHEMICAL COMPOSITIONS OF BASE COMMERCIAL ALLOYS
(VENDOR ANALYSIS UNLESS OTHERWISE INDICATED)

T
Nimonic Inconel Inconel 718 Type Type

PE16 706 59F1EY 44F9EY 310 330 i M-813
Carbon 0.082 0.03 0.02 0.04 0.06 0.05 0.034
Manganese <0.01 0.10 0.10 0.10 1.52 1.58 0.022*
Iron Bal Bal Bal Bal Bal Bal Bal
Sulfur 0.001 0.002 0.005 0.007 0.022 0.013 -
Silicon <0.01 0.10 0.18 0.23 0.56 1.27 -
Copper <0.01 0.02 0.14 0.12 0.33 0.25 0.027*
Nickel 43.37 41.49 53.81 52.83 19.65 36.05 34.1
Chromium 16.5 16.09 18.23 18.57 24.7 19.05 18.35
Aluminum 1.20 0.27 0.58 0.5 - - 1.59
Titanium 1.27 1.66 0.95 0.92 - 0.03* 2.38
Mo1ybdenum 3.15 - 3.05 2.83 0.30 0.22* 4.26
Cobalt 0.03 0.048* 0.03 0.03 - 0.3* 0.02
fioblum * 0.01% 2.95 516 | 5.28 - - -
Vanadium <0.01 - - - - -
Phosphorus 0.001 - - 0.027 0.021 -
Other <0.01Zr - - - 0.01Sn -

0.0032B

* Overcheck analysis

treatment. Body-centered tetragonal y" occurs as disk-like platelets, for which an average
thickness and an average diameter is commonly used to specify size. Both v' and y" are
metastable and overaging will result in their dissolution and replacement by stable phases
which habit {111} planes in the austenite matrix. Overaging of y' results in plates of eta
(n) phase, hexagonal Ni3Ti, while overaging of v" results in plates of delta (§) orthorhombic
NigNb(7).

In the solid solution alloys Type 310 and Type 330, the only precipitate species
are carbides which, incidentally, exist in all six alloys to varying degrees. Specific
second-phase data on the several alloys in their various microstructural conditions are
given below, as derived from transmission electron microscopy (TEM) examination at HEDL. The
letters prefixing the alloy types indicate the heat treatment to which the alloy has been
subjected. Actual treatments are given in Table 5.

e ST Nimonic PE16 contains a large number of blocky intragranular carbides and a
moderate dislocation density. No observable y' precipitation occurred.

e In addition to the intragranular carbides, STA Nimonic PE16 contained a heavy
grain boundary carbide precipitation, a low dislocation density, and intragranular v' with an
average particle size of 15.5 nm. The STA heat treatment used on this alloy is similar to
the manufacturer's recommended heat treatment for optimum properties.
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¢ The AU heat treatment on Nimonic PE16--developed in an attempt to optimize
jn-reactor behavior--produced a completely recrystallized microstructure with'a very low
dislocation density. A fairly uniform distribution of y' was formed, with an average particle

size of 39 nm.

e ST Inconel 706 contained a low to medium dislocation density and, with the
exception of a few scattered intragranular carbides, the material was clean.

e STA Inconel 706 represents the manufacturer's recommended condition for
optimum mechanical properties. It contained y' precipitates averaging 39 nm, vy" platelets
averaging 5 nm thick and 16 nm in diameter, and & grain boundary phase identified as delta
{8), the orthorhombic phase NisNb. In addition, the microstructure revealed a medium dis-
location density and scattered large blocky carbides at grain boundaries.

e CWA Inconel 706 is a thermomechanical modification of the commercial grade,
developed in an effort to optimize in-reactor properties of this alloy.

o In the manufacturer's recommended heat treatment condition, STA Inconel 718
contains v', y", 6 and carbides. According to the HEDL characterization, the two heats used
in this study exhibited similar microstructure: extensive precipitation of lenticular &

platelets at grain boundaries, fine intragranular y' and y", and scattered carbides. In the
Heat 59F1EY material all y' and y" particles were estimated to be less than 10 nm. In Heat

44F9EY, the y' precipitates averaged 10 nm and the vy" platelets measured 5 nm thick and 15 nm
in diameter.

e The STA M-813 used in this study was produced by the powder metallurgy

process. It contained carbide-coated grain boundaries, a low dislocation density, and a
bimodal y' distribution. Average sizes of the two populations were 15 and 55 nm.

e In its solution-treated condition, Type 310 exhibited a clean microstructure
with only scattered carbide precipitates, and a low dislocation density. Except for an
obviously high dislocation density, the cold-worked material looked much the same.

e Both grain boundary carbides and a fine dispersion of intragranular carbides
were observed in ST Type 330 steel. The microstructure revealed a medium dislocation density
with substantial dislocation-carbide interaction. Similar precipitate distributions were
noted in the high dislocation density cold-worked material.

2.3.3 Experimental Details

Heavy ion bombardment techniques have been used for a number of years to
simulate the type and magnitude of void formation that occurs in metals and alloys with high

(2’9’]0). In the present investigation, positively-charged

temperature fast neutron irradiation
nickel ions were used to bombard thin-foil disks of test materials. Initial work was done
with 5 MeV ions on the High Voltage Engineering Corporation's tandem Van de Graaff accelerator;
later bombardments were made with 4 MeV ions in the State University of New York-Albany

Dynamitron.

Prior to bombardment, the disks were implanted with 5 to 15 atom parts per million
of helium by alpha particle bombardment in a cyclotron. The lower helium level was selected
to represent that concentration produced by the (n-o) reaction during the initial period of
in-reactor void nucleation. Helium implantation was performed at the research facilities of
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Medi-Physics, Inc., of Emeryville, California, following the technique developed by FBRD in

an eariier swelling simutation program(3). Bombardment utilized an external beam of 24.6 MeV
alpha particles. Uniform depth deposition of helium was achieved by degrading the beam energy
in a continuous manner with a rotating aluminum wedge installed in the beam path. Mass
spectrometric analysis perfarmed by H. Farrar IV of Atomics International on representative
implanted disks demonstrated that an accuracy of +20% in desired helium level was achieved
with the FBRD implantation technique.

After implantation, disks with comparable residual activities (resulting from
alpha particle bombardment) were selected for final preparation for nickel-ion bombardment.
Preparation included a 10-15 minute oxidation heat treatment at 350°C in air followed by
electropolishing of the ion entry surface. Oxidation of the back side of the disk was used
to minimize sticking of the disk to the bombardment furnace fixture; electropolishing removed
structurally-deformed material resulting from wafering and grinding and cleansed the ion entry
surface. ’

Nickel-ion bombardment was performed on individual disks fitted into an
eight-position carousel, each containing a small independently controlled furnace. This
assembly was described in detail by Johnston, et a1(11) Bombardment temperatures were
selected to span the estimated peak swelling temperature of each alloy. A nickel-ion flux of
1.3 x 1013 jons/cm?-sec was used with both 4 and 5 MeV ions, the flux producing a displace-
ment rate of roughly 2 x 1072 dpa/sec at the peak position in the displacement damage curve.
Doses ranging from 30 to 250 dpa were used to assess the dose dependence of swelling. Alpha

particie and nickel-ion bombardment parameters are summarized in Table 7.

Selected specimens--particularly those bombarded to high nickel-ion doses--were
fitted with partial surface masks to selectively shield portions of sample from the ion
beam(s). Profilometry measurement of the boundary between the swelled and shielded region
provided a direct measurement of the total integrated swelling along the ion path in those
specimens in which swellings greater than approximately 5 percent occurred. In the majority
of the specimens, however, steps were too shallow for meaningful measurement and all swelling
data were collected by transmission electron microscopy techniques.

TABLE 7
BOMBARDMENT PARAMETERS
Helium Implantation
Alpha Particle Energy: 24.6 MeV
Maximum Implantation Depth: 23.9 um
Helium Content:
Inconel 718 (Heat No. 59F1EY): 15 + 3 appm
Inconel 718 (Heat No. 44F9EY): 5 + 0.8 appm
A11 Other Alloys: 5+ 0.8 appm
Nickel-Ion Bombardment
Nickel-Ion Energy: 4 and 5 MeV
. Nickel-Ion Flux: 1.3 x 1013/cm2-sec
Damage Rate: 2 x 1072 dpa/sec
Peak Damage Depth, 4 MeV: 760 nm
Peak Damage Depth, 5 MeV: 920 nm
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Preparation of the bombarded specimens for TEM examination included the calibrated
removal of material from the ion entry surface and backthinning to perforation. Since 4 and
5 MeV nickel ions have a range of about 1100 and 1400 nm respectively in these materials and
the zone of principal interest--the peak damage zone--lies only 760 and 900 nm respectively
from the ion entry surface, TEM foils must be carefully prepared to produce a final foil
thickness that lies within the peak damage zone. Calibrated polishing of the ion entry
surface was performed by argon ion milling (using a commercial ion micro-milling apparatus)
in which a sputtering rate of roughly 200 nm per minute was possible. A portion of the
sample’ surface shielded from the ion beam (masked with protective lacquer) during milling
provided a baseline from which to measure the depth of material removed. Once the required
depth was attained, the entire ion-milled surface was masked with protective lacquer and the
specimen perforated by electropolishing from the back side. [The above experimental procedures’
were developed in earlier ion bombardment simulation programs and were discussed in some detail
in previous publications(s’]]).] Following perforation, the ion-bombarded regions of the
thinned foils were examined in a JEM 6A electron microscope operated at 100 kV.

2.3.4 Results

2.3.4.1 Nimonic PE16. The microstructural damage produced by high energy
nickel-ion bombardment was evaluated in three lots of Nimonic PE16: solution treated (ST),
solution-treated and aged (STA), and a thermomechanically-treated condition designated AU.
A11 were produced from the same metallurgical heat, C-07206. Details of the swelling aﬁd

microstructural characterization performed after bombardment are discussed below.

Swelling. ST Nimonic PE16 was found to be highly resistant to void formation.
In the initial bombardment sequence performed to establish the peak swelling temperature,
it was observed that the 116 dpa bombardment dose produced a peak swelling of less than 0.1
percent over the 100-degree temperature range selected for evaluation. - Since this swelling
occurred at the lowest bombardment temperature (625°C), it could not be used to pinpoint the
peak swelling temperature. An additional series of bombardments was thus run to a sub-
stantially higher dose, over a lower temperature range. These 248 dpa bombardments
produced voids at all temperatures, but only at 625°C was the distribution uniform. This
temperature was thus assigned as the peak swelling temperature of ST Nimonic PE16, of the
HEDL heat C-07206.

The temperature dependence of swelling in STA Nimonic PE16 was evaluated from 116
dpa bombardment data at 625, 675 and 725°C on the HEDL heat C-07206, and corroborated with
earlier data(4) at similar doses and temperatures on material from another commercial heat,
DAB664. Because of the extremely low step heights observed in the earlier evaluation, the
bombardments of the HEDL alloy were performed on unmasked surfaces. Transmission electron
microscopy examination of foils prepared in the peak damage region revealed that void
formation had occurred at all temperatures (Figure 9), but only at the intermediate temper-
ature was the void distribution sufficiently uniform to yield reliable swelling values. It
was thus determined that the peak swelling temperature of this heat of STA Nimonic PE16 lies
near 675°C. This determination is supported by the earlier data, particularly as regards the
Tow-temperature swelling behavior of the alloy. The somewhat lower general swelling in
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FIGURE 9. Void distributions in STA Nimonic PE16 after nickel-ion
bombardment to 116 dpa.
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DAB664 (Table 8) is 1ikely related to the substantially higher levels of silicon and

manganese in this alloy (0.27 and 0.11 percent, respectively) compared with <0.01 Si and
*

0.005 Mn in the HEDL alloy.

TABLE 8

SWELLING IN STA NIMONIC PE16, HEATS DAB664 AND C-07206,
BOMBARDED WITH 5 MeV NICKEL IONS TO 116 DPA

! Average Void Average Void Tgi Average Swelling,
Density, ecm™3 Size, nm | BV/V,
575°C
DAB664 1.0 x 1013 29 0.01
C-07206 - - -
625°C
DAB664 <3.0 x 1013 39 <0.1
C=07206 2.3 x 1013 22 0.01
675°C
DAB664 2.6 x 1012 92 0.18
C-07206 1.3 x 1ot* 43 0.58
725°C
DAB664 4.7 x 1013 37 . 0.17
€-07206 1.0 x 1013 40 <0.01

AU Nimonic PE16, the thermomechanically-modified 1ot of this alloy heat, is
clearly the least swelling resistant of the three Tots tested. Although the magnitudes of
swelling observed were not high, the generally uniform void distributions at 625 and 675°C
and the virtual absence of voids at 575 and 725°C showed the peak swelling temperature of AU
Nimonic PE16 to occur in the range 650-675°C. Representative void distributions are shown in
Figure 10. The relative temperature dependence of swelling in Nimonic PE16 in the three
material conditions tested is shown in Figure 11.

Two techniques were used to provide dose dependence of swelling data. In the
early phases of the program, the conventional method of examining only the peak damage zone
in each foil was used. This required individual bombardments to each dose level selected for
evaluation. In Tater work, a foil preparation technigue was developed to permit the examin-
ation of discrete zones along the ion path in a single foil, using conventional (Tow-voltage)
TEM techniques. Details of this techniaque are given in the appendix. In the examination of
Nimonic PE16, this latter technique was used in the determination of dose dependence of
swelling in the AU condition, whereas the conventional "peak" determination was used in the
other two grades. Results shown in Figure 12 indicate an upward shift in the incubation dose
from the AU to the ST condition, but a comparable secondary swelling rate in all. Values of
the two parameters are given below:

*Johnston, et 31(5) have shown that silicon and manganese can inhibit swelling in
Fe-Cr-Ni alloys.
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Dose dependence of swelling in Nimonic PE16, bombarded with high energy nickel
The AU Nimonic PE16 data points represent the surface, intermediate and
peak damage zones in the same bombardment foil; STA Nimonic PE16 points 1 and 2
represent the intermediate and peak damage zones, respectively, in different

ions.

foils.

A11 other data were collected from peak damage zones.




Approximate Approximate

Condition Peak Swelling Incubation Secondary

or Lot Temperature - Dose, 1 Swelling Rate
ST 625°C 200 dpa 0.008%/dpa”
STA 675°C 50 dpa 0.008%/dpa
AU . 675°C 15 dpa 0.008%/dpa

*In view of the long incubation shown by ST Nimonic PE16, a definitive
secondary swelling rate could not be determined without substantially
higher dose data. The values shown here are based on the assumption
that, once t has been obtained, all three alloys will swell at a
comparable rate.

In addition to the data collected from the peak damage zone of STA Nimonic PE16,
swelling determinations were made at two points along the ion path in the 222 dpa bombardment

'bspecimen. Swelling measured at an intermediate position (99 dpa) was similar to that

measured at the peak in a 106 dpa bombardment (see Figure 12). However, examination of the
bombarded surface of the former samplie revealed an order of magnitude higher swelling than
expected. This anomaly has not yet been resolved. These and all other data collected in the
examination of the three lots of Nimonic PE16 are given in Table 9.

Microstructural Changes. A general statement about the behavior of Nimonic

PE16 during ion bombardment is that no strong evidence of changes in precipitate micro-
structures were noted: In aged (STA and AU) materials, the gamma prime distribution appears
to be much the same after ion bombardment as before. In annealed materials, no tendency
was noted for the formation of gamma prime during bombardment to 116 dpa at the lower
temperatures. Very faint gamma prime reciprocal lattice points could be detected after this
dose at 725°C and also after 248 dpa at lower temperatures. Dislocation arrays appeared

to be more fully developed in ST and AU materials than in the aged PE16 at comparable doses
and temperatures. Stacking faults could be observed in annealed material, their sizes and
numbers varying with dose and temperature as shown in Figure 13. With the density of defects
occurring in Figure 13(a), faint, short relrods were produced in the diffraction patterns
much as though a platelike precipitate were present. However, coarsening with increased
bombardment temperature did not occur and these defects are most likely faulted loops and
thermally unstable.

Unusual grain boundary effects were noticed in all materials bombarded to 248
dpa. Figure 14(a) and 14(b) show that grain boundary regions are well marked in very thin
and very thick regions, making it unlikely to be a surface relief phenomenon and more of an
electron transparency effect. In AU material bombarded at 675°C, these electron dense regions
are physically quite close to actual grain boundary positions [Figure 14(c)] and respond more
sTowly to electrochemical attack and/or ion milling [Figure 14(d}]. Selected area diffraction
from these regions reveals only austenite and gamma prime diffraction spots, so apparently no
phase change or precipitation is involved. After 625°C bombardment the opaque strips in AU
PE16 are separated from the grain boundary positions by their approximate width (v1 um) as
shown in Figure 15. Stereoanalysis of Figure 15(b) indicates the opaque regions are no
thicker than the surrounding material. However, there appears to be a slight change in void
popu]atibn: slightly more large voids,and slightly fewer small voids seem to occur in these
regions. A tentative explanation of this grain boundary behavior is that segregation effects
are occurring in these regions, changing the chemistry, electron transparency and sWel]ing

behavior.
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FIGURE 14. Grain boundary opacity effects in AU Nimonic PE16 after. 248 dpa
nickel-ion bombardment at 675°C: (a) and (b) Tow-magnification
diffuse-dark-field images, (c) and (d) bright-field images.
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FIGURE 15. Electron opacity effects near grain 'boundaries in AU Nimonic PE16
after. ion bombardment to 248 dpa at 625°C.
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TABLE 9
SWELLING DATA ON NICKEL-ION BOMBARDED NIMONIC PET6

; K Average Void Parameters
Heat Temp., | Dose Density Diameter,|Swelling,
Treatment °C dpa | Voids/cm3 m %8V /Vo Remarks
ST 575 243 11.7 x 1013 59 <0.1 Local concentration of voids,
to 1.5 percent
625 106 | 4.6 x 1013 20 0.03
227 2.1 x 1014 29 0.28 Uniform void distribution
675 " 26 - - - No voids
60 - - - No voids
224 [2.3 x 1013 50 0.15 Non-uniform void distribution
725 110 - - - No voids
STA 625 114 | 2.3 x 103 22 0.01
675 52 6.1 x 1013 33 0.11 Peak (a)
78 | 7.2 x 103 78 1.83 Bombarded surface
99 | 3.2 x 10!3 69 0.52 | Not peak(a)
106 | 1.3 x 101% 43 0.58 | Peak
222 | 3.7 x 1013 92 1.28 | Peak(a)
725 96 | 1.0 x 1013 40 <0.01
AU 575 247 | 1.7 x 1013 55 0.14
625 78 | 5.2 x 1013| 58 0.48 | Bombgrded surface(b)
247 [ 1.2 x 104 57 1.22 | peak'b
675 76 | 4.1 x 1013 59 0.55 | Bombardeg iurface(c)
164 | 8.4 x 1013 65 1.22 Not peak\¢
247 | 1.2 x 10%® 64 1.71 Peak{c) (©)
? 3.6 x 1013 52 0.29 | Beyond peak‘®
725 241 - - ; - No voids

* (a): same foil, (b) same foil, (c) same foil

2.3.4.2 Inconel 706. Inconel 706, like Nimonic PE16, was bombarded in three
microstructural conditions; solution treated (ST), the commercially aged condition (STA) and
a thermomechanical treatment designated CWA. A1l were prepared from HEDL heat 48C5HK.
Although comparable to Nimonic PE16 in base alloy composition, Inconel 706 contains niobium
as well as titanium and aluminum. The alloy is therefore susceptible to both gamma prime and
gamma double prime precipitation and their respective overaging forms, delta and eta.
Details of the swelling and microstructural studies on the three lots are given below.

Swelling. ATl three Inconel 706 grades (Heat No. 48C5HK) exhibited a high
degree of swelling resistance. In the solution-treated alloy, only trace swellings (<0.001
percent) could be detected over a 225-degree temperature range, at doses as high as 231
dpa. In the cold worked and aged alloy, a peak swelling of 0.008 percent was measured at
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575°C at a bombardment dose of 236 dpa; higher and lower temperature bombardments at similar
doses produced no voids. Swelling in the commercially aged material was substantially larger
but the void distribution was so irregular that assigned swelling values are likely to be
highly pessimistic.

Two void distributions were identified in STA Inconel 706. At 475°C, small (<10
~ nm) voids were observed in the matrix and adjacent to second-phase precipitates. The small
matrix voids were also noted at 550°C along with the larger voids (~44 nm) clustered near
precipitates. The void populations at 575 and 625°C were composed primarily of the larger
voids. Electron micrographs representative of these distributions are shown in Figure 16.

In view of the vanishingly small swelling that can be attributed to the smaller
voids and the predominance of the large but non-uniformly distributed voids at the higher
temperatures, it was decided that assignment of a peak swelling temperature be based on
maximum swelling values computed from the latter distribution. The data compiled in Table 10
pertain predominantly to this distribution. These admittedly sparse data indicate a peak

TABLE 10
SWELLING DATA ON NICKEL-ION BOMBARDED INCONEL 706
Average Void Parameters
Heat Temp., | Dose Density Diameter, | Swelling,
Treatment °C dpa Voids/cm3 nm %V /o Remarks
ST 500 106 | 2.3 x 1013 8 <0.001
550 120 - - - No voids
202 - - - No voids
600 116 | 5.7 x 1012 1 <0.001
625 116 - - - No voids
231 - - - No voids (HVEM)
675 114 - - - No voids
725 119 - - - No voids
STA 475 116 [ 5.5 x 1013 7 0.001
550 116 |4.0 x 103 19 0.051
575 64 13.9 x 1013 25 0.045 Not peak*
236 | 1.5 x 10!3 82 0.435 Local islands of voids*
625 120 | 1.4 x 1012 0 0.051
675 103 - - - No voids
v 725 116 - - - No voids
CWA 525 229 - - - No voids
575 238 | 8.6 x 10'2 20 0.008
625 238 - - - No voids
® Same foil
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swelling temperature of 575°C, a peak swelling rate of 0.002%/dpa and a dose intercept of
44 dpa. Earlier GE resu]ts(4) on an aged Inconel 706 heat of almost identical composition
showed swelling of <0.1% at 625°C and <<0.1% at 675°C and 725°C at a nominal dose of 116
dpa.

A11 that can be said of ST Inconel 706 is that its peak swelling temperature lies
within the 500-600°C range and its swelling rate is <0.0001%/dpa. A similar swelling rate is
shown by the TEM data on the CWA alloy at its 575°C peak swelling temperature. The temper-
ature dependence of swelling of all three alloys and the dose dependence of swelling of STA
Inconel 706 are shown in Figure 17.

Microstructural Changes. Figure 18 shows the microstructures of STA Inconel
706 after 116 dpa bombardments at temperatures between 550 and 725°C. Representative

selected area diffraction patterns are shown in Figure 19 where streaks due to thin precipi-
tates can be detected even for the material bombarded at the lowest temperature. Faint
streaks were also observed in diffraction patterns of an additional specimen bombarded at
475°C. The obvious effects of increasing the bombardment temperature are the enhanced
coarsening of the precipitate platelets and the appearance of intensity maxima on relrods
(reciprocal lattice rods arising from thin platelets in real space) due to the development of
stronger form factor effects with the coarser plates.

The precipitates habit {111} planes of the matrix and relrods in diffraction
patterns pass through. and eventually connect, matrix reciprocal lattice points along <111>
directions. However, even with the coarsest plates the intensity maxima developing along the
relrods are not localized enough to allow accurate interplanar spacings to be determined.

It is not possible to identify the precipitates produced in Inconel 706 by ion
bombardment solely on the basis that they habit {111} planes, since both § and n phases have
this characteristic and both are stable phases produced by overaging. Distinction between the
two possibilities must be accomplished using interplanar spacings. However, relrod inter-
sections with diffraction patterns of arbitrary orientations will not allow correct inter-
planar spacings to be determined and, even when the relrods lie in the diffraction patterns,
the diffuse nature of the intensity maxima makes difficult the measurements réquired to obtain
jnterplanar spacings accurate enough to identify the proper phase. One way to avoid these
problems is to use a <111> matrix orientation and determine the positions of the infersections
of relrods which are normal to the electron diffraction pattern. These intersections will
then be in the proper positions for reflections belonging to the zone axis of the precipitate
parallel with the <111> matrix direction, the <OOT> for the n phase or the <010> for the &
phase. Figure 20 is a <111> diffraction pattern from the material containing the coarsest
platelets, aged Inconel 706 bombarded at 725°C. The weak interior spots have sixfold
symmetry with corresponding interplanar spacings of 0.221 nm in agreement with published

(12). To match published data on orthorhombic

values for {2020} Planes of hexagonal Ni3Ti
NisNb, these spots would need to correspond to {002} and {201} planes with spacings of 0.228
nm and 0.223 nm respective]y(]3), with interplanar angles of 61° and 58°; the measured angles
are all within half degrees of 60°. It is thus clear that the better choice of precipitate

species, based upon experimental evidence, is n phase, the hexagonal form of NisTi.
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FIGURE 18.

TEM images of STA Inconel 706, bombarded with 5 MeV nickel ions to 116 dpa: (a)

550°C, dark-field image; (b) 625°C, dark-field image; (c)
and (d) 725°C, bright-field image.

675°C, bright-field image,
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FIGURE 19.

Representative selected area electron diffraction
after 5 MeV nickel-ion bombardment to 116 dpa: (a
and (d) 725°C.

)

atterns from STA Inconel 706
550°C; (b) 625°C; (c) 675°C,



FIGURE 20.

Selected area <111> electron diffraction pattern from Inconel
706 bombarded at 725°C. The reflections indicated correspond
to {2020} planes of hexagonal eta phase platelets in the plane
of the specimen. Satellite spots around outer reflections are
caused by relrods produced by thin precipitates on inclined
{111} planes.
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The pre-irradiation precipitate phases, y' and y", are degraded or dissolved

during ion bombardment. With increasing bombardment temperature the superlattice reflections
became weakened and dark-field imaging disclosed fewer particles.

ST Inconel 706 was studied after similar ion bombardments and precipitate platelets
were also observed as shown in Figure 21. However, in both images and diffraction patterns, it
appeared that the degree of coarsening of the platelets was lower than observed in aged material
bombarded at similar temperatures. In addition to the relrods due to the platelets, sﬁper-
lattice spots corresponding to y' or y" were observed in the diffraction patterns. Since
ne{ther of the metastable precipitate phases were present during the pre-irradiation character-
jzation, ion bombardment must also have produced these in addition to the coarser platelet
phase. However, in dark-field images using the superlattice reflections, the metastable
precipitates could not be easily detected or distinguished from the diffuse background.

To emphasize the difference in coarsening between ST and STA Inconel 706 during
heavy ion bombardment, Figure 22 shows typical grain boundaries in the materials bombarded at
625°C. Characteristic overaging behavior is exhibited by the aged materia1(7) and cellular
precipitation is advanced at the grain boundaries. In contrast, the annealed material still
has straight grain boundaries and no noticeably greater coarsening of precipitate plates in
these regions.

Bombardments to higher doses were made only for a limited number of temperatures,
so further analysis of overaging behavior could not be carried out for many of the cases - 6
studied after 116 dpa. However, after 248 dpa it was very clear that 600°C is still the
approximate boundary between sluggish and rapid overaging behavior during jon bombardment.
Figure 23 shows the general features of ST, STA and CWA Inconel 706 after 248 dpa below 600°C;
platelet features are generally difficult to identify. The representative selected area
diffraction patterns of Figure 24 exhibit corresponding weak relrod features.

A very dramatic difference can be observed in CWA material after 248 dpa at 625°C
where there is extensive precipitation of coarse platelets. Figure 25 shows a bright-field
image and a dark-field image of the same area obtained using a precipitate reflection. The
selected area diffraction pattern, showing the objective aperture position for dark-field
imaging, is shown in Figure 26(a). Since the volume of precipitate material is large, the
structure factors are no longer dominated by form factor effects and complete precipitate
diffraction patterns can be observed and analyzed. The diffraction pattern is straightfor-
wardly indexed in Figure 26(b) as a hexagonal pattern with zone axis [8176] superposed on the
austenite pattern near the zone axis [375]. After tilting the foil a few degrees, a slightly
different pattern is obtained from the same austenite grain as shown and indexed in Figures
26(c) and (d). A [5143] hexagonal pattern is now superposed on an austenite pattern near [365].
Both patterns are required to demonstrate that there are unit changes in the c-axis indices
(i.e., 2025 and 2026 are neighboring points in the reciprocal lattice of the precipitate) and
hence there is a real lattice parameter corresponding to C = 0.828 nm. This effectively
identifies the eta phase and justifies the hexagonal indexing used. Further evidence of this

"can be seen along directions connecting austenite reflections away from the pattern centers
where the relrods along [111], an alternate habit plane, exhibit intensity maxima corresponding c
to one quarter of the <111> translation vector.
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FIGURE 21.

.

Bright-field images and representative selected area diffractio
ST Inconel 706 after 5 MeV nickel-ion bombardment to 116 dpa:

bottom, 725°C.

n patterns from
top, 625°C;




FIGURE 22. Dark-field images of grain boundary regions in (a) STA and

(b) ST Inconel 706, after 5 MeV nickel-ion bombardment to
116 dpa.
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FIGURE 23. Bright-field images of Inconel 706 jon bombarded to 248 dpa:
(a) ST, 550°C; (b) STA, 575°C, and (c) CWA, 575°C.
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(a) )

(c)

FIGURE 24. Representative selected area electron diffraction patterns from
Inconel 706 jon bombarded to 248 dpa: (a) ST, 550°C, (b) STA,

575°C, and (c) CWA, 575°C. G
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FIGURE 25.

Bright-field (a) and dark-field (b) image pair of CWA Inconel
706 after ion bombardment to 248 dpa at 625°C.
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FIGURE 26.
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Selected area electron diffraction patterns from CWA Inconel 706
after ion bombardment to 248 dpa at 625°C: (a) Pattern of area
shown in Fig 25; (b) hexagonal (4 digit) and fcc (3 digit) in-
dexing of one precipitate orientation, (c) and (d) pattern and
indexing from the same region after tilting the foil slightly.
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_ Figure 26(c) also exhibits weak first-order reflections, (0111), (1102) and (M24),

which fit into the hexagonal indexing. Other weak spots not indexed belong to precipitates
habiting other {111} planes. A 1{st1ng of interplanar spacings of the precipitating phase,
obtained from diffraction patterns of CWA Inconel 706 after 248 dpa ion bombardment, is com-
pared in Table 11 to x-ray diffraction data of the eta and delta phases taken from the ASTM
card index file. The ASTM card data has been supplemented, in brackets, to account for
reflections that would be expected in electron diffraction patterns arising from double
diffraction. Except for planes of the type {1070} and {2050}, there is rather a complete
correspondence with eta phase data. The {2020} interplanar spacing has previously been
observed in Tower dose STA Inconel 706 (Figure 20).

TABLE 11
X-RAY DIFFRACTION DATA FOR n AND & PHASES
Ni3Ti (n) NigNb (8)
ASTM CARD 5-723 Observed ASTM CARD 15-101
hkil /1 d(A) d(R) d(A) /1, hk1
1010 10 4.39
1071 10 3.90 3.90
3.403 2 101
- 3.262 10 110
(1012) (3.02) 3.02
1120 10 2.56 2.55 2.568 4 200
. 2.27 20 002
2020 20 2.21 2.23 35 201
(1122) (2.17) 2.19
2021 50 2.13 2.12 2.12 100 020
0004 50 2.07 2.07 2.07 8 102
2.00 75 012
- 1.97 75 21
2022 100 1.95 1.95 1.95 6 120
- 1.80 2 121
2023 20 1.72 1.73 (1.70) (202)
(1230) (1.66) 1.66 1.55 6 022
1232 10 1.54 1.53 1.54 8 221
2024 20 1.51 1.51
2025 20 1.33 1.33 (1.33) (222)
. 1.30 16 203
2240 50 1.28 1.27 1.28 8 400
§2zz_ug (1.26) 1.25 (1.24) (230)
2242 (1.22) 1.22
- 1.20 8 032
2026 20 1.17 1.16
- o 1.13 4 004
4040 - 1.1 1.11 16 223
4081 10 1.10 1.10 10 420

There is also fair, but incomplete, correspondence of the observed interplanar
spacings with delta phase data. However, the weak reflections observed in Figure 26{(c),
{1071}, {1012}, and {1230}, provide a further indication to those already specified that eta
is the precipitating phase in ion bombarded Inconel 706, since no reasonable inaccuracies in
measurements and calculations would account for the lack of correspondence with the delta
phase data.

The austenite-to-eta transformation conforms to the following transformations of

planes:
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(1), > (0004)
(11'0)Y+ (zﬁo)n
(o.ﬁ)Y > (121'0)n

Thus the transformation of planes with arbitrary Miller indices can be written as:

h '3 -3 0 h
kY _1({0 3 -3 k
i 31-3 0 3 1
1 4 4 4
n . Y

The indexing used in Figure 26 was made consistent with this transformation
matrix. For example, the very strong (0252)n reflection occurs at the austenite reciprocal
lattice position of (111) + 1/6 (111) = 1/6 (775), i.e., one sixth the distance between (111)
and (220) along the [111] relrad. The transformation matrix accounts for all reflections which

are coincident in the cubic and hexagonal lattices [e.q., (402)Y transforms to (4558)n in
Figure 26] and maintains the correct interplanar spacings and interplanar angles.

In view of the excellent correspondence obtained in CWA Inconel 706 with the
nature and morphology of the intragranular platelike hexagonal phase precipitate, there can
remain no doubt that it is eta phase that is produced by ion bombardment.

No grain boundary effects were observed in ST or CWA Inconel 706 bombarded to the
higher doses. STA material, however, exhibited faint grain boundary delineation. This
material also contained platelets of grain boundaries which are of much greater size than the
intragranularly precipitating eta phase; These boundary effects are illustrated in Figure 27.

In all cases that could be analyzed, the grain boundary precipitates proved aiso
to be eta phase, so the cellular precipitation behavior (Figure 22} continues at the higher
doses. No evidence at all has been obtained that delta plates are present, either intra or
intergranylarly, after nickel ion bombardment.

No traces of gamma prime could be found in STA Inconel 706 after 248 dpa at 625°C
but faint {001} reflections from this phase could still be observed after the same dose at
575°C. Gamma prime reflections were also observed after high dose bombardment of ST Inconel
706 at 550°C. In the CWA material, extremely weak gamma prime reflections were present after
248 dpa at.575°C and no trace of this phase was found after 625°C bombardment.

" One further precipitation event was found to occur in Inconel 706 below 600°C
where eta precipitation is sluggish. Very weak reflections can be found on diffraction
patterns radially just inside the austenite reflections. This is illustrated in Figure 28 for
ST and CWA materials after 248 dpa. The diffracting positions occupied are characteristic of
TiC and an agreeing lattice parameter of .436 nm can be calculated from the reflections
observed. No such features were observed in STA material after high dose bombardments.
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FIGURE 27.

(b)

Diffuse-dark-field images showing grain boundary effects in STA
Inconel 706 after jon bombardment to 248 dpa: (a) after 575°C
bombardment, faint grain boundary delineation represents the
strongest effect observed in Inconel 706; (b) after 625°C bombard-
ment, coarse eta plate precipitation more or less characteristic
of the cellular growth occurring at grain boundaries.
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FIGURE 28.

(b)

Selected area electron diffraction patterns from Inconel 706
bombarded to 248 dpa which contains spots in positions character-

jstic of TiC: (a) ST, 550°C, and (b) CWA, 575°C. ;
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2.3.4.3 Inconel 718. Inconel 718 is one of a family of high-nickel superalloys
that is hardenable by high-temperature aging. Like Inconel 706, alloy 718 contains alloying
elements for both gamma prime and gamma double prime formation and is susceptible to over-
aging by the transformation of these precipitates to delta and eta. Because of its inher-
ently high mechanical strength and attractive wear characteristics, Inconel 718 is being
considered in a number of LMFBR in-core applications. 1Its stability in a fast reactor envir-
onment is thus of great practical concern. In the present study, the alloy was bombarded in
its commercially-aged condition, designated by the acronym STA (for solution treated and
aged). Its swelling and microstructural behavior are characterized in the following
discussion.

Swelling. The temperature dependence of swelling in STA Inconel 718 was

evaluated from 116 dpa bombardments at 50-degree increments from 525 to 725°C. Peak swelling
occurred at 625°C. This observation was confirmed by higher-dose bombardments, which produced
uniform void distributions at both 575 and 625°C, and a peak swelling of 2.04 percent at the
higher temperature. Typical foil microstructures are shown jn Figure 29. Confirmation of
both lower-dose bombardments with higher-dose runs also provided data for dose dependence of
swelling at peak and off-peak locations. These results show swelling rates of 0.015 and
0.004%/dpa and dose intercepts of 105 and 120 dpa, respectively, for 625 and 575°C bombard-
ments. The STA Inconel 718 data are shown graphically in Figure 30 and listed in Table 12.

Two heats of STA Inconel 718 were used in the present study. In the initial
phase of the work, material from Heat No. 59F1EY, implanted with 15 ppm of helium, was used to
establish the temperature dependence of swelling. However, since bombardments at the upper
two temperatures of the three-temperature matrix failed to produce voids, the assessment could
not pinpoint the swelling peak. Lower temperature work with material from Heat No. 44F9EY,
implanted with 5 ppm of helium, confirmed the 625°C peak at the nominal 116 dpa level.

Similar results were subsequently collected at twice this dose, using the 5 ppm helium
material exclusively. Although the effect of the higher helium level is unclear, the con-

sistently low swelling observed in this alloy at the lower dose level using both 5 and 15 ppm
of helium suggest that the effect was minor. (The two heats of Inconel 718 used here

received identical heat treatments.)'
Microstructural Changes. The microstructural features of STA Inconel 718 (Heat
No. 59F1EY) after 116 dpa bombardments are shown in Figure 31 where the coarsening of

precipitate platelets, similar to those observed in Inconel 706, can be seen to increase

with increasing bombardment temperature. Molybdenum masks had been used to shield certain
areas of the target specimens from jon bombardment for purposes of obtaining step heights
which can be correlated to swelling behavior. In each specimen, perforations were made in the
ion bombarded region and also in an area that had been shielded. Thus thermal control infor-
mation could be obtained from the same specimen that had undergone bombardment. In all cases,
the unirradiated material appeared as characterized in the pre-irradiation study and v" could
be imaged using appropriate dark-field techniques. The appearance of the materjal under the
masked area of the 725°C bombarded specimen is also shown in Figure 31 and is representative
of that observed in specimens bombarded at lower temperatures.
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FIGURE 29.

Void distribution in STA Inconel 718 after nickel ion

bombardment to 239 dpa.
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FIGURE 30. Temperature and dose dependence of swelling in STA Inconel 718,

bombarded with high energy nickel ions: (a) temperature
dependence of swelling, and (b) dose dependence of swelling.
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FIGURE 31. STA Inconel 718, ion bombarded to 116 dpa: (a) 625°C, dark-field image;
(b) 675°C, dark-field image; (c) 725°C, bright-field image, and (d) 725°C,
under mask, dark-field image. "




TABLE 12
SWELLING DATA ON NICKEL-ION BOMBARDED INCONEL 718

Average Void Parameters
Temp. , Dose Density Diameter Swelling
Condition °C dpa .. Voids/cm? nm % Remarks
STA 525 122 - - - No voids
575 122 2.5 x 1013 19 <0.01
239 7.7 x 1013 44 0.04
625 115 4.0 x 1013 a1 0.15 15 ppm helium
239 5.8 x 1013 88 2.00
675 109 - - - 15 ppm helium )
No voids
231 - - - No voids (HVEM)
725 107 - - - 15 ppm helium )
No voids

Figure 32 shows representative selected area diffraction patterns obtained from
STA Inconel 718 after ion bombardments. After the 625°C bombardment, only very faint streaks
can be detected along {111} directions due to the thin nature of the precipitating platelets.
After 675°C bombardment, relrods are clearly evident although no tendency exists to exhibit
intensity maxima along the streaks. After bombardment at 725°C, diffuse intensity maxima are
appearing on the streaks, indicating that form factor effects are becoming stronger as the
platelets thicken. In the masked areas of the specimens, no streaks along {111} directions
could be detected in the diffraction patterns and only the characteristic superlattice
reflections of the precipitates produced by the double aging treatment were observed.

After bombardment to 248 dpa below 600°C, an extremely sluggish platelet
precipitation occurs, characterized primarily by very weak and short relrods in selected area
diffraction patterns. The platelets themselves are very difficult to observe but can be seen
faintly in the background of Figure 29(a). As observed in Inconel 706, platelet precipitation
is much more pronounced above 600°C [Figure 29(b)]. The precipitates are now coarse enough to
be clearly imaged in bright-field, matrix dark-field and precipitate dark-field (from relrods)
as shown in Figure 33. Diffraction patterns exhibit a corresponding development in relrod
effects as shown in Figure 34. Comparisons with the lTower dose results (Figures 31, 32) show
the precipitation to be well advanced at 625°C and roughly comparable to what occurred at
725°C after 116 dpa. '

Structure analysis and precipitate identification are still complicated by the
fact that strong, well localized intensity maxima are not present on the relrods. Without
observations of the weak first order reflections seen in Inconel 706, it is difficult to
distinguish between eta and delta phases with only approximate values of interplanar spacings.
Perhaps the best evidence that bombardment of Inconel 718 results in eta platelets is that the
relrods connect austenite reciprocal Tattice points. This is basically inconsistent with
delta phase precipitation since the cubic and orthorhombic lattices cannot be spatially

coherent.
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FIGURE 32.

Representative selected area electron diffraction patterns from STA Inconel 718
after nickel-ion bombardment to 116 dpa: (a) 625°C; (b) 675°C; (c) 725°C, and
(d) 725°C, under mask.



FIGURE 33. Platelet precipitation in STA Inconel 718 after ion bombardment
to 248 dpa at 625°C: (a) bright-field image; (b) matrix dark-
field image, and (c) precipitate dark-field image (from relrod).
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FIGURE 34.

(b)

Representative selected area electron diffraction patterns
STA Inconel 718 after ion bombardment to 248 dpa at 625°C
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It has been fairly firmly established that eta phase is produced in Inconel 706
by ion bombardment, hence essentially an overaging process occurs. The more sluggish behavior
of Inconel 718 is consistent with its much lower Ti/Al ratio but nevertheless, eta phase is
also expected with overaging(7). The similarities between the precipitating platelets in the
two Inconels are too close to allow serious consideration that they are entirely different

phases.

Reactor irradiated Inconel 718 has .recently been studied. The results will be
reported elsewhere but it is worthwhile to mention here that a platelike precipitating phase
was observed which produced <111> relrods and which coarsened with increasing irradiation
temperature at a fluence of 5 x 1022n/cm? (E>0.1 MeV) (roughly equivalent to 38 dpa heavy ion
dose). Figure 35 is a <111> zone axis austenite diffraction pattern obtained from material
irradiated at 454°C which contains, in addition to strong gamma prime reflections, weak
reflections at the same positions observed in Figure 20 for Inconel 706 for the {2020}
reflections of the eta phase. Thus, it is likely that eta platelets are being produced in
both ion bombarded and neutron irradiated Inconel 718.

Imaging in 2%-D was used extensively in the studies of the gamma prime alloys as
an aid in characterizing the platelet phases that occurred(]A). After 116 dpa bombardment,
the greatest coarsening in the Inconels occurred at the highest temperature while faulted
loops appeared in PE16 at 625°C. The comparisons used in Figure 36 illustrate that eta phase
develops less rapidly in Inconel 718 than in either STA or ST Inconel 706. After 248 dpa at
625°C, the comparison with CWA Inconel 706 shows even less rapid overaging response as
illustrated in Figure 37. This figure also allows comparisons of the high dose ion bombard-
ment effects with those produced by the relatively low dosage accumulated in EBR-II at 510°C.

The much coarser chunky and rodlike precipitates observed after high doses
(Figure 29). often associated with the voids that were present, could not be analyzed due to
insufficient diffraction data. Spotty rings [Figure 34(a)] were often observed and may be
due to this phase. Diffraction pattern evidence for TiC was observed after Tow doses at
525°C but the larger precipitates are not believed to be this precipitate.

Gamma prime or gamma double prime reflections appear weakened on diffraction
patterns of high dose Inconel 718, consistent with the overaging that is occurring. The
diffraction pattern of Figure 34(b) shows that these reflections are streaked in <111>
directions the same as are the matrix reflections. This could be due to double diffraction
or alternately it may be an indication that gamma prime is reprecipitating upon the platelets
habiting {111} planes. Similar redistribution has been reported for Inconel 718, neutron

irradiated at 650°C, where gamma prime is thought to be redistributed on faulted 1oops(]5).

Much stronger grain boundary effects are present in Inconel 718 than were
observed in Inconel 706. The unbombarded natures of the grain boundaries are shown in
Figure 38 as obtained from thin areas under the masked regions of specimens bombarded to 116
dpa. Regular grain boundaries and only few boundary plates (delta phase) can be observed.
At 116 dpa the boundary regions are apparently more strongly delineated at the Tower bombard-
ment temperatures as shown in Figure 39. This delineation consists of a mixture of plate
precipitation and a somewhat spotty electron opacity similar to that observed in PE16.
Figure 40 shows that the plates seem coarser and the grain boundaries more irregular as
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FIGURE 35.

Selected area <111s electron diffraction pattern from STA
Inconel 718 after neutron irradiation to 5 x 1022 n/cm? (E>0.]
MeV) at 454°C. The weak reflections indicated correspond to

{2020} planes of hexagonal eta phase platelets in the plane of

the specimen. Compare with Figure 20.
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FIGURE 36.

2%-D stereo image pairs of precipitates in the Inconel alloys
and faulted loops in Nimonic PE16 after ion bombardment to 116
dpa: (a) STA Inconel 706, 725°C; (b) ST Inconel 706, 725°C;
(c) STA Inconel 718, 725°C, and (d) ST Nimonic PE16, 625°C.
In-focus images are on the left and defocused images on the
right. Scale mark indicates 0.5 um.
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(a)

FIGURE 39.

(b)

~ (c)

Low magnification diffuse-dark-field images showing spotty
electron opacity effects near grain boundaries in STA Inconel
718 ion bombarded to 116 dpa at: (a) 625°C; (b) 575°C, and

(c) 525°C. G
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(b)

FIGURE 40. Diffuse-dark-field images of grain boundary effects in STA

Inconel 718 ion bombarded to 116 dpa at: (a) 575°C, and
(b) 525°C.
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bombardment temperature increases. Figure 41 illustrates that with increasing dose the opacity
effect becomes stronger and still tends to be more noticeable at the Tower bombardment temper-
ature. As seen in PE16 at 625°C, the opaque regions are parallel to grain boundaries but
separated from them by approximately 1 um.

Grain boundary opacity effects therefore seem to correlate to some extent with
overaging. Nimonic PE16 does not overage during bombardment and develops the strongest
boundary effects. Inconel 718 overages slowly, particularly below 600°C, and exhibits notice-
able opaque regions. Inconel 706 exhibits only slight delineation of grain boundaries.

The grain platelets that can be analyzed in this alloy are delta phase. This
precipitation behavior contrasts with that of Inconel 706 wherein only eta phase was found on
grain boundaries.

2.3.4.4 M-813. M-813 is an intermediate-nickel austenitic alloy that is
hardenable by precipitation of gamma prime. Its similarity in base alloy composition to the
solid solution alloy Type 330 offers the opportunity to assess the relative swelling pro-
pensity of these two alloy classes and perhaps to gain insight into the effects of composi-
tional variables on swelling. M-813 was bombarded in the solution treated and aged condition
with 4 MeV nickel ions. Observed swelling and microstructural changes produced by high dose

bombardment are discussed below.

Swelling. STA M-813 was bombarded at 575, 625, 675 and 725°C to a nominal peak
dose of 119 dpa. These parameters were selected on the basis of predictions which suggested
a peak swelling temperature in the range of 610-700°C and a swelling greater than 17 percent
for a matrix composition in which the principal swelling inhibitor, titanium, is lost in
gamma prime precipitation(16). In view of this expected high swelling, all bombardments
were made with the aid of partial surface masks. Examination of the surfaces of all foils
after bombardment revealed, however, that swelling was too low to be measured by the step
height technigue. This indicated a peak swelling of substantially less than 5 percent at all
temperatures. This observation was confirmed by TEM examination, which revealed a peak
swelling of 0.28 percent at 625°C. Although void distributions were uniform at both 575 and
625°C, only local concentrations of voids could be detected at 675°C. No voids were observed
at 725°C. Representative void distributions are shown in Figure 42. The temperature and
dose dependence of swelling in STA M-813 are shown in Figure 143. Dose dependence data were
collected from two depths in the 625°C foil. These data indicate a maximum swelling rate of
0.005%/dpa with a dose intercept of 47 dpa and a minimum swelling rate {assuming no
jncubation) of 0.002%/dpa. Swelling data collected at all temperatures are compiled in

Table 13.

Microstructural Changes. Bimodal distributions of gamma prime were observed in

STA M-813 as illustrated in Figure 44, Below 600°C the distribution appears similar to that

existing prior to bombardment(6) while at 675°C the numbers and sizes of the larger particles

appear to have increased.

Bombardment at 575°C produced a precipitate giving diffraction spots similar to
those thought to be due to TiC in the Inconels. Figure 45 shows this precipitate and its dif-
fraction effects. Assuming cubic structure, the lattice parameter can be determined as 0.424
nm or that of TiN. Higher temperature bombardments did not apparently produce this precipitate.
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(b)

FIGURE 41. Low magnification diffuse-dark-fie]d images showing spotty
electron opacity near grain boundaries in STA Inconel 718 ion
bombarded to 248 dpa at: (a) 625°C and (b) 575°C.
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FIGURE 42.

725¢
Void distributions in STA M-813 after
nickel-ion bombardment to 116 dpa.
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FIGURE 43. Temperature and dose dependence of swelling in STA M-813,

bombarded with 4 MeV nickel ions: (a) temperature dependence

of swelling and (b) dose dependence of swelling at 625°C.
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(b)
FIGURE 44. Precipitate dark-field images of bimodal vy' distributions in STA
M-813 ion bombarded to 116 dpa at (a) 575°C and (b) 675°C.
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’ (b)
FIGURE 45. Precipitate dark-field image and selected area electron

diffraction pattern exhibiting spots characteristic of TiN in
STA M-813 after ion bombardment to 116 dpa at 575°C.
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TABLE 13

SWELLING DATA ON NICKEL-ION BOMBARDED M-813

! ' Average Void Parameters
: Temp., Dose, Density ! Diameter, | Swelling
Condition °C dpa voids/cm ! nm . % Remarks
STA 575 17 6.2 x 103 32 0.1
625 78 9.7 x 10'3 34 0.20 Intermediate(2)
119 1.1 x 1ot* 34 0.28 Peak{a)
675 119 1.1 x 10'* 30 0.14 Non-uniform void
distribution

725 119 - - - No voids

(a) = same foi)

Figure 47 shows this delineation is due
and electron opacity effects.

- Grain boundary delineation

regions seems more due to the carbides than the electron dense regions.

at the relatively moderate dose of 116 dpa.

2.3.4.5 Type 310 Steel

also occurred in this alloy as shown in Figure 46.
to a combination of the carbides on the boundaries
The noticeable tendency for larger voids in the grain boundary

) Swelling. Experiments performed in an earlier phase of the current program 6
showed that ST Type 310 steel underwent gross swelling when.bombgrded with 5 MeV nickel ijons

Swellings were so large at the peak swelling

temperature that the surface of a fpil bombarded at 700°C had expanded as much as 300 nm

above an adjacent surface that was shielded from the ion beam.

According to the empirical

relation developed by Johnstor, et a1(4), for bombardments using the technique applied in
this work. such a "step height" represented a swelling cf almost 50 percent.

From a purely metallurgical standpoint, however, Type 310 remains an attractive

candidate for in-core structural applications, as evidenced by the inclusion of a cold-worked
(The selection of a 20 percent cold work treatment is based

grade in the current evaluation.

on earlier studies which showed that cold working imparts some swelling resistance to

austenitic alloys.)

(e.g., 17)

Guided by the experimental results on annealed material, and the realization that

high levels of swelling cannot be easily or reliably evaluated by TEM techniques, the principal
bombardments of CW Type 310 were made at 56 dpa.

selected to span the swelling peak.
temperatures, Figure 48.

Temperatures of 625, 675 and 725°C were

A uniform distribution of voids was observed at all
Analysis of selected micrographs yielded an average peak swelling

‘of just over one percent; interpolation of the temperature dependence of sweliling curve
(Figure 49) places the peak at approximately 640°C.

An evaluation of the dose dependence of swelling was performed on specimens

bombarded at the two lower temperatures, using the single-sample technique described in the
In the case of the 625°C bombardment specimen, a single electropolishing operation c
produced a series of holes scattered over a region that included a portion of the foil that

was shielded from the ion beam, and surfaces representing three depths along the ion path
-70-
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(c) (d)
FIGURE 46. Low magnification diffuse-dark-field im

boundary effects in STA M-813 ion bombarded to 116 dpa at: (a)
575°C; (b) 625°C; (c) 675°C and (d) 725°cC.

ages showing spotty grain
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(b)

FIGURE 47. Diffuse-dark-field images illustrating grain boundary regions in
%T? M-813 after jon bombardment to 116 dpa at: (a) 575°C and
b) 675°C.
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725¢
FIGURE 48. Void distributions in CW Type 310 steel after nickel-ion
bombardment to 58 dpa.
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FIGURE 49. Temperature dependence of swelling in CW Type 310 steel, bombarded with 4 MeV
nickel ions.

(produced by consecutive ion milling). A composite electron micrograph of this region is
shown in Figure 50. The void distributions in individual bombarded regions in both the 625
and 675°C foils are shown in Figures 51 and 52, and results of TEM analysis in Figures 53 and

54. Extrapolatiaon of the swelling curves of Figure 53 give a swelling rate of 0.04%/dpa and
a dose intercept of 37 dpa for the 675°C bombardment. Although the swelling behavior at 625°C

was not explored beyond 54 dpa, the complementary lower dose data at both temperatures
suggest that the dose dependence of swelling is essentially the same.

A compilation of all swelling data, including the earlier results on the
solution-treated alloy, is given in Table 14.

TABLE 14
SWELLING DATA ON NICKEL-ION BOMBARDED TYPE 310 STEEL
Average Void Parameters
Temp., Dose, Density Diameter, Swelling
Condition °C dpa voids/cm3 nm % Remarks
ST 600 98 6.0 x 101 62 7.9
650 116 - - 26 Step height
700 116 - - 46 Step Height
20% CW 625 16 5.3 x 1013 23 0.03 }
26 2.5 x 1014 24 0.19 ) Same foil
54 5.0 x 10" 34 1.06 )
675 16 3.9 x 10%3 34 0.10 §a)
31 1.3 x 10* 55 ) 1.10 b)
56 1.3 x 101% 537 .99 Ea
120 1.1 x 101 83" 3.64 b
725 59 3.7 x 1013 56 0.34

(a) Same foil
(b) Same foil
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/BOMBARDED
SURFACE

50 um
FIGURE 50. Electron micrograph composite of CW Type 310 steel foil
bombarded at 625°C with 4 MeV nickel ions. Doses in each region

are as follows: No mask (0 dpa), bombarded surface (16 dpa),
1st-ion milled surface (26 dpa) and 2nd ion-milled surface
(54 dpa).
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FIGURE 51. Void distribution at

various depths in the
damage zone of CW Type 310, bombarded
with 4 MeV nickel ions at 625°C to a
peak dose of 54 dpa:

(a) Ion entry surface (0-150 nm),
0.04% swelling;

(b) Intermediate damage zone (290-
430 nm). 0.18% swelling, and

(c) Peak damage zone (560-700 nm),
1.24% swelling.

O.2um
e}

-76-




FIGURE 52. Dose dependence of void
formation in CW Type 310

steel, bombarded at 675°C with 4 MeV
nickel ions:

(a) 16 dpa (Ion entry surface);
(b) 56 dpa (Peak damage zone), and
(c) 120 dpa (Peak damage zone).

O.Zum
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FIGURE 53. Dose dependence of swelling in CW Type 310 steel, bombarded with
: 4 MeV nickel jons.
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FIGURE 54. Dose dependence of void formation in CW Type 310 steel,

bombarded with 4 MeV nickel ions: (a) void density and
(b) void diameter.

-79-




-

Microstructural Changes. No noticeable development of any precipitation

effects was observed in CW Type 310 steel, and no grain boundary delineation was observed.
Only dislocation arrangements were observed to change with dose and temperature as iliustrated

in Figure 55.

2.3.4.6 Type 330 Steel. Type 330 steel is a solid-solution alloy, similar in
base composition to age-hardenable M-813. It is a relatively simple alloy, the minor
additions being limited to carbon, manganese and gilicon. Interest in Type 330 as a
potential LMFBR core structural material stems from its attractive high temperature strength
and the potential swelling resistance offered by a modekate]y high matrix nickel content.
The swelling and microstructural stability of both /solution-treated (ST) and 20% cold worked
(CW) Type 330 were evaluated. Results are presented below.

Swelling. The initial bombardment matrix selected for the evaluation of
sWe]]ing in both ST and CW Type 330 steel consisted of 550, 600 and 650°C bombardments to a
nominal dose of 248 dpa. These parameters were based on an expected peak swelling temperature
of 600°C and an expectation of moderately low peak swelling at 116 dpa. Although the latter
trend was éonfirmed at these temperatures, it was clear from the results of TEM examination of e
the bombarded foils that the peak swelling temperature was not lower than 650°C in either
grade of the Type 330 material used in these studies. An additional bombardment of ST Type
330 at 700°C confirmed this observation and showed a sharp increase in swelling. Represen- Cu ’
tative void distributions in both grades are shown in Figures 56 and 57. R

Although the present results still cannot firmly establish the swelling peak, we
can be assured that this peak occurs at a temperature not lower than 700°C. TEM data in
Figure 58 illustrate the temperature dependence of swelling in both alloy grades and demon-
strate the beneficial effect of cold working in controlling swelling in Type 330 steel. The
data summarized in Table 15 shows as much as 40% reduction in swelling at 650°C, with sub-
stantially higher reductions at the lower temperatures.

Swelling rates of both Type 330 grades are listed below. These rates are based
on an assumption of zero incubation dose in all cases. This assumption was judged to be
valid in view of the high swelling measured at an intermediate depth in two of the ST foils.

Swelling Rate, #/dpa

ST o
550°C 0.001 <0.001
600°C 0.002 <0.001
650°C 0.006 0.003
700 0.024 -

Microstructural Changes. Although extensive intragranular precipitation

occurred below 600°C in both ST and CW materials, insufficient diffraction data was obtained

to allow jdentification of the precipitating phase. The precipitate produces strong

reflections in the 0.2 + 0.02 nm range and could easily be imaged in a dark field as

illustrated in Figure 59. .The precipitates are rods rather than plates: streaks in electron G
diffraction patterns were cansistently parallel with traces of {100} austenite planes, a

characteristic of a relplate rather than a relrod. The axes of the rods lie along <100>
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FIGURE 55.

Dislocation arrangements in CW Type 310 steel after ion bombard-
ment to: (a) O dpa (under mask) at 625°C; (b) 58 dpa at 675°C;
(c) 116 dpa at 675°C, and (d) 58 dpa at 725°C.
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650¢C 700C

FIGURE 56. Void distribhtions in ST Type 330 steel after nickel-ion
bombardment to 248 dpa.
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650C

FIGURE 57. Void distributions in CW Type 330 steel after nickel-ion
. bombardment to 248 dpa.
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FIGURE 58. Temperature dependence of swelling in Type 330 steel, bombarded with 4 MeV
nickel jons to a dose of 250 dpa.

TABLE 15
SWELLING DATA ON NICKEL-ION BOMBARDED TYPE 330 STEEL

Average Void Parameters
Heat Temp., Dose, Density, Diameter, Swelling
Treatment °C dpa voids/cm? nm % Remarks

ST 550 229 9.4 x 1013 36 0.24
600 64 7.6 x 10!2 81 0.22
600 224 2.4 x 1013 73 0.46
650
650 234 1.4 x 10%3 122 1.33
700 247 1.7 x 1013 192 5.82

20% CW 550 247 2.9 x 1013 30 0.04 Uniform distribution
600 247 7.7 x 1012 88 0.23 Non-uniform distribution
650 247 2.2 x 1012 194 0.80 Non-uniform distribution
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FIGURE 59. Dark-field image of precipitates, possibly silicides, in
ST Type 330 steel after ion bombardment to 248 dpa at 550°C.
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directions of the matrix. The precipitates are not My3Cg since the characteristic diffraction
patterns were not detected at any time. The spacings of intensity maxima along rel-streaks
indicate that one lattice parameter is in the 2.5-3.0 nm range. The best fit with a Timited
and hardly definitive amount of diffraction data is that a manganese silicide (Mng 515510 185>
ASTM card No. 24-737) appears during 550°C bombardment.

During 600°C to 700°C bombardments, these precipitates do not appear. The common
carbide M,3Cs is the only second phase found, and an intragranular distribution existed prior
to bombardment. The carbides, however, do appear to coarsen with increasing bombardment
temperature. ’

At most, only slight grain boundary delineation was observed in annealed material
as shown in Figure 60 where there can alsc be seen some tendency for voids to prefer grain

boundary sites.
2.3.5 Discussion

The six commercial austenitic alloys studied in this program exhibited a broad
range of swelling behavior. As shown in the comparative 1istings in Table 16, peak swellings
ranged from virtually zero to far in excess of 5 percent, the projectéd design 1imit for an
end-of-1ife dose of 150 dpa. Predictably, the highest swelling occurred in the intermediate-
nickel solid solution alloys, Types 310 and 330, and the lowest in the high;nicke1 precipi-
tation-hardenable alloys. These trends are consistent with results from earjier simulation
testing(4), which revealed a sharp reduction in swelling of Fe-Cr-Ni alloys with increasing

nickel content.

. TABLE 16
SUMMARY OF SWELLING DATA: COMPARATIVE SWELLING BEHAVIOR
Secondary Peak Dose Predicted Swelling
Alloy Swelling Rate, Temperature, Intercept, at 250 dpa,
L]
. %/dpa C T (dpa) % AV/\{Q

ST Type 310 0.4* 700 0 100
CW Type 310 0.04 675 37 8.9
ST Type 330 0.024* 700 0 6.0
STA Inconel 718 0.015 625 105 2.2
AU Nimonic PET6 0.008 675 15 - 1.9
STA Nimonic PE16 0.008 675 50 1.6
STA M-813 0.005 625 47 1.0
CW Type 330 0.003* 2675 0 0.8
ST Nimonic PE16 0.008 625 200** 0.4
STA Inconel 706 0.002 575 44 0.4
CWA Inconel 706 0.0001* 575 0 <0.1
ST Inconel 706 0.0001* 500-600 0 <0.1
* Minimum swelling rate, based on assumption of zero incubation dose, i.e., primary or

first-stage swelling.
** Dose intercept based on the attainment of a secondary swelling rate of 0.008%/dpa

after approximately 250 dpa.
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FIGURE 60. Diffuse-dark-field image of grain boundary regions in ST
Type 330 steel after ion bombardment to 248 dpa at 650°C.
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However, as the listing shows, variations in swelling behavior occurred ndt only
between alloy types but within a given alloy type that had been modified by mechanical working
or heat treatment. The effect of cold working, for example, is readily apparent in the order
of magnitude reduction in swelling in both types 310 and 330 with 20-percent cold worked
structures, compared with that of annealed material. In the precipitation-hardenable alloys
Nimonic PE16 and Inconel 706, on the other hand, the annealed material exhibited the lowest
swelling of the three microstructural conditions tested.

Although it is generally accepted that the high dislocation density accounts for
the swelling inhibition shown by cold worked materials, no such straightforward explanation
suffices to explain the differences noted in the complex precipitation-hardenable alloys. It
is widely believed, however, that swelling resistance in Fe-Cr-Ni alloys is a sensitive
function of the solid solution composition and any changes in that composition, particularly
with regard to established swelling inhibitors, are expected to modify the swelling behavior.

Since the precipitation-hardenable alloys owe their unique mechanical properties
to microstructural changes produced by high-temperature aging, it is perhaps predictable that
such modifications will indeed alter the swelling of this family of alloys, much 1ike cold
working affects swelling in a predominantly solid solution material. Indeed, such predic-
tions made on a number of the alloys studied in this program were found to be qualitatively
correct, and were helpful in selecting bombardment parameters for alloys whose swelling
behavior was, for the most part, empirically unknown. The relative swelling resistance of
annealed versus aged materials, for example, was correctly predicted by Johnston, et 31(16)’
on the basis of anticipated changes in solid so]ution‘composition of these alloys. Similarly,
an upward shift in peak swelling temperature with aging was predicted and was shown to be at
least qualitatively true in relation to the two alloys examined in both annealed and aged
conditions in this program.

The fact that empirical results did not generally show close quantitative
agreement with predicted behavior is 1ikely due in part to the highly complex microstructure
of these superalloys. As shown by Bell, et al(]g), in an earlier publication and confirmed
in this work, the response of the precipitation-hardenable alloys to a combination of-:over-
aging and irradiation could be expected to range from virtually zero, in the case of Nimonic
PE16, to the sophisticated microstructural changes noted in Inconel 718. It would be some-
what difficult in the latter case to predict swelling response from considerations of solid
solution composition without some prior knowledge of the microstructural stability of the
alloy in the anticipated service environment. It was precisely this kind of information that
the present work was directed to produce by simulation testing. Moreover, the fact that
similar microstructural response was noted in reactor-irradiated Inconel 718 lends considerable
credence to the application of the ion simulation technique for valid characterization of
-swelling and microstructural response of prospective materials to LMFBR core environments.

Although the swelling resistance of Inconel 706 is the most favorable of all the
alloys studied, there may be some cause for concern about a possible loss of mechanical
properties due to overaging. The less rapid overaging behavior of Inconel 718, on the other
hand, indicates that the greater stabjlities of the primary hardening phases, y' and vy",
combined with the fineness of the secondary hardening n phase, should guarantee long-lived

mechanical properties in this alloy.
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Both Inconels exhibited a temperature boundary, at approximately 600°C, between
sluggish and rapid overaging behavior during ion bombardment. With the more rapid overaging
of Inconel 706, this temperature effect was observed after 116 dpa and was the most signifif
cant microstructural feature after 248 dpa. In Inconel 718, however, this temperature
influence could be identified only after the higher dose.

Below 600°C, conditions seem to be favorable for other precipitation reactions to
occur. Titanium carbides or nitrides were observed in M-813. Type 330 stainless steel, with-
out the titanium and aluminum of the superalloys, exhibits similar precipitation features in-
volving primarily silicides below 600°C and coarsening of carbides above this temperature.

The Ti/Al1 ratios of the superalloys can be correlated with the stabi]itiés of the
pre-bombardment precipitate phases. No noticeable changes occur in PE16; slight changes with
increasing temperature occur in M-813, and the Inconels overage. The grain boundary opacity
effects observed correlate in a reverse manner: Inconel 706 exhibits the least grain
boundary delineation and PE16 the most, with Inconel 718 and M-813 showing intermediate
effects. What causes these effects has not been defined, but segregation effects may be
invb]ved since, without involving phase changes, these areas seem to exhibit different
response to electrochemical attack and their swelling behavior may be slightly different than
surrounding matrix material. Thickness variations due to surface relief effects on the ion
milled sides of specimens are not thought responsible but, even if they were, their origin
could only be explained by some unusual properties of these areas. The grain boundaries
themselves are in many instances separated from the electron-opaque regions but clearly form
the pattern which the narrow regions adopt. The influences of such grain boundary effects
upon mechanical and corrosion stabilities cannot be assessed but Tt would seem likely that
some changes in properties would occur.

2.3.6 Conclusions

2.3.6.1 Swelling

(a) Nickel-ion bombardments at peak swelling temperatures to doses comparable to
goal LMFBR fluences produced acceptably Tow swelling (based on the criterion of <5 percent
swelling in 150 Qpa) in.nine of the twe]ye alloys tested: ST, STA and AU Nimonic PEl16, ST,
STA and CWA Inconel 706, STA Inconel 718, M-813 and CW Type 330 steel. Similar bombardments
revealed unacceptably high swelling behavior in ST and CW Type 310 and ST Type 330.

(b) Swelling ratings of. the several alloys arranged from best to worst, are
given below:

ST Inconel 706 (best)
CWA Inconel 706
= STA Inconel 706
ST Nimonic PE16
- CW Type 330
STA M-813
STA Nimonic PE16
AU Nimonic PE16
STA Inconel 718
ST Type 330
CW Type 310
ST Type 310 (worst)
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(c) General trends indicate that solution-treated precjpitation—harqenable
materials swell less and at a lTower temperature than comparable aged material. In solid
solution é]]oys, swelling is substantially higher in the solution-treated condition than in.
the 20 percent cold-worked state.

2.3.6.2 Microstructural Effects

(a) Bombardment with 4 and 5 MeV nickel ions accelerates overaging in the Inconel
alloys 706 and 718; the overaging is similar to that produced by fast neutron irradiation.

(b) Pre-exjsting metastable precipitates of v' and v" are degraded or dissolved
in the two Inconel a]]bys during accelerated overaging caused by ion bombardment abovg 600°C.
The stable overaging precipitate produced under these conditions is thin platelets of the n
phase, NisTi. Pre-existing delta phase plates at grain boundaries diséppear during bombard-
ment of -Inconel 706 but continue to form and grow in Inconel 718.

(¢) Aged Inconel 706 overages more rapidly than does solution treated material
bombarded under similar conditions.

(d) The degree of coarsening of n platelets can be correlated with the Ti/Al
ratio of the alloys Inconel 706, Inconel 718 and Nimonic PE16. The latter alloy, with a Ti/Al
ratio of one, does not overage during ion bombardment, nor does pre-existing y' noticeably
change as a result of high dose bombardments between 625 and 725°C.

(e) Undefined grain boundary effects are produced in the precipitation hardenable
alloys by ion bombardment. The tendency to form electron-opaque grain boundary regions
decreases with increasing Ti/Al ratio. '

(f) Both M-813 and Type 330 steels experienced precipitate reactions at lower
bombardment temperatures that involved carbides and nitrides -in M-813 and silicides in Type
330. Higher temperature effects were restricted in coarsening of v' in the former and carbides
in the latter. No unusual microstructural changes were noted in bombarded Type 310 steel.
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2.5 APPENDIX
2.5.1 Depth Distribution of Swelling by Conventional TEM

The nature of the damage zone in ion-bombarded materials, i.e., the variation in
displacement damage with depth, presents a compelling argument for evaluating the damage
distribution as a function of depth into the foil. Although such specimens have generally
been examined (by conventional TEM techniques) in the region of the peak damage zone, there
exists the potential for considerable economic gain in the recovery of swelling and micro-
structural data from not only the peak damage zone but from shallower depths; i.e, at inter-
mediate doses, within the same bombardment sample. Such data are typically collected by
bombarding a series of specimens to a range of doses and examining a single dose level in each.
This obviously requires more material,\more beam time and more TEM preparation than is
required for a single specimen. Since the latter operations represent a substantial fraction
of the costs associated with ioh-bombardment experiments, the potential for cost savings is
an attractive incentive toward the development of a technique for recovering such data from a
single TEM disk. A further incentive in ion bombardment ‘studies using precenditioned (reactor-
irradiated) materials is the desire to conserve material and minimize the handling of highly
radioactive specimens.

A number of investigators have demonstrated the feasibility of single-specimen
studies of depth distribution of damage. Wolff, et a1(A]) R work1ng with deuterons and !
Spurling and Rhodes(Az)

foils prepared parallel to the ion beam. However, although these demonstrations proved to be

» who used protons, showed results of conventional TEM examinations on

successful, the unique sample preparation procedures did not lend themselves to routine

utilization of the techniques. Later work by Johnston, -et al(A3), on nickel-ion bonbarded
materials showed depth distribution of damage in fof]s prepared parallel to the bombarded
surface. More recently, the so-called full-range technique for examining a conventionally-
prepared TEM foil has been demonétrated by Diamond, et a1(A4). This is perhaps the most
straightforward technique that is presently available.  One must simply back-thin a bombarded
foil to its ion entry surface and stereographically image the damage zone (nominally 700 nm
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in this application) with 0.6 - 1.0 MeV electrons. However, the dependence of this
technique upon high voltage microscopy facilities and sophisticated data analysis programs

effectively limit its application to national laboratories' programs.

To counter the impact of this valuable tool in the handling of ion-bombarded
foils, a technique for gathering similar data on a single TEM disk using conventional sample
. preparation procedures and conventional TEM capabilities was demonstrated. Using a standard
jon-bombarded TEM foil (i.e., a 3-mm diameter disk nominally 0.15 mm thick), the technique
jnvolves the stepped removal of material from the jon entry surface by sequential masking and
ion milling, followed by targeted perforation by back thinning. Figure 61 shows an idealized
schematic drawing of (a) the central region of a prepared foil with ion milling masks applied
to the ion entry surface and (b) a cross-section of the portion of the foil indicated.
Preparation of the ion-bombarded surface thus requires a multi-step ion-milling process,
rather than the single-step process normally used, and a somewhat broader masked region to
assure an adequate surface area for perforation. In the work discussed here, the 1 mm-
diameter central region of the 3 mm-diameter disk is generally reserved for TEM examination.
This region represents the circular unmasked portion of a disk bombarded with a partial mask
of the geometry developed by Johnston, et a1(A5). The first ion-milling mask (a commercial
lacquer) is applied to an elliptical region that overlaps approximately 0.2 mm into the
central region. After the required argon ion milling, the mask is dissolved away, the step
is measured and an accurate milling rate is established. The second mask is then applied
above and overlapping the originally masked region and extending an additional distance into
the central region. The ion milling-measurement sequences are then repeated. Although a
number of consecutive milling operations can theoretically be performed, we have found it
convenient {i.e., ease of step height measurement and multiple perforations) to restrict the
number of steps to two. This would provide three dose levels: the bombarded surface, an

intermediate zone and the peak zone, as shown in Figure 61. Thus, in this work, each ion
milling sequence aimed for the removal of roughly 325 nm for a total removal of 650 nm in

the central region. In the latter case, a 150 nm foil thickness after perforation would pro-
vide a region ranging from 650 nm to 800 nm, the peak damage depth being 760 nm. <

Initial perforation of the foil is performed in the usual manner: the
jon-milled surfaces are protected by translucent stop-off lacquer and a film of commercial
polyvinylidene chioride; perforation is performed with a Fischione twin jet apparatus, using
an electrolyte of 10 percent perchloric in acetic acid. Although no attempt is made during
the first electropolishing to bias the location of the first perforation, the hole generaily
occurs in the peak damage zone in specimens that had been given'a lightly dished electro-
polished surface before bombardment.

After TEM examination, the back surface of the original hole, as well as the
-surface away from the ion-masked regions, is coated with opaque lacquer; the front surface
is prepared in the usual manner and the second electropolishing performed. This sequence is
repeated until all areas of interest have been adequately perforated and examined. Results
of this procedure were given in Section 2.3.6. The reader is directed particularly to the

work on CW Type 310, Section 2.3.6.1. . { ;
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SEQUENTIAL FOIL PREPARATION
FOR DEPTH DISTRIBUTION OF

DAMAGE BY CONVENTIONAL TEM.
{SCHEMATIC)

1MM

8.

1ST MILLING MASK

BOMBARDED
SURFACE: {NTERMEDIATE
3RD PERFORATION DAMAGE ZONE:
. 2ND PERFORATION PEAK DAMAGE ZONE:

NOT 1ST PERFORATION
BOMBARDED
(MASKED) 200:1 HORIZONTAL

10,000:1 VERTICAL

FIGURE 61. Sequential foil preparation for depth distribution of damage by conventional
TEM (schematic).
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3. HVEM IRRADIATION OF REACTOR-CONDITIONED COMMERCIAL ALLOYS

L. E. Thomas, D. S. Gelles and J. J. Laidler

Hanford Engineering Development Laboratory

3.1 OBJECTIVE

The objective of this work is to assess the effect of prior neutron irradiation on
swelling under HVEM electron irradiation, in order to provide guidance for the conduct of
subsequent charged-particle irradiations of the candidate commercial and developmental alloys.

3.2 SUMMARY

Neutron irradiated specimens of fully-aged and solution-treated Nimonic PE16, 20%

cold-worked 310 stainless steel and aged A-286 were electron irradiated at 500 to 700°C in the
HVEM to determine the effect of reactor-conditioning on the simulation of void swelling at

high neutron fluences.

For aged PE16 it was found that the swelling behavior under electron irradiation was
unaffected by prior neutron irradiation. Specimens from four different reactor temperature/

fluence conditions showed similar temperature-dependent swelling rates in the HVEM irradi-
ations. Aged A-286 and 20% cold-worked 310 also appear insensitive to prior neutron irradi-
ation, although the data available for these alloys is too limited for a firm conclusion. The
swelling behavior of aged PE16, A-286 and cold-worked 310 was also consistent with previous
results on helium-injected (not reactor-conditioned) specimens of slightly different
composition. However,:reactor-conditioning did alter the swelling response of solution-
treated PE16 under electron irradiation, and this effect is attributed to the irradiation-
enhanced precipitation of y' which occurs in-reactor.

It is concluded that void and dislocation substructures generated in-reactor exert only
second-order control over void swelling during electron irradiation. Reactor-conditioning
experiments can be better described as temperature change experiments, provided that the
alloy in question remains stable during neutron irradiation.

Based on these findings, procedures for conducting swelling simulation tests with
reactor-conditioned specimens are recommended. These procedures combine limited simulation
tests on reactor-conditioned specimens, comparison of results with simulation studies on
virgin material, screening of neutron-irradiated specimens by TEM examination for micro-
structural evidence of phase and swelling instabilities, and interpretation of “reactor-

_conditioning" results in terms of temperature change experiments. The use of such procedures
will permit maximum effective utilization of resources, enabling the experimenter to eliminate
tests which would otherwise prove in the Tong run to have been unnecessary.
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3.3 ACCOMPLISHMENTS AND STATUS
3.3.1 Introduction

In view of the many differences between neutron and charged part{c1e irradiations,
it is almost incredible that charged particle irradiations should provide the ability for
successful simulation of void swelling at high neutron fluences. Exact translation from the
reactor timescale of months to the hours or so required under electron or nickel ion
irradiation, simultaneously involving kinetics of helium production and irradiation-enhanced
diffusion of various chemical species and lattice defects, is difficult to envision. Yet with
few exceptions, simulation of reactor swelling behavior by means of charged particle bombard-
ment a??eg;s remarkably successful. For example, the latest post-neutro?4;rradiation examin-

ations qualitatively confirm simulation-based swelling predictions for commercial

alloys, including AISI 310, A-286, M-813, Nimonic PE16, AISI 330, Inconel 706 and Inéone] 718.

To lend increased confidence to quantitative swelling predictions, simulation
tests usin reactor-conditiohed, i.e., previously neutron-irradiated, specimens have been
pr‘oposed(5 . Such tests cover two distinct possibilities. First, it seems unlikely that
simulation methods can reproduce exactly the same microstructures present in the void nucleation
stage of swelling in-reactor. Reactor-conditioning overcomes this difficulty by ensuring that
jrradiation-induced (or accelerated) precipitation, transmutation products (especially helium)
and defects such as dislocations, bubbles and voids are co-generated in a manner character-
istic of the reactor environment.

Second, a few alloys have been found for which swelling predicted from charged-
particle irradiations clearly differs from that produced in reactor. For example, the AISI
316-derivative alloy LS-1, with relatively high titanium, zirconium and silicon additions,
showed considerably better swelling resistance than 316 under both nickel ion(G) and electron
(7). However, after only 2.7 x 1022 neutrons/cm® (E>0.1 MeV), 0.8% swelling was

in LS-1 alloy specimehs. Electron microscopy revealed that a phase instability

irradiation
observed(8)

was promoted by neutron irradiation and that the void swelling was associated with irradi-
ation-induced precipitation. As another example, the experimental Fe-15Cr-25N1 alloy, E48,
containing titanium and aluminum additions, also showed low swelling after nickel ion
bombardment(g) and it was suggested that the swelling was suppressed by the Ti and Al additions.

This alloy also developed high swelling at a relatively low neutron f]uence(]o).

These examples reflect exceptional swelling behavior which is apparent during
postirradiation examination after low neutron fluences. The reactor-conditioning experiments
cover the possibility that irradiation-induced instabilities may also develop at intermediate
neutron fluences. ‘

The basic aim of charged-particle irradiation experiments in the simulation of
in-reactor swelling behavior is determination of the peak swelling rate and the neutron irradi-
ation temperature at which the peak rate occurs. Thus, it is essential not only to obtain a
correlation between neutron and charged-particle doses, but to establish an equivalency of

jrradiation temperatures as well. It is the latter consideration which is the principal
concern of the series of experiments reported here.
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The conventional assumption regarding simulation experiments is that the void
growth rate is related to the void density, dislocation density, irradiation temperature and
instantaneous point defect supersaturation. As a consequence of the different supersatura-
tions which prevail during typical neutron and charged-particie irradiation conditions, the
peak swelling rate is presumed to occur at a higher temperature under charged-particle
_irradiation than in the case of neutron irradiation. This effect is commonly termed a
"temperature shift", and has been observed frequently in exberiments with a variety of pure
metals and stainless stee]s(]]). In cases where void density and dislocation density are the
only parameters which control void growth, peak swelling under charged-particle irradiation
should occur when a specimen irradiated at the peak swelling temperature in-reactor is
bombarded with charged particles at a higher temperature reflecting the appropriate temper-
ature shift. The charged~pértic1é peak swelling temperature should then be the same for
both reactor-conditioned and virgin specimens. Knowing the peak swelling temperature for
virgin specimens, the correct temperature shift (and hence the true temperature of peak
swelling in the reactor-irradiated material) can be determined by irradiating reactor-
conditioned specimens from Several reactor irradiation temperatures at the charged-partic]e
peak temperature. The in-reactor peak is then that condition for which the peak swelling: rate
is observed under charged-particle irradiation.

Assessment of expected high-fluence swelling behavior of certain alloys may be
complicated in the event that the void growth rates are dominated by factors other than void —
density and dislocation density. Of particular concern is the case in which solute redis- . o
tribution occurs during neutron irradiation, as typified by the behavior of alloys LS-1 and o
E48. This so]uté redistribution may take the form of solute clustering, short-range order,
precipitation of new phases, or increased volume fraction of precipitate phases present prior
to irradiation. If, as is suspected(]z), the major effect of such solute redistribution is to
alter the swelling behavior of the matrix, then the peak swelling rate for charged-particle
irradiation of reactor-conditioned specimens wil} occur in specimens for which the reactor

irradiation conditions were such as to maximize the change in matrix composition. In this
case, deduction of the peak swelling temperature for reactor irradiation can be very difficult
and it may be necessary to await reactor test data at higher neutron.fluences before the true
‘ swelling behavior can be determined.

A further complication may exist in the event that the reactor-conditioned
specimen has not received sufficient neutron fluence to exceed the swelling incubation
fluence. While low fluences are considered sufficient to establish representative solute
redistribution effects, void nucleation may still be incomplete and the response to charged-
particle irradiation may reflect the extent of completion of nucleation.

At the time the present study was undertaken, only three candidate commercial
alloys were available in the neutron-irradiated condition. These alloys, Nimonic PE16, A-286
and AISI 310, in several different heat-treatment conditions had been irradiated in EBR-II,
pin B-109 of the AA-Ia test at eight temperature/fluence conditions, up to 5.4 x 1022 n/cm?
" (E>0.1 MeV) and 650°C. Most of the HVEM irradiation experiments described in this report
concentrate on f\ﬂl»y aged Nimonic PE16 to determine the effects of different neutron-irradi- c
ation températureé on subsequent swelling in the HVEM. Solution-treated Nimonic PE16 was ’
included to determine the effect of in-reactor precipitation on subsequent swelling. Aged
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A-286 and 20% cold-worked AISI 310 wer€ included mainly to determine if their swelling
rates were comparable to those found in material not subjected to prior neutron irradiation
and to investigate the microstructural changes which occur in the presence of different

initial structures.

3.3.2 Experimental Details

The experimental procedure and conditions are similar to those described
previous]y(4). Disk specimens, prepared for TEM by jet electropolishing, were electron-
irradiated in the heating-tilting stage of a JEOL 1000 KV electron microscope, using beam
conditions which produce 15 dpa/hour and a 70°C temperature rise in the center of an irradiated
region about 6 um in diameter. The irradiation time totalled one hour (15 dpa), and irradi-
ations were interrupted every fifteen minutes td take stereo micrographs of the irradiated
region. Analysis of the stereo micrographs allows the evolution of the void structure,
starting from the initial neutron-irradiated state, to be followed in three diménsions
through an entire run. For analysis, the polyhedral shapes of the voids were determined and
used to compute void volumes accurately. Irradiation conditions for the specimens subjected

to electron irradiation are summarized in Table 17.
TABLE 17
SPECIMEN CONDITIONS FOR HVEM REACTOR-CONDITIONING EXRERIMENTS

. Subcapsule Reactor Conditions

* Alloy Condition Heat ID D . (E>0.1 MeV)
Nimonic PE16 Fully Aged FZ2213 L © 4.3 x 1022 n/cm? at 427°C
. K 5.1 x 1022 n/cm? at 510°C
J 5.4 x 10%2 n/cm? at 593°C
H 5.4 x 1022 n/cm? at 650°C
‘Nimonic PE16 | Solution FZ2213 L 4.3 x 10%2 n/cm? at 427°C
Treated 5.4 x 1022 n/cm? at 593°C
AISI 310 20% CW - 33567 : J 5.4 x 1022 n/cm? at 593°C
A-286 Fully Aged C51644 L 4.3 x 10?2 n/cm? at 427°C

3.3.3 Results

To describe the electron irradiation résuTts,-it will be convenient to refer to
the four neutron-irradiation temperature/fluence conditions by irradiation subcapsule desig-
nation, L, K, J and H (see Table 17).

3.3.3.1 Aged Nimonic PE16. Figure 62 illustrates representative changes in void
structure for aged PE16, condition J, under electron irradiation at 650°C. The voids created

in PE16 by neutron irradiation are nearly perfect cubes, and in Figure 62(a) the crystal
orientation, [112], is such that the projected images show all the cube corners and edges.
Electron irradiation produces an order-of-magnitude increase in void density with the new
voids distributed much more un{form1y than the original ones. Both new and original voids
grow under electron irradiation, but the voids created in-reactor remain nearly cubic while
the new voids are nearly octahedral, suggesting that the two populations formed and grew under
different conditions of solute flux. At 15 dpa [Figure 62(e)], local specimen bending due to
the swelling is éppakent. The new voids account for most of the total void volume.
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reactor-conditioned to 5.4 x 1022 n/cm? at 593°C; irradiation

FIGURE 62. HVEM generated void swelling at 650°C in aged Nimonic PE16,
conditions as shown. c
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As indicated in Table 18, all four reactor conditions of aged Nimonic PE16 (L, K,
J and H) were electron-irradiated at 500 to 700°C. Table 18 also lists initial and final
void densities and swelling data. As shown by these results, the increase in void densities
at the onset of electron irradiation depended strongly on electron irradiation temperature.
Thus, reactor generated microstructural features had 1ittle effect on void nucleation behavior
in the HVEM. Only at the highest HVEM irradiation temperatures did the voids created in
reactor dominate the swelling microstructure.

As shown by Figure 63, the swelling rates for all four reactor conditions of aged
Nimonic PE16 exhibit similar temperature dependent behavior with the peak of 0.4%/dpa at
650°C. Changes in reactor conditioning temperature or f]uenée have 1ittle effect on subse-
quent swelling behavior in the HVEM. Only at 700°C is a large variation with reactor
conditions observed. Although this variation may be symptomatic of experimental problems at
the highest possible microscope operating temperature, it is more likely due to effects
caused by void nucleation difficulties. An example is provided with two irradiations at
650°C on material from subcapsule L which gave a factor of two difference in swelling rates
and very different void nucleation behavior. The higher swelling rate accompanied a large
increase in void density at the onset of electron irradiation, whereas the lower rate, 0.25%/
dpa, corresponded to the only instance observed at 650°C where no new voids formed during
electron irradiation. This same behavior is reflected at 700°C, the L condition developing
no increase in void density with the lowest swelling rate, and the J and H conditions
behaving in the opposite manner.

Two electron irradiations were also performed on aged PE16 (J condition) which was
prepared for TEM by electropolishing at -40°C. Contrary to results reported by Buswell, et
a1(13), the swelling rates and void densjties in the specimens polished at low temperature
were similar to those from specimens polished at room temperature. Buswell, et al, report
differences in void densities and swelling at different e]ectropo]ishing temperatures, and
attribute this to hydrogen pick-up during specimen preparation. Present results, however,
supporf the continued use of room-temperature polishing.

3.3.3.2 Solution-Treated Nimonic PE16. Results for solution-treated Nimonic PE16
are also presented in Table 18. Morphologically, the HVEM swelling behavior was similar to
that in aged Nimonic PE16. The voids produced during HVEM irradiation accounted for most of
the swelling observed. However, void nucleation in the HVEM was absent for the L condition

run at 650°C and the resultant swelling rate was unusually low.

Solution-treated Nimonic PE16, tbnditionﬂd, showed a peak swelling rate at a
Tower temperature, 600°C, and an apparent1y higher peak rate, 0.7%/dpa (see Figure.64) than
did aged Nimonic PE16. Solution-treated condition L gave 0.4% swelling/dpa at 600°C, but the
data available are insufficient to conclude .that this is the peak swe]lihg temperature.

Figure 64 therefore provides the first indication that variations in reactor conditioning can

cause variation in HVEM reactor conditioned experiments. The effect is attributed to
differences in the extent of y' precipitation during reactor conditioning.
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TABLE 18

EXPERIMENTAL PARAMETERS AND RESULTS ON NIMONIC PE16, AISI 310 AND A-286

REACTOR-CONDITIONED IRRADIATIONS

Initial Final
: HVEM Swelling Initial Void Swelling Void Swelling
Specimen Temp. , at 0 dpa | Void Density | Diameter* | at 15 dpa| Densit Rate .
ID/Run Reactor Condition (°C) (%) (cm=3) (nm) (% - (em3 (%/dpa)
Nimonic PE16 .
STA 7L/538A 4.3 x 1022, 427°C 500 0.08 2.6 x 10t 14.4 0.56 | 1.3 x 1016 0.03
486A 525 NM NM NM NM - NM NM
5388 550 0.24 4.4 x 10" 20.6 1.2 1.8 x 1016 0.08
4848 600 0.07 2.0 x 101% 18.1 4.7 4.6 x 1015 0.33
516A 650 0.06 3.4 x 10t* 111 2.3 5.0 x 101" 0.24
538C 650 0.10 3.0 x 10 15.8 5.4 3.6 x 10!5 0.46
5168 700 0.13 2.6 x 10" 19.9 0.8 2.5 x 10" 0.06
STA 7K/540 5.1 x 1022, 510°C 550 NM NM NM 0.2 3.3 x 1015 0.015
STA 73/533 5.4 x 1022, 593°C 550 1.3 x 101% 39.8 2.7 x 10t3 0.026
482A 600 0.3 3.2 x 101s 37.4 5.1 4.0 x 1015 0.36
483 650 0.5 1.2 x 1014 39.4 6.2 2.0 x 1015 0.40
4828 700 0.2 2.0 x 1014 33.9 3.8 3.3 x 1014 0.33
539A 5.4 x 1022, 593°C 600 0.7 1.6 x 101 4.2 3.1 6.1 x 1015 0.20
5398 Polished at -40°C 650 0.4 9.0 x 1013 41.3 6.3 2.9 x 1015 n.44
STA 7H/535A 5.4 x 1022, 650°C 650 0.6 8.6 x 10!3 49.3 4.7 8.0 x 10 0.37
5358 700 0.6 5.8 x 1013 61.3 6.6 1.1 x 10% 0.48
ST 6L/515A 4.3 x 1022, 427°C 600 0.4 2.8 x 10+ 30.3 6.3 5.0 x 1015 0.40 -
5158 650 0.3 2.0 x 101 27.5 2.0 3.0 x 1014 0.12
ST6J/530 . 5.4 x 1022, 593°C 550 0.0 NM NM 0.6 4.0 x 1015 0.04
486A 600 0.4 1.5 x 1014 36.3 8.1 3.7 x 1015 0.72
499 650 0.2 1.0 x 1014 35.9 3.1 - ]1.2 x 10t5 0.20
AISI 310, 20% CW « . s
PJ/506A 5.4 x 1022, 593°C 600 0.275 8.7 x 1013 31.5 16.3 2.5x 10 1.06
700 0.10 1.1 x 10 24.6 6.0 1.2 x 1015 0.41
-A-286_(STA) , ‘
5L/ 4.3 x 1022, 427°C 550 2.4 4.0 x 1015 21.3 5.5 4.0 x 105 0.2
501 600 2.2 3.0 x 1015 22.6 7.7 3.0 x 1015 0.42
503A 650 2.4 4.0 x 10!S 22.1 7.4 3.0 x 105 0.8
5038 700 2.1 4.0 x 105 211 1.2 2.0 x 1015 -

* Equivalent Sphere Diameter

NM = Not Measured
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3.3.3.3 Comparison with Previous Results. Figure 65 compares the swelling rates
for reactor-conditioned Nimonic PE16 with rates for helium-injected PE16 without reactor con-
ditioning. To make this comparison note that different heats of material were invo]ved:
Although the peak swelling rate for the aged, helium-injected material is nearly three times
that of reactor-conditioned material, the peak swelling temperatures are the same. Moreover,
jmmersion density results for both heats of PE16 (at a comparable fluence) are now avail-
_ab]e(]’z), and these also show three times the swelling at tze same peak temperature, 600°C
in reactor, for the heat which shows higher swelling under HVEM irradiations. The swelling

behavior for helium injected solution treated PE16 appears significantly different from that
in reactor-conditioned materia1; and this can again be attributed to the extensive precipi-
tation of y' during reactor conditioning. Figure 66 shows the void densities obtained, as a
function of electron irradiation temperature, for all the reactor-conditioned specimens of
Nimonic PE16. The void densities of reactor-conditioned material are generally similar to
those obtained for the helium-injected heat which was electron-irradiated without prior

neutron irradiation.

3.3.3.4 AISI 310, 20% CW. The 310 stainless steel specimens subjected to
electron irradiation were cold-worked material which had received 5.4 x 1022 n/cm? at 593°C.

Electron irradiations were performed at two temperatures, 600 and 700°C.

The effect of electron irradiation at 600°C, the peak swelling temperature, is
illustrated by the micrograph series in Figure 67. Small voids which may be visible in the
background of Figure 67{a) formed during initial examination at the irradiation temperature
and reflect an unusually sensitive response to electron irradiation at a fluence of approxi-
mately 0.05 dpae. Figures 67(b) through 67(e} follow the development of voids in the same
region through 15 dpa. AsAin Nimonic PE16, electron irradiation produced an order-of-
‘magnitude increase in void density, and although both the original and new voids quickly
‘become indistinguishable during subsequent void growth, the voids formed during electron
jrradiation accounted for most of the swelling. At 15 dpa [Figure 67(e)] the void volume
fraction reached 0.16.

The irradiation parameters summarized in Table 18 demonstrate increases in void
density at both irradiation temperatures. Swelling rates found are similar to those deter-
‘mined for Type 316 stainless steel. Comparison (in Figure 68) with previous electron irradi-
ation results for so]ution-treatéd, helium-injected 310 stainless steel without prior reactor
jrradiation indicates similar swelling behavior, despite the difference in the initial
conditions of the specimens. '

3.3.3.5 A-286. The A-286 chosen for electron irradiations was aged material
‘which received 4.3 x 1022 n/cm? at 627°C, the peak swelling temperature according to immersion
" density measurements. Transmission electron microscopy observations of the specimens used
for electron irradiation yielded 2.2% swelling, in good agreement with the macroscopic dénsity
measurements, despite changes in the y' precipitates under neutron irradiation. The initial
void structure shown in Figure 69(a) consisted of 4 x 1015 voids/cm?, with a mean void
diameter of 21 nm.
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FIGURE 67. HVEM generated void swelling at 600°C in 20% CW 310 stainless
steel, reactor-conditioned to 5.4 x 1022 n/cm? at 593°C;
irradiation conditions as shown, ‘“,
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FIGURE 69. HVEM generated void swelling at 650°C in fully aged A-286,
conditions as shown. G
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Unlike Nimonic PE16 and 310 stainless steel, A-286 underwent decreases in void
density at each of the four electron irradiation temperatures used (see Table 18). The
original voids grew or coa]escediyith neighboring voids, as.indicated in the micrograph
series of Figure 69, producing réiétﬁve]y high swelling rates. The precipitates associated
with voids also grew during electron irradiation. (These precipitates had also been present
in HVEM irradiations of helium-injected A-286.) '

The swelling behavior in reactor-conditioned A-286 was simi]ar‘to helium injected
material of a different heat. A comparison of swelling rates is provided in Figure 70, show-
ing similar temperature dependences. The peak swelling temperature of the reactor-conditioned
material is about 50°C higher, but the swelling rates are similar in magnitude for these two
heats. Thus, the HVEM generated swelling obtained on reactor-conditioned aged A-286 is
consistent with earlier results from HVEM irradiations of helium injected material. This
similar temperature dependence of swelling rates indicates that reactor conditioning has
little effect on swelling in A-286 under electron irradiation.

Void density behavior in reactor-conditioned aged A-286 was significantly
different from that of earlier helium injected specimens. Figure 71 démonstrates that fqr
aged A-286 the void density generated in-reactor at 427°C is four times larger‘than observed
in helium injected material of a different heat. Irradiation at 550°C maintained the void
density but higher irradiation temperatures resulted in a decreasing void density during
irradiation. Nonetheless voids were still present at 700°C. But from previous results in
helium injected A-286, no swelling resulted at 650°C because voids failed to develop. An
apparent difference in peak swelling temperature.results. Thus reactor conditioning 'is
expected to overcome conditions where lack of voids adversely affects irradiation experiments.

3.3.4 Discussion

3.3.4.1 Swelling Behavior in Reactor-Conditioned Alloys. Aged Nimonic PE16
showed a similar temperature-dependence of swelling rate for each of four different neutron-

irradiation conditions. Since the neutron irradiations involved only small differences in

fluence, it can be concluded that varying the neutron irradiation temperature has no effect
on subsequent swelling behavior undgr electron irradiation. It can also be concluded that

the void and dislocation structures generated in reactor exert at most only second-order

control over void swelling during electron irradiation.

Solution-treated Nimonic PE16, on the other hand, exhibited a lower peak swelling
temperature and higher peak swelling rate than the aged, reactor-conditioned material.: The
swelling behavior of solution-treated Nimonic PE16- also differs. from that observed without
prior neutron irradiation and suggests that the extensive precipitation of y' which occurs in
solution-treated PE16 during irradiation in-reactor strongly influences subsequent swelling.
‘The difference is one of stability with respect to second-phase formation under reactor-
irradiation conditions. .

_ As in aged Nimonic PE16, the swelling behavior of reactor-conditioned 20%
cold-worked 310 stainless steel and aged A-286 is consistent with that observed in the same
alloys without brior reactor irradiation. Because of the limited data, however, no firm
conclusion regarding the effects of reactor conditioning on swelling in these two materials

is warranted at this time.
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3.3.4.2 Temperature-change Analysis. At the beginning of the present
experimental study it was considered 1ikely that swelling initiated under neutron-irradiation
would continue under HVEM electron irradiation at a rate characteristic of the initial (i.e.,
neutron) irradiation conditions. For example, a series of electron irradiations at different
temperatures for each of several different reactor temperature conditions would yield a
family of swelling rate vs. (electron irradiation) temperature curves, related by the temper-
ature shift between HVEM and reactor swelling regimes.

This is an important concept which is essential to the interpretation of future
charged-particle irradiation experiments with reactor-conditioned specimens. Since the
results with aged Nimonic PE16 appear to represent the special case where the swelling rate
curves are superimposed, the concept is best illustrated schematically, beginning with Figure
72. This figure shows two curves of swelling rate, R, as a function of irradiation temper-
ature. The solid curve represents the temperature dependence of R as determined by‘charged-
particle irradiation of virgin material; the broken curve represents the unknown temperature
dependence of R for neutron-irradiated material. Establishment of the nature of the latter
curve is the objective of the present series of experiments. It is assumed for the present
that the curve for charged-particle irradiation can be normalized to that for neutron
irradiation through intercorrelation studies such as the USP experiment(]4). The goal, then,
is to discern the temperature-dependence of R for the case of neutron irradiation. For the
purposes of this illustration, three neutron irradiation (reactor conditioning) temperatures
(Ty, T2, T3) and three charged-particle irradiation temperatures (ty, T2, t3) will be
considered, as shown in Figure 72.

If it is assumed for simplicity that the temperature shift associated with
charged-particle irradiation is constant for all irradiation temperatures, then it should be
possible to map the swelling rates for charged-particie irradiation onto the neutron irradi-
ation curve as shown in Figure 73. A more complex temperature shift relationship simply

requires an asymmetric mapping function. For the purposes of this illustration, it will be
assumed that T;/t;, T,/7, and T3/t are equivalent effective temperatures. Since the

swelling rates at Ty, To-and T3 are unknown, charged-particle irradiations are performed at
three temperatures for each of the reactor conditioning temperatures. The experiment then
becomes in effect a temperature-change experiment, and important information is at hand to
aid in the interpretation of such experiments. Simulation experiments, involving temper-
ature changes during HVEM electron irradiation of stainless stee1(]5’]6) provided the in-
sight shown schematically in Figure 74. In.the case of a temperature decrease, the new
swelling rate is characteristic of the lower temperature, regardless of whether the change
takes place before or after the attainment of steady-state (linear with dose) swelling at

the original (higher) temperature. The response to a temperature increase, on the other
hand, depends on the dose at which the increase takes place. 'when the increase comes before
steady-state swelling is attained, the new swelling rate is characteristic of the higher '
temperature. However, when the temperature is increased after reaching steady-state swelling,
the new swelling rate is unchanged from that characteristic of the original temperature.

Treating the charged-particle irradiation as a temperature-change experiment, it
is possible to construct a relationship as shown in Table 19, which shows the effect of
different (T, ) combinations on the predicted R values for neutron irradiated material.
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FIGURE 72.

FIGURE 73.
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Schematic temperature-dependence of swelling rate for neutron irradiation (broken
curve) and charged-particle irradiation (solid curve).
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Schematic mapping of charged-particle irradiation swelling rates to those for

neutron irradiation.
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FIGURE 74.
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The effect on swelling of temperature changes in HVEM experiments based on the
work of Makin and Walters (16): (a) for a temperature decrease, and (b) for a
temperature increase, both before and after steady-state void swelling is

obtained.
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FIGURE 75. Schematic illustration of shifts in predicted swelling rate (arrows) from the
true value of the neutron irradiation swelling rate, for various combinations
of reactor irradiation temperature and charged-particle irradiation temperature.
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TABLE 19

VARIATION IN PREDICTED STEADY-STATE SWELLING RATE (R) FOR
VARTIOUS COMBINATIONS OF NEUTRON IRRADIATION TEMPERATURE (T)
AND CHARGED-PARTICLE TRRADIATION TEMPERATURE (rt)

Neutron Effective
Irradiation Charged-Particle Temperature
Temperature Irradiation Temperature Change Results
T, T None True R
T Ty Temp. Increase Higher R if NSS*
. Correct R if SS
T, T3 Temp. Increase Probably correct R
T, T Temp. Decrease Lower R
T, T, None True R
T, T, Temp. Increase Lower R if NSS
Correct R if SS
T3 T Temp. Decrease Correct R
T3 Ty Temp. Decrease Higher R
T3 T3 None True R

* NSS: Non-steady state swelling condition
SS:  Steady-state swelling condition

These effects are shown grapically in Figure 75, and it can be seen that the effect of
various combinations is simply to shift R values along the R vs. T curve. Recasting the
effects shown in Table 19 and Figure 75 in terms of the swelling rate which would be
observed for charged-particle irradiation at various reactor conditioning temperatures
yields Figure 76. Note that this figure also pertains to a situation in which the peak

swelling temperature for charged-particle irradiation of preconditioned material may not be
the same as that for irradiation of virgin material, due to changes in matrix composition

during neutron irradiation. This would require successive iterations to locate the peak
precisely. In any event, as shown in Figure 76b, the expected behavior depends on whether or
not the steady-state swelling condition has been achieved during neutron irradiation.

Comparison of the predictions of Figure 76a with the results for reactor-
conditioned aged Nimonic PE16 (Figure 63) reveals good agreement and suggests that steady-
state swelling has not been achieved in this alloy. In the absence of data for a
reactor-conditioning temperature of 510°C, it is difficult to determine the peak temperature
shift; the parameters which appear to most closely approximate the To/tp condition of the
preceding schematic argument are T, = 593°C, 1, = 650°C. This amounts to a temperature shift
of about 60°C. Using as "correct" those HVEM swelling rates corresponding to a AT of 60°C
(to the extent possible) and comparing with swelling rates used for Nimonic PE16.in the
TC-293(]7) equation yields good agreement. This agreement is taken as verification of the
technique since the TC-293 equation adequately represents(z) the observed swelling in the
B-109 (AA-Ia) material used here.
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FIGURE 76. Schematic illustration of expected temperature-dependence of swe]h'ng rate for
charged-particle irradiation of specimens reactor-conditioned at various
temperatures: ({a) insignificant microchemical segregation, and (b) reactor
induced microchemical segregation.
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The results for reactor-conditioned solution-treated Nimonic PE16 (Figure 64) are
also consistent with the predictions of Figure 76, and indicate non-steady state swelling
behaviof, despite the limited data available. It is of interest to note that the peak
swelling temperature is about 50°C lower in this case than for aged PE16; this may be a con-
sequence of degree of matrix composition change.

As stated above, the aim of this discussion is to provide a framework for general

interpretation of reactor-conditioning experiments. Alloys which show greater sensitivity to

reactor-conditioning would be expected to provide a more conclusive test of the analysis.

3.3.4.3 Effect of Reactor-conditioning on Microstructure. "A subsequent report
is planned on the detailed analysis of microstructural evolution during irradiation of

reactor-conditioned materials; however, several aspects of the microstructural behavior
‘observed warrant discussion here. For example, it was found that the voids in neutron-
irradiated Nimonic PE16 differed in shape from .those produced in the same specimens under
electron irradiation. Also, the initial void shapes in aged PE16 changed 1ittle under
electron irradiation. It was further observed that electron irradiations in which only
neutron-irradiation induced voids grew yielded lower swelling rates than electron irradi-
ations which produced extensive void nucleation. These differences in void growfh behavior
may be caused by the v' which precipitates at void surfaces in-reactor. While the quantities
of solute.involved in void coatings are too small to change alloy matrix chemistry, the
possibility exists that void growth may be altered in the presence of irradiation-induced

redistribution of solute.

It also appears. that not all phase transformations influence swelling. . Most of
the v' in A-286 transformed to n phase during irradiation in-reactor, but this irradiation~
induced transformation appears to have Tittle effect on subsequent swelling under electron
irradiation. This observation may be explained by the fact that the transformation from
metastable y' to stable n involves no chemical change, to a first approximation. Second order
effects on matrix chemistry may arise from solubility differences in-the two phases. Never-
theless, it is tempting to speculate that neither the y' -+ n transformation nor the v » §
transformation will influence swelling in y' or y" hardened alloys.

3.3.4.4 Recommendations for Charged-particle Irradiations of Reactor-condftioned

Alloys. The results obtained in these initial irradiation tests on reactor-conditioned alloys
indicate that many of the alloys scheduled for further testing are likely to show the same
swelling behavior with or without prior neutron irradiation. Testing of reactor-conditioned
specimens is needed to identify alloys which, through neutron-irradiation induced changes in
matrix chemistry, exhibit a dif&erent swelling response after reactor conditioning. The
nymber of such tests which mustzbe performed can be Timited, however, by relying on comparison
of simulation results obtained from one reactor conditioh, preferably the peak swelling
condition identified by immersion density, with simulation results from virgin material. In

" cases where the results disagree or where TEM observations of specimens from different reactor

conditions indicate irradiation-induced precipitation or other solute redistribution effects
likely to influence swelling, additional simulation tests should be undertaken. Then in the
event that reactor conditioning proves to significantly influence swelling under subsequent

-115-




8. Bates, J. F., Thomas, L. E., Borisch, R. R., Garner, F. A., and Caplinger, W. H.,
Alloy Development Program Quarterly Technical Progress Letter, TC-160-7 (10-12/1975), 31.

: 9. Diamond, S., and Chickering, R., Alloy Development Program Quarterly Technical'
Progress Letter, TC-160-5 (4-6/1975), 319.

10. Thomas, L. E., Alloy Development Program Quarterly Technical Progress Letter,
TC-160-9 (4-6/1976), 79.

11. See several papers in CONF-710601, Proceedings of the 1971 International Conference
on Radiation-Induced Voids in Metals, U.S.A.E.C., 1972. »

12. Johnston, W. G., et al, Alloy Development Program Quarterly Technical Progress .
Letter, TC-160-5 (4-6/1975), p. 259.

13. Buswell, J. T., Fisher, S. B., Harbottle, J. E., and Norris, D. I. R., Physical
Metallurgy of Reactor Fuel Elements, Proceedings of an International Conference, Berkeley,

U.K., September 2-7, 1973.

~14. Garner, F. A., "Design and Analysis of Intercorrelation Experiments," this report.
15. Norris, D. I. R., and Buswell, J. T., J. Nucl. Mat., 59 (1976), 316.

16. Makin, M. J., and Walters, G. P., US/UK Cladding and Structural Materials
Information Exchange, November 5-7, 1975.

17. Alloy Properties Databook, TC-293 (Rev. 2), June, 1976.

-118-

.

L 9



4. MICROSTRUCTURAL CHANGES IN NEUTRON-IRRADIATED A-286

R. W. Powell

Hanford Engineering Development Laboratory

4.1 OBJECTIVE

The general objective of this work is to characterize the microstructural respo gqsto
neutron irradiation of the candidate commercial alloys. This information will be used to
assess the relative merits of each alloy as a potential cladding or duct material and to
provide a basis for estimating the performance capabilities of the various alloys over the

full range of service conditions.
4.2 SUMMARY

Transmission electron microscopy examination and analysis has been completed on fully-
aged A-286 irradiated at five temperatures in the AA-la test to a peak fluence of 5.4 x 1022
n/cm? (E>0.1 MeV). Details of the void analysis indicate that the temperature dependence of
the incubation fluence given in TC-293(1) is qualitatively correct while the transition to
steady-state swelling is probably more gradual than predicted. The swelling behavior of aged
A-286 can be described by the superposition of two swelling regimes; one at low temperatures
dominated by precipitates and one at high temperatures dominated by the matrix. The alloy
behavior would be significantly improved if the precipitate phase which tends to be associated
with voids were eliminated.

4.3 ACCOMPLISHMENTS AND STATUS
4.3.1 Introduction

Immersion density measurements(z) on neutron irradiated A-286 have indicated high
swelling at low temperatures for the solution treated and aged (STA) condition and high swell-
ing at all temperatures for the overaged (OA) condition. The low temperature swelling casts
doubts on the viability of A-286 as a candidate duct alloy, and the broad temperature depen-
dence of swelling for the OA cdndition suggests potentially low performance in cladding
applications. Transmission electron microscopy examination was performed to correlate the
observed density changes with the various microstructural changes and gain some degree of in-
sight as to the processes which led to the relatively high swelling observed.

4.3.2 Experimental Procedures

Cylindrical specimens, 3 mm in diameter by 1.25 cm long, were irradiated in EBR-II
at eight temperatures in capsule B-109. The design temperature and fluence for each of the
eight subcapsules are given in Table 20.

Following neutron irradiation, immersion density measurements were made on all
. . 2 .
specimens; the results of these measurements have been previously reported( ). The specimens

were then sliced into disks of approximately 0.3 mm thickness using a Buehler Isomet saw
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equipped with nine ganged diamond blades. The disks were cleaned and deburred by
electropolishing and prepared for transmission electron microscppy examination using
either a Fischione or a Metalthin Electropolisher. '

TABLE 20
SUBCAPSULE DESIGN CONDITIONS FOR B-109
Subcapsule Temperature Fluence - ‘
D (°C) (1022{n/cm?, E>0.1 MeV).| ~ . ¢
M 399 3.4
L 427 4.4
£ 454 3.3
F 482 -4.2
K 510 5.1
G 538 5.0
J 593 5.4
H 650 5.4

Transmission electron microscopy examinations were performed using either ‘the
HVEM or the JEM 200a operated at 1000 kV and 200 kV, respectively.. Void analyses were
performed in specific orientations taking account of void shape to accurately define the
void volume. 3 '

4.3.3 Results and Discussions

4.3.3.1 Voids. Microstructural ana]ysié was performed on A-286 spec imens
following neutron irradiation. Five different température/flﬂence'conditions have beén
examined for the solution treated and aged (STA) heat treatment while one temperatuke/f?uence
condition has been examined for both the solution treated (ST) and the overaged (OA})
 specimens. A L

The variation of swelling with irradiation temperature is shown in Figure 78 for
the STA specimens. Swelling determined from immersion densitometry was, in all cases,
‘within the experimental uncertainty of the swelling determined by electron microscopy (+30%).
This shows that any precipitation which occurred during irradiation did not produce a
significant volume change. The lower swelling observed at 454°C is indicative of the lower
fluence received by that subcapsule. '

Figures 79 and 80, which describe the void density and the void size as a
function of temperature, provide more information on the processes occurring at the different
temperatures. - The two cases in which there was a deviation from the usual temperature depen-
dence of these parameters may be significant. Considering Figure 79, the void density in the
specimen irradiated ap‘454°c is lower than would be expected when compared to the data at
427°C and 482°C. Therefore, it appears that the transition to steady-state swelling for A-286
at 454°C has not been completed at the fluence received by subcapsule E, 3.3 x 10?2 n/cm?
(E>0.1 MeV). Judging from the smooth variation of void density with temperature for the
adjacent subcapsules, L (427°C), F (482°C) and K (510°C), it is 1ike1y that void nucleation is
essentially over by the time the corresponding fluences are achieved, 4.4 x 1022 n/cm?, 4.2
x 1022 n/cm?, and 5.1 x 1022 n/cm?(E>0.1 MeV), respectively. Thus, the transition to steady- ‘;;;
state swelling for A-286 (STA) at 454°C is probably completed between 3.3 x 1022 n/cm? and

4.4 x 1022 n/cm? (E>0.1 MeV)..
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FIGURE 78.

FIGURE 79.

FIGURE 80.
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Further information on the projected swelling curves in A-286 (STA) can be
obtained by considering Figure 80, which shows the temperature dependence of the void size.
The average void size at 593°C is Tess than the void size at 510°C, even though the fluence is
s1ightly higher at the higher temperature. This indicates that the incubation fluence is
larger at 593°C than at 510°C. Assuming a smooth temperature dependence of the incubation
fluence (t) implies that t increases with increasing temperature (at least above 510°C).

These observations on the form of the swelling curves for A-286 (STA) can be
compared with swelling equations contained in TC-293 (Alloy Properties Databook)(1) for this
material. The temperature dependence of the incubation fluence given in TC-293 is consistent
with the observation made here (t increases with T above 510°C) in that an upward concave
parabola centered at 400°C is used. On the other hand, the transition from zero swelling to
steady-state swelling inherent in the fluence dependent swelling equation given in the Data-
book is probably too short. Thé equation indicates that steady-state swelling would be
achieved by approximately 2 x 1022 n/em? (E£>0.1 MeV). whereas the data given here imply that
4 x 1022 n/cm? (E>0.1 MeV) is & better estimate. This is not a major deviation from the
equation and would require only a slight decrease in a (see Reference 1) and/or a slight
increase in t. In either case, there would be Tittie, if any, change in the predicted
swelling at high fluences.

As reported previous]y(z), a striking result from immersion density measurements
on the three heat treatments for A-286 was the very high swelling (~2%) at high temperatures
observed for the overaged specimens. Detailed microstructural analyses were performed on STA,
ST and OA specimens from the J subcapsule (593°C) to provide information on the reason for

this variation in swelling behavior with preirradiation heat treatment.

Table 21 describes the void populations for the STA, ST and OA specimens that
were irradiated at 593°C. It is evident from the void densities and average void sizes that
the reduced swelling in ST, compared to STA specimens, is due to a smaller average void size
in ST material. Higher fluence data are required to determine if the difference in size is
due to a difference in void growth rate, a difference in incubation fluence, or a change in
the rate of achieving steady-state swelling.

TABLE 21

TEM RESULTS OF VOID ANALYSES FOR VARIOUS CONDITIONS
OF A-286 FROM J SUBCAPSULE (593°C)

Heat Treatment Condition
Parameter STA ST OA
Swelling (%) 0.35 0.18 1.6
Void Density {cm~3) 5.5 x 1013 4.3 x 1013 2.7 x 101%
Average Void Size (nm) 46 35 46 )
P

The most significant effect of heat treatment on swelling is represented by the
comparison of the STA and the OA specimens irradiated at 593°C. It is clear from Table 21 that
the fivefold higher swelling in the OA specimen is due to a fivefold increase in the void
number density. The void density for the OA specimen is the same as that for the STA specimen
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irradiated at a 70°C lower temperature (510°C). This indicates that the overaging process
produced an iﬁcreased void nucleation rate during high temperature (593°C) neutron irradi-
ation. The higher nucleation rate could be due to the production of more heterogeneous
nucleation sites or a precipitation reaction producing a significantly changed matrix
composition. These possible mechanisms will be examined further in the next section.

4.3.3.2 Precipitates. One of the major aspects of the microstructure of A-286
following neutron irradiation is the precipitate structure which has developed. There are a
number of phases which are present in A-286 following neutron irradiation but three are the
most important: v', n and a third phase which is as _yet unidentified.

The main'strengthening component in superalloys such as A-286 is y', an ordered
fcc precipitate, and its response to neutron irradiation is, therefore, important. A
characteristic feature of A-286 following neutron irradiation is the low intensity of '
superlattice spots in the electron diffraction patterns. This indicates that the volume
fraction of y' was reduced during irradiation. Dark field micrographs using the y' super-
lattice refiections did not have sufficient contrast for publishing due to the low intensity
of the superlattice spots, but qualitative features of the y' structure.can be determined
from the negatives and indicate a similarity with Nimonic PE16 reported previously by
Ge11e5(4). There is evidence that a small amount of y' coatéd voids, while other features
suggest that ' precipitated at spiral dislocations. The extent to which these processes
occurred is less than is found in Nimonic PET6.

The reason for the reduced volume fraction of y' following neutron irradiation
may be the formation of n (y' transforms to n). This phase is hexagonal close packed and
forms semicoherently with the matrix with its basal plane parallel to the {111} matrix planes.
Thin platelets of n are very similar in appearance to extrinsic faulted loops, which also
form on {111} planes with a Burgers vector perpendicular to the plane of the loop. Since the
strain in the matrix is qualitatively the same for a faulted loop and a thin n platelet,
distinguishing between these two entities depends on the thickness of the precipitate and its
corresponding ability to produce crystallite shape effects (i.e., a characteristic associated
with the precipitate rather than the matrix). In the general case it is possible to identify
n platelets (if they are large enough), but impossible to state conclusively, solely from
electron diffraction information, that n is not present when extrinsic faulted loops are

observed.

Neutron irradiation produced a relatively high densfty of fringed (under
appropriate electron-optical imaging conditions) planar defects in all the A-286 STA
specimens examined. Examples of these are shown in Figure 81 for a specimen irradiated at
593°C. Similar structures were observed at Tower irradiation temperatures, with the average
size of the defect decreasing with decreasing temperature. Solution treated A-286 irradiated
at 593°C developed the same type of planar features, as illustrated in Figure 82. A selected
area diffraction pattern taken at the [110] zone axis is also shown in Figure 82 for the ST
specimen. The -presence of streaks a1ong <111> directions indicates the presence of thin
strain-free disks on {111} planes or planar defects producing a strain in <111> directions
(of any combination of the two). The presence of streaks through the matrix spot would
normally indicate the presence of small strain-free disks, but in this case the multiple
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FIGURE 81.
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Dark field micrographs illustrating high density of fringed
planar defects in A-286 (STA) after irradiation to 5.4 x 1022
n/cm? (E>0.1 MeV) at 593°C. In (a) the defects are nearly
parallel to the beam while in (b) they are less inclined.

Bright field HVEM micrograph showing high density of planar
defects in A-286 (ST) after irradiation at 593°C. A (110)
diffraction pattern is inset to illustrate the relrods.
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diffraction which is occurring would produce the same effect. As is evident from the length
of the streaks and the fact that there are no intensity maxima along them, the corresponding
planar defect is very thin. This js exactly the case mentioned above in which it is not
possible to distinguish between Frank Toops and n from electron diffraction effects alone.

Other aspects of the structure indicate that the planar defects in Figures 81 and

.82 are thin platelets of n rather than faulted loops. The first indication is the high

density of planar features at the irradiation temperature of 593°C. Very rarely are Frank
Toops observed in 316 stainless steel irradiated at this temperature(s); the occurrence of
Frank loops is also infrequent in a Nimonic PE16 specimen irradiated in the same subcapsule
as A-286(4). Another indication that these are n platelets rather than faulted loops is the
appearance of the fringes in Figure 81(b). The wavy character of .the fringes associated with
the defects indicates that either the specimen surface is very uneven or the defect is
actually a platelet of varying thickness or orientation. Since it is unlikely that the
specimen surface is wavy on such a fine scale, the observed appearance of the fringes is
believed to be due to a precipitate with small variations in thickness. Considering all
these factors, it is felt that thin platelets of n have formed extensively at all temperatures
in A-286 (STA) and this transformation is responsible for the decreased volume fraction of v’

present after irradiation.

The third major feature of the precipitate structure of irradiated A-286 is the
presence of -unidentified precipitates which are associated with many of the voids. Figures
83 and 84 show these precipitates for a Tow temperature irradiation (427°C) and a high
temperature irradiation (593°C), respectively. The apparent association between the precipi-
tates and the voids has been verified by stereomicroscopy. It should be noted that the
precipitates are incoherent with the matrix and therefore not all the precipitates are
visible in any given orientation. It is obvious from comparing the two micrographs that the
precipitate density decreases with increasing temperature {Figure 84 is a thicker foil than
Figure 83) in much the same way that the void density varies.

These precipitates were not present before irradiation in any of the A-286 heat
treatment conditions included in the AA-Ia test(6). It is apparent that the precipitates
formed during jrradiation and the precipitation process (i.e., density) was dependent on the

irradiation temperature.

A similar precipitate/void association has been observed during electron
irradiation of 316 and is reported elsewhere in this Progress Letter(7). In the case
referred to, the void was observed to grow at a significantly higher rate than nearby voids.
It is asserted that if such an association occurs extensively, a high steady-state swelling
rate would result. This appears to be the case for A-286 (STA) and may explain various
aspects of the swelling behavior of this alloy.

The observation that the precipitate density varies with temperature and that
precipitate-void association can lead to large void growth rates have impact on understanding
the swelling behavior of A-286 (STA). This alloy exhibits a low temperature swelling peak
which is both higher in magnitude and substantially Tower in temperature than for similar
candidate alloys M-813 and Nimonic PE16(8). This behavior is believed to be controlled by
the jrradiation-induced precipitates which are associated with voids. The temperature

-125-




FIGURE 83. Void-precipitate association in fully-aged A-286 after
irradiation at 427°C.

FIGURE 84. Void-precipitate association in fully-aged A-286 after
irradiation at 593°C.




dependence of swelling is governed
concentration, which Teads to the low temperature swelling peak. At the low temperature
(427°C) a large majority of the voids are associated with the precipitates; this leads to a

by ‘the temperature dependence of the precipitate

high steady-state swelling rate as well as a reduced incubation fluence. At higher temper-
atures, where the precipitate density is low, the swelling is also low and much more
comparable to M-813 and Nimonic PE16. '

Similar reasoning can be applied to the similarities and differences in the
swelling behavior of the STA and OA conditions of A-286. Figure 85 describes the immersion
density results for these two pre-irradiation heat treatments. Both materials exhibit
identical swelling at the 1owe§t temperatures but the OA specimens showed much larger swelling
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FIGURE 85. Swelling as determined by immersion densitometry for A-286 (STA) and A-286 (OA).

at the higher temperatures. As was stated in Section 4.3.3.1, the higher swelling in the
overaged specimens was due to a fivefold increase in the void number density. Microstructural
analysis of specimens irradiated at 593°C indicated that, for the STA and 0A heat treatment
conditions, there was no significant difference in the concentration of precipitates attached
to voids. Pre-irradiation characterization of the overaged specimens showed that a signifi-
cant amount of cellular n (NisTi) formed during the overaging proce55(6). The final treat-
ment for this condition was 500 hours at 760°C, which is expected to transform some of the
existing vy' to n. Since the solvus températuré is higher for n than for y', the extended time
at temperature would result in addit?onai precipitation of n from the matrix. This would Tead
to a decrease in the Ni and Ti content of _ the métrix, which could account for the higher
swelling observed in the OA condition at the higﬁerztemperatures. The identical swelling at
lower temperatures is probéb]y’dué to fhe controlling influence of the precipitates attached
‘to the voids. This is depicted ih'Figufe‘86,Where the composite swelling curve of ‘overaged
A-286 is shown'schematiCa11y as being cohposed of a high temperature swelling peak related to
the matrix composition and a low temperafure peak relafed to the precipitate effects. The

STA A-286 composite swelling curve is shown in Figure 87 and differs from the OA condition
response only in the lower magnitude of the "compositional swelling curve". If this inter-
pretation is correct, the swelling resistance of alloys in this general class could be greatly
improved by modifying the alloy composition to eliminate the formation of the precipitates
which associate with voids. This would leave only the "compositional swelling curve" which is

likely to be acceptably Tow.
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FIGURE 87. Schematic swelling behavior of A-286 (STA).

If the precipitate-related swelling peak is to be eliminated, it is first
necessary to identify the precipitates in question. Figdre 88 shows a bright field micro-
graph illustrating the voids and associated precipitates along with three dark field micro-
graphs showing only the precipitates. Inset in each micrograph is the coriesponding selected

area diffraction pattern identifying the precipitate spot used to produce the dark field image'

of the appropriate precipitates. This gives three dhk] spacings for the precipitate under
study which can be compared with dhk] spacings of known phases to aid in the identification
of the precipitates. This portion of the work is still in progress and will be supplemented

with data from energy-dispersive x-ray analysis using the scanning transmission electron
microscope.
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FIGURE 88.

Set of micrographs illustrating the precipitates which are
associated with voids in fully aged A-286 after neutron irradi-
ation at 427°C: (a) bright field micrograph, and (b). (c) and
(d) are corresponding dark field micrographs using the precipi-
tate reflections shown in the inset diffraction patterns.
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4.3.4 Conclusions

Microstructural analysis of the voids and precipitates which formed in A-286
during neutron irradiation in the AA-Ia test has led to the following conclusions:

1. The transition to steady-state swelling in A-286 (STA) at 450°C is completed
between 3.3 x 1022 n/cm? (E>0.1 MeV) and 4.4 x 1022 n/cm? (E>0.1 MeV).

2. The incubation fluence for A-286 (STA) increases with increasing temperature

above 510°C.

3. The larger swelling observed at high temperatures- for the overaged A-286
compared to the fully-aged A-286 is probably due to a reduction of Ni and Ti in the matrix’
resulting from the precipitation of cellular n phase during the overaging process.

4. Gamma prime in A-286 precipitates at void surfaces and dislocations during
neutron irradiation but to a lesser extent than has been observed for Nimonic PE16.

5. A significant amount of gamma prime is Tost during irradiation and this is
probably due to the formation of thin platelets of eta phase.

6. The low temperature swelling of A-286 in all heat treatment conditions is due
to a temperature dependent precipitation of an unidentified phase which enhances void growth.

7. The swelling behavior of A-286 can be described by a low temperature swelling
curve related to precipitate effects and a high temperature swelling curve related to the

matrix composition.

8. The swelling resistance of alloys in the A-286 composition range can be
greatly increased by eliminating the instability which causes the precipitation of the phase

associated with the voids.
4.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

This work on the A-286 irradiated in the B-109 capsule will be completed following the
identification of the precipitates associated with the voids.
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5. VOID SWELLING IN Ni-ION IRRADIATED A:286

R. Bajaj and S. Diamond

Westinghouse Advanced Reactors Division

5.1 OBJECTIVE

The objective of this work is to determine the Ni-ion induced void swelling in A-286 and
to compare it to similar v' precipitation hardened experimental and developmental alloys.

5.2 SUMMARY

Nickel-ion induced swelling of commercial alloy A-286 (STA) was investigated. A swelling
rate of 0.042%/dpa was obtained at the peak swelling temperature of 550°C with a very low
incubation dose of 5 dpa. Based upon the results of these Ni-ion irradiations, combined with
available neutron and electron irradiation data, the peak swelling of A-286 at 3 x 1023 nvt
is 13% AV/V. Radiation induced precipitates analyzed by electron diffraction analysis were
found to be G-phase associated with voids and possibly n phase. The swelling in Ni-ion
irradiated A-286 is in good agreement with that observed in neutron irradiated material
assuming a dose equivalence of 100 dpa = 1 x 1023 n/cm?. The observed swelling is comparable
with electron irradiation, however, the incubation doses are in disagreement. A comparison
of heavy ion induced swelling in A-286 with experimental alloy E48 and developmental alloys
D21 and D25 shows that Al additions increase the incubation dose and Cr reductions decrease
the swelling rate in the FE-Ni-Cr v'-strengthened alloys.

5.3 ACCOMPLISHMENTS AND STATUS
5.3.1 Introduction

Alloy A-286 (heat #651644) [the'same heat as contained in the AA-Ia (B-109) test]
obtained in the form of 3.2 cm diameter bar was sliced to about 0.75 mm thickness and given
the commercial heat treatment (solution treated at 980°C for one hour and aged at 720°C for
16 hours). Specimens for nickel jon bombardment were prepared and helium injected using the
standard techniques described in Reference 1. The specimens were then Ni-ion irradiated at
550°C (peak swelling temperature, see Reference 2) to a peak displacement dose of ~220 dpa.
These materials were irradiated in the same holder along with other developmental alloys.

One of the specimens was back thinned to the surface and examined by TEM. Figqure
89 shows voids in the "near-ion-entry surface" region with a displacement dose of 83 dpa. A
swelling of 3% was calculated in this region. The specimen was then sectioned by ion milling
using a calibrated milling rate of 36.5 nm/min. to remove about 250 nm. Prior to ion-milling,
Cu was deposited on the back side of the specimen for mechanical support and heat coﬁducpion.
After ion milling, the sample was dipped in 15% HNO3 solution to remove the Cu from the back
surface. Figure 90 shows a stereo montage of voids in the specimen sectioned to 250 nm. The
bottom micrograph shows large voids which are due to dissolution (or removal by gas evolution)
of precipitates from the voids; however, the other micrographs taken from thicker sections do
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ds in near ion entry surface region (~83 dpa) in

A-286 STA irradiated at 550°C.
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FIGURE 90. Stereo montage of voids in irradiated A-286 STA foil
sectioned 250 nm from ion entry surface.
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show precipitates attached to the voids. The swelling measurements were taken from
micrographs #3 and #5 (from bottom) and were calculated as 4.8% and 5.4% at 128 dpa and 132
dpa respectively. No measurements were taken from micrograph #7 because of the loss of
resolution due to dislocation contrast in the thick section.

In order to determine the swelling at the highest displacement damage, a second
specimen was sectioned to the peak damage region by removing 520 nm. TEM examination on this
foil showed 9% swelling. Figure 91 shows a void contrast micrograph in the specimen sectioned
to include the peak damage region. Figure 92 shows a high magnification micrograph in dislo-
cation contrast, and Figure 93 shows a typical grain boundary where no significant difference
in void distribution was observed. vTab]e 22 summarizes the void swelling parameters for A-286.

Figure 94 shows a swelling versus dose plot for A-286 using a least squares fit
of the data. Parameters were derived for A-286 for the swelling equations.

(AV/VO)0 =0, ¢ <1

(aV/V )y = R(e-1), ¢ > 7

where
(AV/VO)O = stress free swelling, %
R = steady state swelling rate, %/dpa
¢ = displacement dose (Ni-ions) in dpa
T = incubation dose in dpa
R=Aexp[-b (T-Tp)z]
= T 32
T=T, ¢t P(T TO)
where
Tp = peak swelling temperature

A, b, P = constants

-
L]

incubation doses at T0
T = temperature in °C

T =5 dpa

A = 0.042%/dpa

T, = 550°C
b=2.9x10""
P=4x10"
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FIGURE 93.

Grain boundary in A-286 STA irradiated at 550°C sectioned
to peak displacement damage (average dose ~200 dpa)




TABLE 22
SWELLING PARAMETERS IN Ni-ION IRRADIATED A-286 AT 550°C

Swellin
Dose Average Void Size Void Density (AV/VO?
(dpa) (nm) (#/cm3) %
83 52.4 2.76 x 104 3.1
128 56.0 4.34 x 10% 4.8
132 53.5 5.7 x 1014 5.4
200 60.7 6.32 x 101% 9.0
11
10 |—
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FIGURE 94. Swelling vs. displacement dose in A-286 STA irradiated peak
at temperature (550°C).
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5.3.2 Precipitate Identification

Radiation-induced precipitates in A-286 sectioned to the peak damage region were
examined by TEM. Dark field micrographs and diffraction patterns were taken to identify the
precipﬁtates. Electron diffraction patterns were analyzed by methods described previous1y(3)
to determine d-spacing for the precipitates.

Two kinds of precipitates could be seen in dark field. Figure 95 shows in dark
field those precipitates which are associated with voids. A coating of the fine precipitates
can be seen on the voids. Figure 96 shows the same area in bright field. Electron diffraction
analysis of the d-spacing and comparison with published d-spacing(4) reveal that these
precipitates are G phase (Table 23).

The second kind of precipitates identified were small aligned precipitates not
associated with voids. These precipitates, mostly invisible in bright field, are shown in
dark field in Figure 97 and were observed when the relrod of Figure 98 was used for imaging.
The morphotogy of this precipitate suggests that it is n phase; however, no detailed '
diffraction analysis could be carried out because of the relatively low volume fraction of

this phase.

No long needles of eta phase were observed in irradiated A-286 as were observed
by Gelles et al(s) in unirradiated long term aged A-286 (solution annealed at 980°C one hour,
aged 720°C 16 hours and re-aged at 764°C, 500 hours).

TABLE 23
PRECIPITATE d-SPACINGS IN IRRADIATED A-286 STA

Published d-Spacing

Measured d-Spacing for Phase G hk1
5.55 5.604 200

3.961 3.983 220

2.803

2.499 420

2.265 2,285 422
2.132 2.154 333-

511

1.958 1.977 440

5.3.4 Discussion

Large error bars are associated with the swelling measurements in this alloy. The

~reason for this lies with the association of precipitates with the voids which inherently

results in inaccuracies in size and volume measurements. The error bars associated with the
dose arise from the thickness of the foil over which the dose was averaged using the energy
deposition curve derived from the EDEP-I code.

Figure 99 shows relative swelling versus temperature for A-286 irradiated with
neutrons, nickel ions and electrons. The neutron irradiation data are from pin B-109, re-

(6). (7)

Electron irradiations are by Thomas and Gelles‘’’/. The
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FIGURE 95.

FIGURE 96.

Dark-field micrograph of precipitates in irradiated A-286
(~200 dpa) showing precipitates associated with voids.

Bright-field micrograph of the same area as Figure 95.
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FIGURE 97.

FIGURE 98.

Dark-field micrograph of lenticular precipitates in
irradiated A-286 (200 dpa).

Diffraction pattern of irradiated A-286 STA (~200 dpa)
showing relrod streak (under circle) used for imaging
precipitates in Figure 97.
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FIGURE 99. Relative swelling vs. irradiation temperature for A-286 STA irradiated with
neutrons, electrons and Ni-ions.

Ni-ion data platted in Figure 99 are from step height measurements reported by'Bajaj(Z). A

temperature shift of ~125°C between neutron and Ni-ion peak swelling and a shift of ~175°C
for electrons is evident from Figure 99. A shift of 100-125°C between neutron and Ni-ion
swelling is in good agreement with current theories. A relative shift of +50°C between

electron and Ni-ion irradiations is consistent with other data(8’9).

Figure 94 shows a very low incubation dose of ~5 dpa for swelling which is in
fair agreement with neutron results. Swelling of ~2% was observed at a neutron dose of 4.3 x

1022 n/cm2(6) at a peak temperature of 425°C. Using the dose equivalence of 50 Ni-ion dpa =
1 x 1023 n/cm? this corresponds to ~21 dpa. A better agreement between neutrons and Ni-ion
data is obtained using 100 Ni-ion dpa = 1 x 1023 n/cm?. Swelling of ~1.7% with Ni-ions and
~2% with neutrons with zero incubation is then obtained. The incubation dose obtained by

electron irradiation, however, is 10 dpae at peak temperature(7) which is in disagreement with
Ni-ion. Figure 100 shows a plot of swelling at the peak temperature versus dose for neutrons,

Ni-ion and electron irradiations using the following dose equivalencies:

100 Ni-ion dpa = 1 x 1023 n/cm?

10 electron dpa = 15 x 1023 n/cm?
Using these dose equivalencies, a good agreement is obtained between Ni-ion, neutron and

electron data (30 dpa). In plotting the electron data in Figure 100, AV/Vo was calculated G
from data in Reference 7.
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FIGURE 100. Swelling at peak temperature vs. displacement dose for A-286 STA
irradiated with neutrons, electrons and Ni-ions.

Figure 101 shows a plot of swelling in A-286 STA, E48 STA, D21 STA and D25 STA
at 550°C which is the peak swelling temperature for A-286 STA, E48 STA and D21 STA. 1In the
case of D21 STA and D25 STA, full range HVEM data are plotted (open symbols) with those
obtained by conventional TEM using sectioning techniques (closed symbols). These data (HVEM
and TEM) are in fair agreement both in the peak damage region (D21 STA and D25 STA) and in
the near icn entry surface region (D25 STA). The E48 STA swelling data plotted in Figure 101

are HVEM measurements reported by Chickering(]o).

D21 STA and D25 STA exhibit a high incubation dose of about 140 to 150 dpa as
compared to about 5 dpa for A-286 STA. Since all three alloys were irradiated in the same
holder under identical conditions and since the swelling measurements by HVEM are in fair
agreement with those by TEM, it can be concluded that the high incubation doses in the ion-
bombarded developmental alloys are real. Figure 101 also shows swe]]fng versus dose relation-
ship for experimental alloy E48 at the peak swelling temperature (550°C)(10). It can be seen
that E48 also has an incubation dose of ~140 dpa. The major difference between A-286 and the
other three alloys is the amount of Al in the a1loy. Alloy A-286 contains 2.0% Ti and 0.2%
Al {a Ti/Al ratio ~10) whereas F48 contains 3% Ti and.1.5% Al (a Ti/Al ratio of 2), D21
contains 3.3% Ti and 1.7% Al (a Ti/Al ratio .of 1.9) and D25 contains 1.8% Ti and 1.3% Al (a
Ti/Al ratio of 1.4). It can be concluded that Al increases the incubation dose. However,
the rate of swelling is higher in E48 (0.066%/dpa) than in A-286 (0.042%/dpa). The reduction
in swelling rate in A-286 can be accounted for by higher C, Si, Mn and Mo in this alloy.
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FIGURE 101. Swelling vs. displacement dose for A-286 STA, E48 STA, D21 STA and D25 STA
at irradiation temperature of 550°C showing full range HVEM and TEM data for
D21 STA and D25 STA.

A comparison of swelling in D21 STA and D25 STA with A-286 STA shows that D21 and
D25 have both Targe incubation doses in swelling and much lower swelling rates. The
incubation can be accounted for by the presence of Targer amounts of Al (or smaller Ti/Al

ratio) as described above. The decrease in swelling rate in D21 cannot be accounted for by
C, Mn, Si and Mo since D21 and A-286 contain these elements in comparable amounts. It can
only be the result of reduced Cr in D21 and D25 (8% and 10% respectively in D21 and D25
compared to 15% in A-286). The following conclusions about the merits of alloying elements
can be drawn from comparison of heavy ion bombardments of E48, A-286, D21 and D25.

1.

alloys.
alloys.

Aluminum increases the swelling incubation dose in Fe-Ni-Cr, y'-strengthened

Reduction of Cr content has a strong effect in reducing swelling in these

Additions of C, Mn and Si have a small effect in reducing swelling.

Nickel and molybdenum additions reduce swelling (compare D21 with D25).

A comparison of microstructure produced by Ni-ijon irradiation and neutron

irradiation is worthwhile. Figure 102 shows micrographs of a Ni-ion irradiated specimen in

the near-ion-entry-surface region (~85 dpa) and a neutron irradiated (5.4 x 1022 n/cm?) material
reproduced from Reference 11. It can be seen that very similar microstructures are produced by

-144-

-



FIGURE 102. Microstructure produced by Ni-ion irradiation (83 dpa, 550°C)

[top]; and by neutron irradiation (5.4 x 1022 n/cm- » 593°C)
[bottom].
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Ni-ion and neutron irradiations. The precipitates associated with the voids have similar
morphologies. In the neutron irradiated material a lenticular precipitation can be seen

which is similar to the precipitates shown in Figure 97 in dark-field. The former precipitates
are believed to be G phasé and the latter, n phase.

5.3.5 Conclusions

Based upon the results of these Ni-ion irradiations combined with available
neutron irradiations and electron irradiations data, the peak swelling of A-286 at 3 x 1023
is 13% aV/V. From a comparison of void swelling in Ni-ijon irradiated A-286 STA with E48 STA,
D21 STA and D25 STA it can be concluded that an increase in aluminum content (with a small
Ti/Al ratio) and reduction in chromium level are beneficial in reducing swelling in Fe-Ni-Cr
a]]dys. The Al appears to increase the incubation dose while the Cr reduces the swelling

rate.

The microstructure produced by neutron irradiation is very similar to that
produced by Ni-ion jrradiation in A-286 STA. A good agreement can be obtained between
swelling in neutron irradiated and Ni-ion irradiated STA A-286 when a dose equivalence of

100 dpa Ni-ion = 1 x 1023 n/cm™2 is used.
5.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD
This complietes the work on Ni-ion irradiated A-286 alloy.
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6. PHASE STABILITY OF D21 AND D25 UNDER_IRRADIATION

R. Bajaj and S. Diamond
HYestinghouse Advanced Reactors Division

6.1 OBJECTIVE

. The objective of this work is to determine the nature of precipitates produced by Ni-ion
irradiation in developmental alloys D21 and D25.

6.2 SUMMARY

Dark field micrography and electron diffraction analysis was completed on -the
precipitation in D21 STA and D25 STA Ni-ion irradiated at 550°C and 750°C. At 550°C, D21 STA
precipitates were ana]yied to be G phase with smaller quantities of n, M;C3 and o present. In
D25 STA, the precipitates were identified as primarily M;C3; and some n. At 750°C D21 STA
precipitates MgC and Laves phase. The phase analysis in D25 STA revealed the presence of MgC
carbides and an additional precipitate which could not be identified using the published
d-spacing of phases commonly found in superalloys. Although these complex reactions are not
understood, the precipitation is generally consistent with the reactions observed in these
types of materials under thermal conditions.

6.3 ACCOMPLISHMENTS AND STATUS

In a previous quarterly progress 1etter(]), the precipitation produced by nickel
ion-irradiation at 550°C to a maximum dose of ~220 dpa in D21 STA and D25 STA was reported.
Table 24 summarizes the interplanar d-spacing and phase identification obtained by electron
diffraction analysis in D21 and D25 after this irradiation exposure. The conclusions of this
analysis were that under these irradiation conditions, D21 STA predominantly precipitates G
phase with smaller amounts of n, o and M;C3 carbides and in D25 STA, M,C; precipitates with n

but no G phase could be identified(]’z).

This report describes the details of the precipitation analysis in these alloys
irradiated at high temperature (750°C) to a relatively low dose (v55 dpa). The analysis
techniques used were the same as in the previous study(]), i.e., bright and dark field
microscopy and electron diffraction analysis.

6.3.1 D21 STA

Figure 103 shows precipitates in D21 STA in bright field. The large precipitates
appear to be uniformly distributed in the specimen. No voids were observed in the near
surface region and y' particles could not be imaged in bright or dark field.

Figure 104 shows a typical diffraction pattern showing spot and ring patterns.
Diffraction patterns were taken in various crystallographic orientations and spacings between
spots were measured to an accuracy of #0.05 mm. The matrix spots were used as calibration
spots for the camera constant determination. Table 25 summarizes the d-spacings obtained by
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TABLE 24

INTERPLANAR SPACINGS AND PHASE IDENTIFICATIONS OBTAINED
BY ELECTRON DIFFRACTION IN ALLOYS D21 STA AND D25 STA
Ni-ION IRRADIATED AT 550°C TO 220 DPA

-148-

- D21 STA . D25 STA
dAvg’ A Phase dAvg’ A Phase
Measured Lattice (Measured Lattice
Spacing) G| o [MsCa|n |v,Y' Spacing) M7C3* n Yy’
5.50 v 2.545 /.
4.01 y / 2.519
3.97 v 2.434 v v
[ 3.92 v 2.183 % %
3.60 v/ 2.073 v
3.32 7 2.059 /
3.236 ? .2.033 %
2.588 4 1.840 v
2.495 o 1.594 / v
2.284 v/ . 1.471 v/ v
2.162 v/ 1.273 v/
2.149 v 1.190 v v/
2.101 / v 1.3 Y
2.082 v 1.081 / v/ v/
1.997 v/ v/ 1.032 v v/
| 1.977 Vv
1.955 4 %
: * predominant phase as determined by
1.903 oY v dark field microscopy.
1.868 %
1.796 4
1.696 v/
1.604 v 4 Y
1.483 oY
1.449 v/ /oY
1.319 /- v
1.285 % 4
1.257 "
1.237 v/ % v oY
'1 .204
1.089 v Vol
1.060 /



FIGURE 103. Dark field micrograph of precipitates in D21 STA irradiated
(~55 dpa) at 750°C.

FIGURE 104. A typical diffraction pattern obtained from D21 STA
irradiated (~55 dpa) at 750°C.

-149-




TABLE 25 @

PHASE IDENTIFICATION IN D21 STA Ni* ION IRRADIATED AT 750°C TO 55 DPA

[ Published d-spacings, 311)
Laves
Measured o MeC a=4.75 Phases Present | hkl hk1
d-spacings (A) a=11.20 c=7.90 in D21 MgC .| Laves
6.527
6.488
6.484 . 6.47 MgC mm
5.60
411 4.1 Laves 100
4.104
3.95
| 3.654 3.65 Laves
3.643 :
3.453 ' Anomalous
3.410 4 Anomalous
- 3.40
3.392
3.389 3.38 MeC 311 -
3.235 3.23 MgC 222
3.20 ‘ii
2.816 2.80 - 2.85 MgC 400
2.57
2.5116
2.502
2.29 2.38
2.154 2.16 2.22 MsC 333
2.057 2.06 Laves 200
2.01 2.04
1.985 1.98 1.99 MgC, Laves 440 004
1.893 1.975
1.771 1.824
1.6888 1.78
1.60 1.61 1.62 MgC, Laves 444 203
1.568 1.526

such measurements. These d-spacings were compared to published d-spacings and phase
determination was made(2 . From Table 25 it can be seen that the best matches are obtained

for MgC type carbides and Laves phases in D21 STA.

Figure 105(a) shows a dark field micrograph of precipitates imaged using a cluster
of spots under the circle in Figure 105(b). The d-spacing for the brightest spot corresponds
to Laves phase. In addition to the large precipitates there is a fine dispersion of Laves c
phases in the interstices. The precipitates showing dark in this micrograph are probably

carbide precipitates. Figure 105(c) shows a bright field micrograph of the same area.
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FIGURE 105(a). Dark field

micrograph of
precipitates in D21 STA irradi-
ated (v55 dpa) at 750°C imaged
by using spot under circle in
Fig. 105(b).

FIGURE 105(b). Diffraction
pattern of the
area imaged in Fig. 105(a).

FIGURE 105(c). Bright field
micrograph of
the area in Fig. 105(a).




Figure 106(a) shows a dark field micrograph of precipitates imaged using the two
spots under circle in Figure 104. The d-spacings corresponding to these spots are 2.0573 and
2.1543 which correspond to Laves phase and M,3Cg type carbides respectively. Figure 106(b) is
the bright field of the same area.

6.3.2 D25 STA

Figure 107(a) shows large precipitates in D25 STA in dark field which were imaged
with the spot under the circle in the diffraction pattern in Figure 107(b). From the analysis
of the diffraction patterns [Figure 107(b) and 107(c)] it is concluded that these precipitates
are MgC type carbides.

Another kind of precipitation was also observed in D25 as shown in Figure 108(a).
with the corresponding diffraction pattern in Figure 108(b). Electron diffraction analysis of
Figure 108(b) and other patterns was carried out to determine the d-spacings which are listed
in Table 26 along with measured d-spacings of MgC phase. No match could be obtained for the
listed d-spacing with the published d-spacing of precipitates observed in various superalloys.
At this writing, therefore, the identification of this phase remains incomplete.

TABLE 26
PHASE IDENTIFICATION IN D25 STA IRRADIATED AT 750°C TO 55 DPA
Published Measured
d-spacing d-spacings
Measured MgC (MgC spacings
d-spacing a=11.20 hk1 excluded)

6.47 6.47 1M

5.10

5.15

3.827

3.72

3.67

3.64
3.244 3.23 222 3.075
2.81 2.80 400

2.40
2.154 2.16 333

2.133

2.129

1.82

6.3.3 Discussion

From Table 24 it is clear that the low temperature irradiation (550°C) of
developmental alloys results in precipitation of M;C; carbide precipitates with possibly some
n. In the case of D21 STA, G phase is precipitated. At the higher irradiation temperature of
750°C however, MgC precipitate is found to be the predominant phase. In D21 STA Laves phase
was also found at 750°C.

The mechanisms of precipitation in complex superalloys are not well understood;
however there is some evidence to suggest that at high temperatures McC carbide phase is more
stable than M;C; carbide. M;C; is a psuedo hexagonal phase whereas MgC is a f.c.c. phase.
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| () | } 500nm |

FIGURE 106(a). Dark field micrograph of precipitates in D21 STA
irradiated (~55 dpa) at 750°C imaged by using spot
under circle in Figure 104.

(b) |500nm'

FIGURE 106(b). Bright field of same area as in Figure 106(a). '
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FIGURE 107(a). Dark field

‘ micrograph of
precipitates in D25 STA irradiated
(v55 dpa) at 750°C imaged by using
spot under circle in Fig. 107(b).

FIGURE 107(b). Diffraction pattern
of the area imaged
in Fig. 107(a).

b)

FIGURE 107(c). Diffraction pattern

v of a typical area
in D25 STA irradiated (~55 dpa)

at 750°C.

-154-




(a) | | | 500nm |

FIGURE 108(a). Dark field micrograph of precipitates in D25 STA
irradiated (55 dpa) at 750°C imaged by using spot
under circle in Fig. 108(b).

(b)

FIGURE 108(b). Diffraction pattern of the area imaged in Fig. 108(a).
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In a matrix of f.c.c. y, it can be expected that a f.c.c. phase will be more stable. Further-
more, M,C; is known to transform to cubic phases. An example of this can be found in high
nickel alloys such as Inconel 600(3) and Nimonic 80A(4) in which M;C; transforms to M,,Cg
(where M is primarily Cr). 1In Tow Cr and low C alloys containing Mo the more probable phase

is M,C. McC carbides in general are more stable than M,;C4 carbides 5) at high temperatures,
therefore it is not surprising that M;C precipitation occurred at high irradiation temper-
atures(s). It is well known that the kinetics of precipitation are greatly enhanced by pro-
duction of excess vacancies during irradiation resulting in precipitation at Tower temperatures
than thermal conditions. ‘

At high irradiation temperature (750°C) Laves phase was also observed. This may
be due to stabilization of this phase by Si as suggested by Miner and Lowell in Unitemp 718(6)

and in B-1900 by Lowell and Miner(7).

At the low irradiation temperature, G phase was observed in D21 STA which is in
agreement with the observations of this phase in thermally treated alloys with similar compo-

sitions by Beattie and Hagel(g). However, the morphologies and temperatures of prepjpitations

in the two cases are quite different due to differences in nucleation and growth processes.

6.4 EXPECTED ACHfEVEMENTS IN THE NEXT REPORTING PERIOD . -

A comparison will be made of the irradiation induced precipitates with those produced by
long term thermal aging in D21 and D25 aged at various temperatures.. The microstructural 6
analysis of these alloys irradiated with neutrons (AA-VII test} will be carried out.
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7. SWELLING OF SOLID SOLUTION DEVELOPMENTAL ALLOYS
UNDER NICKEL ION BOMBARDMENT

A. F. Rowcliffe and P. S. Sklad
Oak Ridge National Laboratory

7.1 OBJECTIVE

The objective of this work is the development of solid solution alloys with low swelling
properties suitable for use in advanced LMFBR fuel systems.

7.2 SUMMARY

Step height swelling data have been obtained on three batéhes of a laboratory heat of
316, alloy G7. After annealing at 1150°C, alloy G7 exhibits swelling peaks at 600 and 680°C.
After annealing at 1050°C only one swelling peak at 680°C has been detected. Some possible
reasons for this behavior are discussed and the data are compared with those from the X098
experiment.
7.3 ACCOMPLISHMENTS AND STATUS

7.3.1 Introduction

The swelling behavior of developmental alloys LS1, LS2, D15, D18, D9 and D11 has
been investigated using nickel ion bombardmeﬁt and step height measurements, and the results
have been presented in earlier reports(]’z). The bombardment technique utilized a rectangular
stack of narrow specimens which were bombarded simultaneously in the same holder. In addition
to continuous measurement by beam profilometry, a postbombardment assessment of beam uniformity
was made by measuring the surface step on standard stainless steel specimens placed at
regular intervals in the stack. Two types of stainless have been used for this purpose, a
"high purity" 316 designated P7 and a laboratory heat of 316, alloy G7. Swelling data were
thus accumulated for both steels in several heat treatment conditions. The data on alloy G7
were recently used to provide a comparison with the swe]]ihg behavior of é]]oys D9 and D11 in
various metallurgical conditions(a). It was found that at high temperatures the alloy G7
exhibited double peak swelling behavior, a phenomenon previously encountered in reactor irradi-
ations but not in nickel ion irradiations. Over a period of about one year, data have been
obtained on three different batches of G7 with varying processing histories. The data have
now been brought up to date and are presented below.

7.3.2 Results

The composition of the 316 alloy G7 is shown in Table 27 together with that of the
M2783 alloy used in the X098 experiments. Both the molybdenum and the combined (C + N,)
contents of the M2783 alloy are significantly higher than those of G7. Ion bombardment
specimens were fabricated from G7 in three separate batches, Table 28. Final heat treatments
were carried out with specimens measuring 2.5 cm 1ong x 3 mm wide x 0.66 mm thick. The .
principal difference between the three batches lies in their‘fina] heat treatments. Batch A3
specimens were annealed at 1150°C +5°C for 15 minutes in a ceramic tube furhace containing a
tantalum getter under a vacuum of ~5 x 107® torr. Batch A4 specimens were encapsulated in
duartz tubes containing a tantalum getter under a-vacuum of ~5 x 1076 torr and then backfilled
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TABLE 27

ALLOY COMPOSITIONS (WEIGHT PERCENT)

Cr Ni

Mo

Si Mn

Ti

G7
M2783

16.5 13.7

1.86
2.46

44 | 2.05
47 | 1.79

<.01
<.02

.041 .004. | .032
.058 .030 .017

.035
.029

16.81 | 12.98

TABLE 28

 HEAT TREATMENT HISTORY

Batch A3

Batch A4

Batch A8 -

CR to 1 mm~

CR to 0.6 mm

1050°C 15 min.

Cut specimens'
1150°C 15 min.

Hot rolled to 3 mm
Cold rolled to" 15 mm

1150°C 1 hr. vac. —_—

vac.

vac.

CR to 0.75 mm

1050°C 15 min.

CR to 0.6 mm
Cut specimens

1150°C 15 min.

vac.

He

<>
1050°C 15 min. He

with helium containing ~1 appm O, and 6 appm N,. Final annealing was the same as for Batch

A3, i.e., 1150°C for 15 minutes.

Batch A8 specimens were similarly encapsulated and then heat

treated at 1050°C for 15 minutes. Following heat treatmenf, the 2.5 cm long strips were cut
into pieces 4.3 mm long with a low speed diamond saw. After mounting in an ion bombardment
holder, the surface to be bombarded was prepared by a polishing sequehce which removed 0.2

mm from the cut surface.

Ion bombardment of G7 was carried out in several different experi-

ments in which the,ca]cu]ated peak displacement\dose was 170 + 20 dpa. A1l specimens were

preinjected with 5 appm helium at room temperature.

batches.

In Figure 109, step height data are plotted as a function of temperature for all

When these data were preéented previously 3

, a single curve was drawn through data

- points from all three batches. With the addition of several new data points it appears that .

two types of swelling behavior are observed depending on whether the final heat treatment was
at 1150°C or at 1050°C. At bombardment temperatures below 620°C all three batches behave
similarly and may be accounted for by a single curve. Above this temperature there is a pro-

.nounced divergence in behavior.
decreases sharply from a maximum at ~680°C.

In batch A3 specimens, annealed at 1150°C in vacuum, swelling
Batch A4 ‘specimens, which were also annealed at

1150°C but in a helium atmosphere, follow the swelling behavior of bafch A3 quite closely up

to ~625°C, but were not bombardedlat any higher temperatures.
batch A8 specimens, annealed at 1050°C increases steadily to a single maximum at 680°C.

On the other hand, swe]]ing in

Data

on the A8 batch were obtained at 50°C intervals so that it is possible that a minimum exists ‘,
between the data points. Even so, at temperatures above ~625°C swelling is generally higher
by 50 to 60%.in the specimens annealed at 1050°C., ’
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FIGURE 109. Step height swelling data for 316 heat G7 Ni ion bombarded to a peak dose of
170 dpa. :

These differences in swelling behavior are not thought to be due to variations in
specimen preparation technique or irradiation technique. Duplicate specimens of batch A8
were polished, helium injected, and ion bombarded at temperatures of ~675°C and ~725°C. Step
height measurements on the duplicate specimens were in excellent agreement, i.e., (268 nm,
280 nm) and (235 nm, 236 nm) at 675°C and 725°C, respectively. For the A3 material, three
separate bombardments were carried out at 580°C. The specimens had all received the same
heat treatment but had undergone different final surface preparations. These were: (a) the
normal final polish with 0.5 um diamond, (b) the 0.5 um diamond polish followed by polishing
with 0.1 um diamond, (c) the 0.5 um diamond and 0.1 pm diamond treatments followed by an
electropolish at -20°C which removed ~2 um. After receiving separate bombardmehts of 170 dpa
the step heights produced in these three séhp]es were 72 + 4 nm, 96 + 7 nm, and 90 + 6 nm,
respectively. Evidently, removal of the damage produced by the 0.5 um diamond by polishing
with 0.1 pm diamond increases swelling by a factor of ~0.2. Further electropolishing to re-
move the 0.1 um diamond does not result in any further swelling increase; this is not sur-
prising since, if carefully carried out, the dislocation damage produced by the 0.1 um diamond
should not extend much more than 300 nm below the surface. Thus, the 0.5 um diamond polishing
technique inhibits swelling slightly. However, all specimens are treated in exactly the same
way, and the technique consistentiy produces extremely smooth surfaces which are ideal for
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surface profilometry. It should also be pointed out that differences in swelling behavior
between annealed and 20% CW 316 are easily detected in measurements made on 0.5 um diamond
finished surfaces.

Since the reproducibility of the techniques is quite good, the differences in
swelling behavior between the 1050 and 1150°C annealed specimens must be metallurgical in
origin. Increasing the final annealing temperature increases the concentration of various
solutes in solution at the beginning of the irradiation. In the case of 316 stainless, it is
known that increasing the annealing temperature from 1050 to 1150°C will double the amount of
carbon in solution. However, 1ittle is known about the distribution during processing of
other important elements such as molybdenum and silicon and what effect annealing temper-
ature has on thei; concentrafion in solution. Assuming that increasing the solution treat-
ment temperathre increases the solute concentration we may rationalize.the results in the

following two ways:

(a) Increasing the solute content reduces the swelling in the high temperature
regime in the manner demonstrated by Johnston, et a1(4), and Gessel 5 in their work on solute
additions to ternary alloys. If this were the only effect then the swelling curve for the A3
material would follow the dotted line in Figure 109. However, increasing the solute super-
saturation also increases the subsequent nucleation rate of carbide and intermetailic phases.
It is postulated that at temperatures above 640°C precipitation occurs with an associated
enhancement of void nucleation and growth giving rise to a second swelling peak at 680°C.

(b) An alternative suggestion due to Makin is that the “double peak" is really a
"central depression". Above 650°C, M,3Cg is redistributed and reprecipitated in particles
sufficiéntly fine to be effective,point defect traps or sinks and to produce a reduction in
swelling. The effect of fine carbide precipitation overcomes the normal increase in swelling
in this temperature regime. Swelling eventually incredses again because at higher temper-.
atures precipitation occurs on a much coarser scale and a second peak is reached at 680°C
after which swelling decreases as thermal vacancy emission restricts void nbc]eation. Trans-
‘mission e]eEtron microscopy evidence from ion bombarded specimens is not available yet to
support either of these suggestions. At present, the first explanation seems more probable
and the results indicate that the benefits of increased splute concentrations may be lost in
temperature regimes where certain types of precipitation occur. The effects of precipitation
may possibly be minimized by avoiding phases whiéh coarsen rapidly or nucleate on a coarse
scale such as Mz3Cg and the TCP phases. '

The dose dependence of swelling for G7 was determined for the batch A3 material
by bombarding at 580°C to peak displacement doses of 70, 170 and 340 dpa. The data are
plotted in Figure 110. Specimens were preinjected with 5 appm helium at room temperature.
The incubation parameter t is 35 dpa and the steady state swelling rate is 0.13% per dpa.

7.3.3 Comparison with X098 Data ' '

The X098B irradiation experiment has provided swelling data at four temperatures
and at a fluence of 14 x 1022 n ¢cm™2 on an air melted heat of 316 stainless steel. The .
-molybdenum and the (C + N) content are both higher than in the G7 heat and a strict comparison
of the data is probably not va]id. However, a comparison is useful from the point of view of
providing some guidance in selecting temperatures and doses for ion bombardment of the X098

material in the Unified Simulation Program.
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FIGURE 110. Step height swelling data for 316 heat G7 Ni ion bombarded at 580°C.

The peak swelling temperature for the G7 alloy annealed at 1050°C is 680°C after
ion bombardment to 170 dpa. The heat M2783 tubing was annealed at 1093°C prior to irradiation,
and after an exposure of 13 x 1022 the peak swelling temperature was found to be ~590°C. Thus,
the peak swelling temperature shift is ¥90°C. The swelling rate under ion bombardment was not
measured. Howéver, a straight line through the two neutron data points gives a value for 1 of
6.5 x 1022 n cm™2 and a swelling rate of 3.5% per 1022 n cm™2. Using these parameters, the

- neutron-dose required to produce the 45% swelling observed in the ion experiment is 19.5 x
1022 n cm~2. The equivalent peak ion dose is 170 dpa. At the peak swelling temperature
equivalent amounts of damaée are produced by 87 dpa (ions) or 1023 n cm2.

If we assume that the M2783 material behavés in a similar fashion to G7 after an
1150°C anneal, then the neutron dose to produce 30% swelling at the beak temperature is
15 x 1022 n cm™2 and the damage equivalence is 113 dpa {ions) = 1023 n cm~2,

At 580°C under ion bombardment the two heat treatments produce the same swelling
in alloy G7, and we will therefore assume that the measured swelling rate of 0.13% per dpa
applies to both conditions. The equivalent neutron temperature is 490°C, assuming the peak
temperature shift applies at all temperatures. From the plots of Weiner and Boltax''/, the
neutron swelling parameters for the M2783 material are t = 6 x 1022 and R ¥ .70% x 1022
n cm~2., The damage equivalence obtained by equating the swelling rates is 54 dpa (ions =
1023 n cm™2. A comparison of the incubation parameters [6 x 1022 n cm™2 and 35 dpa (ions)]
gives a similar value for damage equivalence. There is, however, considerable uncertainty
in the neutron swelling rates since there are only four temperatures available and the value
of 54 dpa = 1023 n cm™? should be considered to be a lower bound.
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This comparison yields damage equivalents of 87 or 113 dpa = 1023 n cm™2 at the
peak temperature depending upon which set of ion data is used and thus emphasizes that in any
correlation experiment it is vital to use identically treated material in each irradiation
experiment. It is suggested that in selecting the USP ion temperatures and doses a temper-

ature shift of +90°C should be expected when using an ion displacement rate of 1072 dpa sec”!.

If it is assumed that the M2783 material will behave in a similar manner to the G7 annealed .
at 1050°C then it appears that an ion dose of ~75 dpa at 605°C will produce damage equivalent
to that produced by a neutron fluence of 13 x 1022 n cm™2 at 515°C. At 680°C, an ion dose of
7120 dpa will be required to produce démage equivalent to that produced.by a neutron fluence
of 13-x 1022 n cm™2 at 590°C. '

7.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

The final step height ion bombardment experiment involving compositional variants of D9
will be completed and will yield data at several more temperatures on the G7 annealed at
©71050°C. Further ion bombardment work will concentrate on TEM disk specimens with emphasis on
previously neut}on irradiated developmental alloys.
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8. THERMAL STABILITY OF ALLOYS D9 AND D11

J. M. Leitnaker and A. F. Rowcliffe
Oak Ridge National Laboratory

8.1 OBJECTIVE

The objective of this work is to determine the phase stability of developmental alloys
D9 and D11 and to establish the feasibility of higher-stability modifications to these alloys.

8.2 SUMMARY

Aging studies on alloy D9 have shown a tendency to form Laves phase (FepsMo). Although
the quantities formed may not be sufficient to cause a serious deterioration in mechanical
behavior, the precipitation of this phase may have an adverse effect on long term swelling
behavior. Accordingly, six modified D9 alloys have been produced with variations in Mo, Ti
and C content designed to improve phase stability. These will be subjected to phase stability
tests both in and out of reactor and to mechanical testing.

8.3 ACCOMPLISHMENTS AND STATUS
8.3.1 Introduction

It was observed previously that the E-75 heat of developmental alloy D11 formed
Laves phase (FexMo) on aging in the cold worked condition at 750°C together with a small
amount of TiC. Aging studies have now been carried out on specimens from the 135 kg heats of
D9 and D11 in order to assess the stability of these alloys towards intermetallic and carbide
phase formation.

8.3.2 Experimental

The specimens used were prepared from D9 heat 07438 and D11 heat 77258 by a
sequence of hot rolling and cold rolling with intermediate anneals at 1100°C. Specimens for
aging were in the form of sheet 0.6 mm thick in two conditions: (a) annealed at 1100°C 15
minutes and (b) annealed at 1100°C 15 minutes and cold rolled 25%. Disks for TEM and
rectangular pieces for precipitate extraction were encapsulated and aged at 650, 750 or 850°C
for periods up to 1,000 hours. After aging, examinations were carried out by (a) optical
metallography, (b) TEM, (c) electrolytic extraction and weighing of extracted precipitates,
(d) chemical analysis of the liquid supernate and electron probe micro-analysis of the
extracted precipitates, and (e) x-ray analysis of the extracted phases.

8.3.3 Results

Earlier work invd]ving alloys with various Cr:Ni ratios indicated that alloy D9
should not form sigma phase(]). Short term aging of annealed D9 between 700 and 850°C pro-
duced a small volume fraction of grain boundary carbides, mostly TiC. Longer term aging has
now been completed at 650, 750 and 850°C. Figures 111 and 112 are optical micrographs of cold
worked D9 after aging for 100 hours and 1,000 hours at 750°C. A considerable amount of
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precipitation is evident both within the grains and at the grain boundaries. After 500 hours
the weight fraction of precipitate determined by electrolytic extraction was 2.71%, Table 29.
The weight fraction after 1,000 hours is not yet available. An x-ray anaTysis of the phases
extracted after 500 hours at 750°C is shown in Table 30. The major phase pregent appears to
be a Laves type compound with lattice parameters a, = 4,748 R and Co = 7.735 A. Titanium

carbide is estimated to comprise only ~10% of the total precipitate extracted. The presence

TABLE 29
PRECIPITATE EXTRACTED, WEIGHT PERCENT
Temperature {°C)
Time -

Alloy (Hours) 650 750 850
D9 annealed 100 .42 .62 .67
D9 annealed | 1,000 -- 2.90 1.73
D9 CW 500 1.06 2.71 --

TABLE 30

X-RAY DIFFRACTION DATA ON EXTRACTED PRECIPITATE FROM D9,
CoLD NORKED_ZS% AND AGED 500 HOURS AT 750°C

Laves
TiC a, = 4.748
d I c. =7.735
Q
(A) | (peak heights d o
(p ST ) vi, | (k) | i | (cate., R)
2.818 8 (012) 2.817
2.700 6 :
2.497 23 (111) 80
2.374 125 (110) 50 2.374
2.185 200 (013) 80 2.184
2.165 25 (200) 100
2.056 35 (200) 14 2.056
2.023 250 (112) | 100 2.023
1.988. 160 (021) 95 1.987
1.932 25 (004) 20 1.934
1.815 12 (022) 1.815

TiC phase intensities listed are from ASTM Card 6-0614.

Laves phase intensities listed are from ASTM Card 7-145; other
line intensities were not immediately available.

of sigma phase has not been detected. - The Laves phase nucleates at grain boundariés and
within ‘the grains in cold worked specimens. Figure 113 shows the partially recrystallized
structure after 500 hours at 750°C. Massive Laves phase particles have formed within the
unrecrystallized areas and also at high angle boundaries. Grain boundary migration during
recrystallization frequently isolates Laves particles in the center of recrystallized grains,
Figure 114. Electron probe microanalysis of the extracted phases has shown that the major
components are iron and molybdenum together with smaller concentrations of silicon and
titanium. Quantitative measurements of the composition are in progress. Laves phase is also
present after 100 hours at 850°C, but has not yet been detected at 650°C.
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© . FIGURE 113. Alloy D9: 1100°C, 15 minutes, 25% CW, 750°C, 100 hours. TEM
micrograph (Magn. X20,000).

FIGURE 114. Alloy D9: 1100°C, 15 minutes, 25% CW, 750°C, 100 hours. TEM
micrograph (Magn. X45,000).
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Earlier work on the E-75 heat of D11 which contained 3.05 weight percent Mo had
shown similar behavior(]). After aging in the cold worked condition at 750°C for 100 hours,
~2.68 weight percent of precipitated phases were extracted and found to be predominantly Laves
phase. X-ray analysis of the extracted phases from the 135 kg‘heat of D11 aged in the cold
worked condition at 750°C for 500 hours also indicated a preponderance of Laves phase
together with some TiC and eta phase, Table 31. The weight fraction was somewhat lower than
in the E-75 material, 1.9% compared with 2.68%. This may be the result of the lower molybdenum
content (2.47%) of the large heat material.

TABLE 31

X-RAY DIFFRACTION DATA ON EXTRACTED PRECIPITATE FROM D11,
COLD WORKED 25% AND AGED 500 HOURS AT 750°C

Laves Phase
ag = 4,748
TiC Cco =7.735 Eta Phase

g - d ° dg °

(A) I (hk1) I/I0 (hk1) I/I0 (Calc., A) (hk1} (Calc., A)
4.12 2 (100) 4.11
3.87 2 (002) 3.868
3.64 3 (011} 3.631
3.35 4 (311) 11.1
2.819 8 (012) 2.817
2.765 11 (400) 11.060
2.538 15 (331) 11.063
2.497 30 (111) 80
2.375 100 (110) 50 2.374
2.257 50 (422) 11.057
2.184 170 (013) 80 2.184
2.164 30 (200) 100
2.127 85 : (333) 11.052
2.056 30 (200) 14 2.056
2.024 170 (112) 100 2.023
1.987 115 (021) 95 1.987
1.954 20 1.954 11.053
1.933 18 (004) 20 1.934

TiC phase intensities listed are from ASTM Card 6-0614.

Laves phase intensities listed are from ASTM Card 7-145; other line intensities
were not immediately available.

Work is continuing to obtain a more complete knowledge of the extent of the Laves
phase field in D9. From the point of view of mechanical properties the formation of Laves in
the quantities observed so far would probably have only a small effect, providing it remained
in a well dispersed blocky form. However, the main reason for concern is the observation that
silicon appears to be soluble in the Laves phase. This raises the possibility of significantly
‘depleting the matrix of an important element which is known to suppress swelling. The effect
of neutron irradiation on the stability of Laves and the extent of its formation is unknown.
However, experience with precipitation of other phases in nickel alloys and stainless steels
suggest that phases which appear at a particular temperature during thermal aging are fre-
quently nucleated at much lower temperatures in reactor. It has recently been reported by
Korenko(z) that during neutron irradiation to a fleunce of 2 x 1022 at 510, 538 and 593°C the
E-75 heat of D11 produced a copious amount of precipitation. Although swelling is low at this

-168-




fluence most of tye voids appeared to be associated with precipitates. Phase identification
has not yet been éitablished, but it is evident that some improvement in phase stability is
desirable. A modified version of D11 with reduced .molybdenum has already been produced and
has been inserted in the AA-XII experiment(z). A series of six modified D9 alloys has now
been produced which are currently undergoing preparation for insertion in the AA-VI experi-
ment. The composition of these alloys is shown in Table 32. Alloys D9-B2, D9-B3 and D9-B4
are designed to eliminate Laves formation by reducing molybdenum. Some reduction in high
temperature strength will occur as molybdenum is progressively reduced from 2.3% in D9 to
zero in D9-B4. Stress rupture measurements will be used to assess this effect. In alloys
D9-B5 and D9-B6, the molybdenum content is fixed at 1 weight percent and the Ti:C ratio is
changed from 6:1 by weight in D9-B3 to 9:1 5n D9-B5 and 12:1 in D9-B6. 1In D9-B5 this is
accomplished by increasing titanium to 0.45 weight percent. In D9-B6 the ratio is increasea
by reducing the carbon level to 0.025 weight percent. The Ti:C ratio has been increased in
order to promote the formation of TiC in preference to My3Cg which is frequently observed in
massive form associated with Targe voids after neutron irradiation.

TABLE 32
MODIFIED D9 ALLOYS (WEIGHT PERCENT)

Cr Ni Mo Si Mn Ti C Fe
D9 14.0-14.75 14.0-15.0 2.0-2.5 0.9-1.1 1.8-2.2 .15-.30 .04-.06 Bal
D9-B2 14.5 14.5 1.5 0.9 2.0 0.30 0.05 Bal
D9-B3 14.5 14.5 1.0 0.9 2.0 0.30 0.05 Bal
D9-B4 14.5 14.5 0.0 0.9 2.0 0.30 0.05 Bal
D9-B5 14.5 14.5 1.0 0.9 2.0 0.45 0.05 Bal
D9-B6 14.5 14.5 1.0 0.9 2.0 0.30 0.025 Bal
D9-B7 14.5 14.5 1.0 0.7 2.0 0.30 0.025 Bal

Al, Nb, Ta, V, W, Cu, Zr, Co - All <.05
S - .01 Max; P - .02 Max; N - .01 Max; B - .002 Max.

In the sixth alloy, D9-B7, the silicon level has also been reduced to improve
further the stability of the alloy while still allowing it to remain in a low swelling
composition regime. The alloys were made in 0.7 kg melts from high purity starting materials
and melted under argon four times before drop casting into rectangular billets. Some of the
problems with phase instabilities can arise directly from chemical inhomogeneities produced
during processing. To overcome some of the inhomogeneity observed in earlier work on LS1 and
other developmental alloys a more extensive rolling and annealing sequence was adopted, Table
33. Material was retained at each stage of cold work and aged at 750°C for 100 hours to
precipitate carbide and intermetallic compounds and so reveal any chemical inhomogeneities,
This information will be useful in planning fabrication sequences in the future.

8.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

The six modified D9 alloys will be prepared for insertion into the AA-VI experiment.
Aging studies will be complieted to assess the thermal stability of these alloys. Stress
rupture tests will be carried out to compare the behavior of these alloys with that of D9.
An assessment will be made of the distribution of major alloying elements at various
stages of processing.
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TABLE 33
FABRICATION SEQUENCE FOR MODIFIED D9 ALLOYS

1. Remelt four times and drop cast

2. Anneal 1100°C one hour argon

Hot roll to 6.4 mm with interpass anneals
1100°C one hour argon

3. Chemical clean
Anneal 1150°C one hour vacuum
4. Reduce from 6.4 mm to 1.5 mm in five single
pass reductions of 25% with interpass anneals
1100°C one-half hour vacuum

5. Final reduction stages to give 50% cold work
before final annealing treatment

N.B. for alloy D9-B5 all anneals in stages 4 and 5
are 1150°C, one-half hour.

8.5 REFERENCES

1. Rowcliffe, A. F., Sklad, P. S., and Bloom, E. E., "Development of Solid Solution
Alloys," TC-160-6 (7-9/1975), p. 17.

2. Korenko, M, K., "Postirradiation Examination of Precursor Developmental Alloys,"
TC-160-10 (7-9/1976). p. 24.
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9. SWELLING BEHAVIOR OF HT-9 IN MODIFIED HEAT TREATMENT CONDITION

F. A. Smidt, Jr.
Naval Research Laboratory

9.1 OBJECTIVE

The objective of this study is to assess the potential of commercial ferritic alloys for
use as cladding or ducts in an LMFBR and to determine the optimum composition and processing

parameters.
9.2 SUMMARY

The swelling resistance of HT-9 given a modified heat treatment was examined using ion
irfadiation with 2.8 MeV 56Fe™ jons. A previous study of HT-9 showed the major portion of
swelling was from voids associated with precipitates formed along grain boundaries and the
modified heat treatment was designed to reduce this precipitation. The results of the
swelling evaluation using TEM indicated the heat treatment was effective in reducing swelling
up to about 80 dpa, after which the swelling rate was the same as for the original heat
treatment.

9.3 ACCOMPLISHMENTS AND STATUS

Previous studies of the swelling behavior of ferritic'alloys EM-12 and HT-9 showed the
largest proportion of the swelling came from a population of large voids associated with
precipitates . Several modifications of the original heat treatment of HT-9 were examined
to determine if a reduction in the extent of precipitation could be achieved within the
normal range of heat treatments(z). The stock material had received a heat treatment con-
sisting of a solution anneal for 30 minutes at 1050°C/AC followed by tempering at 780°C for
2-1/2 hours which was recommended by the vendor. Tempering temperatures for the superchrome
steels are selected on the basis of trade-offs between strength and toughness and commonly
fall in the range 550 to 700°C-when the alloy is employed in elevated temperature service.
The selection of 780°C was apparently intended to provide stability of the precipitate
strutture under irradiation but also tends to produce an ovéraged structure with large pre-
cipitates (presumably M,3Cg and MgC) at the grain boundaries. Specimens given experimental
tempering treatments at 595, 650 and 705°C for four hours were examined by transmission
electron microscopy (TEM) and the intermediate treatment of 650°C for four hours was selected
on the basis of the microstructures observed(z). /

Specimens of HT-9 in the form of TEM disks were given a heat treatment consisting of a
solution anneal at 1050°C for one hour and a temper at 650°C for four hours in a vacuum of
1076 Torr. The specimens were cooled tb room temperature following the solution anneal and
tempering treatments by removing the furnace and permitting the samples to cool rapidly in
the vacuum. The specimens were then implanted with a maximum concentration of 1 appm helium

in the NRL cyclotron using a 30 MeV alpha particle beam in conjunction with an aluminum
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degrader foil so as to tailor the implant profile to one half a Gaussian-shaped peak with a .

full width half maximum of 11.8 um. Specimen temperature was kept-below 200°C during the
implant. ’ : '

Ion bombardment of the specimens was performed'in'tne NRL 5-MV Ven de Graaff accelerator
using a beam of 2.8 MeV s6Fet ions using the same procedures as described for the previous
irradiation of HT-Q(]). The test matrix consisted of irradiation temperatures of 500 and
550°C for doses of 40, 80, 150 and 250 dpa at a dose rate of 6 x 1072 dpa/sec at the peak
damage region .in the foil.. A1l values were calculated ‘on the basis of a* displacement energy
of 40 eV, efficiency of 0.8 and use of the E-DEP-1 code. Specimens were thinned to the peak .
damage region using a laser interferometer to monitor removal of material from the front face
and then back thinneﬂ to perfofationl Specimens were examined in a JEM-200A electron micro-

scope operating at 200 kV.

Microscbpy in tempered martensitic alloys is exceedingly difficult because the magnetic
specimens distort the beam, the martensitic structure is highly straine& and has small grain
sizes so that widely varying diffraction conditions exist in eny given field of view. Stereo
measurements commonly employed to measure thickness were almost impossible to apply in these
specimens because of the above difficulties. The Targe voids present in the samples permitted
an estimation of thickness that gave reasonably consistent results. A lower limit on thick-
ness was set by the largest void completely within the foil while a maximum upper 1imit was
set by the 1argest hole in the foil. A more definitive upper- 1limit was a large void inter- »
secting only one surface which appeared to be approx1mate1y one ha]f in-the foil so the :
radius equals the thickness. Visibility of small vo1ds also proved to be a difficult prob]em '
in these specimens because of the high dislocation den51ty and the small gra1ns which would
not permit imaging of large areas under conditions suitable for the viewing of the small
voids. Fortunately the small yoids contribute proportionately less to the swéiling than the
larger ones, so errors in swelling are small although wide variations in mean diameter and
void density are evident in the statistics.

One additional problem was encountered in the experiment in that an error in the
bombardment sequence at 500°C resu]ted in.accumulation of 400 dpa in the specimen intended
for 150 dpa and 0 dpa in the spec1men intended for 250 dpa. This 1nterpretatlon is based on
the fact that no vo1ds were observed in the "250 dpa"'spec1men and higher than anticipated
swelling occurred in the "150 dpa"'specimen Contro] ‘specimens showed no unusual recovery
of microstructure and the 550°C specimens showed the expected dose dependence of swelling.
Further references to the specimen in question will refer to it as the 400 dpa - 500°C
specimen.

A micrograph of the thin section in the 400 dpa - 500°C specimen is Sshown in Figure 115.
The larger voids in this section were severely truncated and possibly somewhat enlarged but
the specimen is thin enough to show the dislocation structure, the presence of a few precipi-
tates and the association of -some voids with these precipitates. The precipitates do not
appear to have grown apprecieb]y during the ion bombardment. The mean diameter of the void-
population;'void density and swelling are summarized in Table 34 and compared with the )
results from the previous study; Inspection of these resu]fs shows that voids of rather c
large sizes are observed at Tow doses, these voids tend to grow to doses up to 150 dpa and

then new voids appear which increase the void density and may or may not decrease the mean
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FIGURE 115. Micrograph of"specimen of HT-9 ion bombarded to 400 dpa at 500°C showing
' dislocation structure precipitates and voids in a thin section of the specimen.
Note the frequent association between precipitates and voids.




TABLE 34
SUMMARY OF VOID OBSERVATIONS ON HT-9

Temp. ,

°C dpa d (nm) oy (cm=3) AV/Y (2)
500 40 58 1.0 x 1013 15
500 80 58 1.8 x 1013 22
500 400 154 2.7 x 1013 7.5
550 80 70 3.3 x 103 .90
550 150 99 1.8 x 1013 1.4
550 250 76 6.5 x 1013 2.3
500* 40 92 1.9 x 1013 1.2
500% 30 106 1.7 x 1013 1.8
500* 150 17 3.3 x 1013 3.7
500*% 250 142 2.4 x 1013 4.7
550% 150 76 1.7 x 10t3 0.7

* Data from previous study with aging at
780°C for 2-1/2 hours (1)

void size. The swelling increases continuously with dose as shown in Figure 116 for both the
modified heat treatment at 500 and 550°C and the original heat treatment. It appears that the
modified heat treatment is effective in reducing swelling up to 80 dpa but thereafter swelling
occurs at approximately the same rate as observed in the stock material. Swelling is notice-
ably more uniform from one area of the specimen to another than in the previous experiment on
stock material and standard error limits of +30% are indicated by the error bars on the graph.
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FIGURE 116. The dose dependence of swelling in HT-9 for the modified heat treatment (temper
4 hours at 650°C) is compared with the stock heat treatment (temper 2-1/2 hours
at 780°C) at the peak swelling temperature of 500°C. The dose dependence of G
swelling at 550°C is also shown for the modified heat treatment.
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It 1is concluded that the modification in heat treatment was partially successful in
reducing precipitation and the early onset of swelling resulting from void formation in
association with these precipitates. If HT-9 is selected for further study as a candidate
duct alloy it would appear profitable to explore the effect of reducing the carbon content
(with suitable modifications in the solution anneal temperature to avoid formation of §

ferrite).
9.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

Specimens of HT-9 jrradiated in B-113 will be received from HEDL for the purpose of ion
bombardment of the preconditioned specimens.
9.5 REFERENCES

1. Smidt, F. A., Jr., Malmberg, P. R., Sprague, J. A., and Westmoreland, J. E.,
"Swelling Behavior of Commercial Ferritic Alloys, EM-12 and HT-9 as Assessed by Ion
Bombardment," TC-160-9 (4-6/1976), pp. 249-260.

2. Smidt, F. A., Jr., "Optfmization of Heat Treatment of HT-9," TC-160-7 (10-12/1975),
pp. 19-23.
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10. OPTIMIZATION OF CANDIDATE ALLOY COMPOSITIONS

: J. J. Laidler and M, K. Korenko
Hanford Engineering Development Laboratory

10.1 OBJECTIVE

The objective of this work is to provide a base of alloy perfqrmance data which can be
used as guidance in optimization of developmental alloy compositions for Phase I testing in

FFTF.
10.2  SUMMARY

Evé]uation of the characteristics of the Series A, B and C modifications to the
candidate developmental alloys is in progress, with the aim of identifying those compositional
modifications which are appropriate for the first series of advanced alloy tests in FFTF.  Ex-
perimentation to date has been limited to thermal aging and short-term stress-rupture tests,
since these data will be relied upon for initial guidance in developing ordering specifi-
cations. The results obtained to this point suggest that minor modifications to alloys D9,

. D11, D21 and D25 would be beneficial to overall alioy performance, the modifications being
directed primarily to improvements in phase stability.

10.3 ACCOMPLISHMENTS AND STATUS
10.3.1 Introduction '

The long lead times involved in fabrication of fuel assemb]y components and
unfueled test specimens for testing in FFTF Cycle 1 require that preparation of test materials
begin in the near future. The procurement of small (25Q kg) heats for production of tubing
to be used in Cyc1e 1 MOTA and fuel tests must be initiated in June, 1977. Af that time, the
a11oys under active consideration will be narrowed from the present sixteen candidate alloys
to ten alloys showing greatest bromise, these ten alloys to be known as the "leading candidate
alloys." The leading caqpidate alloys will be processed to the point at which cladding bars A
are available for initiation of tube-drawing procedures. At that time, in February, 1978, a
major programmatic milestone will be reached: six "prime candidate" alloys will be chosen
from among the leading candidate alloys, and these six alloys will be sent through the tubing
fabrication process. All six prime candidate alloys are intended for initial MOTA testing,
but a further reduction of the number of alloys will take place in March, 1979, when the
three "select" alloys are chosen. Initial fuel assembly tests will be limited to the select
alloys.

.The alloy fabrication schedule is thus such that there are 'two near-term
requirements (in June, 1977 and February, 1978) to specify alloy compositions, and the
dec{sions made at those times will impaét the advanced alloy FFTF test program through the
first six to eight reactor cycles. Those candidate commercial alloys which are selected for
further investigation will be prepared according to ASME composition specifications. The
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developmental alloy compositions, on the other hand, are not considered to be absolutely fixed
at this time and significant performance improvements may be possible by making minor compo-
sitioﬁ adjustments. To facilitate these compositional optimizations, three series (A, B and
C) of modified developmental alloys have been prepared and are under test. This report
describes the status of studies being conducted with modified alloys. '

10.3.2 Solid Solution Alloys

The compositions of the solid solution alloys from Series A, B and C are shown
in Table 35; compositions of the corresponding candidate commercial (AISI 310, 330) and
developmental (D9, D11) alloys are shown for comparison.

Thermal aging studies of the candidate alloys D9 and D11 have been conducted to
evaluate phase stability in these materials. Figure 117 illustrates the change in micro-
structure observed after aging for 1,000 hours at 700°C. The precipitate phase has been
identified(]) as a Laves phase; the presence of such phases is usually considered detrimental
to mechanical properties since the precipitates are incoherent and brittle. Furthermore, -
Laves precipitation tends to deplete the matrix of essential strengthening elements. Recent
postirradiation examination(z) of the experimental alloy E75, which is only slightly richer
in molybdenum than alloy D11, revealed that the Laves phase precipitates are surrounded by a
shell of high-swelling matrix region. Thus, the elimination of this phase instability should
improve both the mechanical properties and swelling resistance of alloys D9 and D11. Based
on experience with 316 stainless steels, for which it is found(3) that increasing tendency
for sigma phase formation is associated with reduced incubation period for the onset of steady-
state swelling, it also appears desirable to reduce such tendencies in alloys of this class,

particularly alloy D9.

Modifications to alloy D9 are included in the Series C alloy group (see Table
35), and are intended to ameliorate the D9 phase instabilities illustrated previously. The
D9 Series C alloys are presently being fabricated, and aging studies will pe initiated in the
near future. An important adjunct to the Series C, D9 modifications is the MV-III alloy
series(4), currently under irradiation in EBR-II as the AA-XI irradiation test. Long-term
aging studies of the MV-III alloys are currently in progress, and the results of these
studies should prove useful in setting the D9 composition.

The Series B modification to alloy D11, D11-B1, was designed to suppress Laves
phase precipitation. Figure 118 shows the results of aging alloy D11-B1 for 1,000 hours at
700°C; upon comparison with the D11 aging response shown in Figure 117, it can be seen that
the alloy stability has been markedly improved. The B1 modification also has a beneficial
effect on mechanical properties, as indicated by short-time uniaxial creep-rupture tests.
The 100 hour/650°C rupture stress of 25% cold-worked D11-B1 is 276 MPa, as compared with 245
MPa for alloy D11 (25% cold-worked) and 241 MPa for 20% cold-worked X-lot (first-core steel)
316 stainless steel. A further advantage of the D11-B1 modification is the reduced neutron
absorption cross section afforded by the reduction in molybdenum content. Alloy D11-B1 is
currently under irradiation in EBR-II as bart of the AA-XII test.

The Series A alloy group represents wider departures from the D9 composition,
and was designed to suppress sigma phase formation as well as to explore new strengthening
mechanisms. Alloys MD1 through MD5, representative structures of which are shown in

-177-




-8L1-

TABLE 35
COMPOSITIONS™ OF SOLID SOLUTION ALLOYS

Alloy Series Designation - Fe Ni Cr Mo W Nb v Si Mn Zr .| Ti Al c B
AISI 316 Bal | 13.5 | 17.5 { 2.5 | - - - 0.6 |1.75 | - - - 0.05 |<0.001
Commercial AISI 310 Bal 21.0 | 25.0 - - - - - 2.0 - - - 0.1 -
“AISI 330 Bal | 35.0 | 19.0 | - - - - 1.25 { 1.5 - - 0.05
D9 Bal | 14.5 {14.5 | 2.0 - - - 1.0 | 2.0 |0.05 |0.23| - 0.05 -
Developmental | pyy Bal | 20.2 | 7.8 |3.07 | - - - | oer |1s | C 024 | - {o0.086]| -
MD1 Bal | 14.0 | 7.5 | 2.0 [0.1 | 0. 1.0 [ 1.0 jo.0s | 0.25 ] 0.05| 0.05 | 0.005
MD2 Bal | 14.0 | 7.5 | 2.0 0.1 [ 0.9 - 1.0 |1.0 |o0.05 | 0.25 | 0.05 | 0.09 '} 0.005
MD3 Bal | 14.0 | 7.5 | 2.0 | 0.1 | 0.1 1.0 {1.0 |0.05 { 0.5 |[0.5 |0.05 | 0.005
MD4 Bal | 14.0 | 7.5 | 2.0 |0.1 | 0.1 - 1.0 1.0 lo.05 | 1.0 { 1.0 | 0.05 | 0.005
Series A MD5 Bal | 14.0 | 7.5 | 2.0 | 0. - 0.9 |10 |[1.0 [0.05 | 0.25|0.05]|0.09 | 0.005
MD6 gal | 14.0 [12.0 {2.0 [0.1 [0 - 1.0 {1.0 |o0.05 | 0.25 | 0.05 { 0.05 | 0.005
MD7 Bal | 14.0 {12.0 | 2.0 |0.1 | 0.9 - 1.0 |1.0 lo.05 | 0.25 | 0.05 | 0.09 | 0.005
MD8 Bal | 14.0 | 12.0 | 2.0 | 0.1 | 0.1 - 1.0 {1.0 |o0.05 | 0.5 | 0.5 }0.05 | 0.005
MD9 : Bal | 14.0 | 12.0 | 2.0 | 0.1 | 0. - 10 |1.0 lo.05 | 1.0 | 1.0 | 0.05 | 0.005
MD1O . Bal | 14.0 | 12.0 | 2.0 | 0. - 0.9 1.0 |1.0 |0.05 | 0.25| 0.05} 0.09 | 0.005
Series B D11-B1 Bal | 20.0 | 7.5 | 1.5 - - - 0.8 [1.5 |o0.05 |o0.25]| - 0.05 | 0.005
D9-C1 Bal | 15.5 | 13.5 | 1.5 - - - 1.0 (2.0 lo.05 |0.23| - 0.04 -
D9-C2 Bal | 14.5 | 14.5 | 1.5 - - 0.9 | 2.0 - 0.3 - 0.05 ‘| <0.002
Ser 09-C3 Bal | 14.5 {14.5 | 1.0 - 0.9 | 2.0 - 0.3 - 0.05 |<0.002
eries C D9-C4 Bal | 14.5 | 14.5 |0 - - 0.9 |2.0 - 0.3 - 0.05 |<0.002
D9-C5 Bal | 14.5 | 14.5 | 1.0 - - 0.9 |2.0 - 0.45 | - 0.05 - | <0.002
D9-C6 - Bal | 14.5 | 14.5 | 1.0 - - - 0.9 |{2.0 - 0.3 - 0.025 | <0.002
D9-C7 Bal | 14.5 | 14.5 | 1.0 - - 0.7 |2.0 - 0.3 - 0.025 |<0.002

*
Compositions in weight percent
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FIGURE 120. Precipitation induced by high titanium and aluminum in the
Tow chromium-low nickel austenitic alloys.
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Alloy MD24, as illustrated in Figure 122, is an example of an attempt at
niobium strengthening of a hidh—nicke] solid solution alloy. This alloy contains a balanced
distribution of solid solution strengthening agents and is potentially both swelling resistant
and moderately strong. A solid solution alloy in the higher nickel range was originally
thought to warrant attention, since it would be stable, Tow-swelling and capable of significant
solution strengthening. The strength improvements necessary to offset the higher neutron
absorption cross section were not attainable, however, precluding any further emphasis on

such alloys.

10.3.3 y' Strengthened Alloys

The compositions of the Series A, B and C gamma-prime strengthened alloys are
shown in Table 36, with the candidate commercial (A-286, M-813, Nimonic PE16) and developmental
(D21, D25, D66, D42) alloys listed for comparison.

The Series A alloys in this general class were designed with the primary purpose
of determining the optimum concentrations of titanium and aluminum. The effect of increasing
titanium and aluminum on the Tow nickel-low chromium austenitic alloys is illustrated in
Figure 123. As the Ti/Al content varies from 2.0/1.0 to 3.0/1.5 to 3.0/2.5 in alloys MD11,
MD12 and MD13, respectively, the grain size decreases and the amount of detrimental phase in-
creases. Transmission electron microscopy confirmed that v' was present in all three alloys;
thus, the nickel content of this alloy class could be lowered to 20 percent and still utilize
v' strengthening. The secondary phases present were not identified quantitatively; however,
subsequent work on similar alloys illustrates that the three percent molybdenum level is too
high and induces Laves phase formation. The smaller :intergranular precipitates appear to be
B phase, based on the effects of aluminum on simi]ar‘Fe-20N1-1ZCr button heats studied earlier
by INCO/HEDL. The decrease in grain size is due to decreased grain boundary mobility arising
from precipitate pinning. This view is supported by the irregular nature of the grain
boundaries in the high (Ti+A1) alloy. Trends similar to that illustrated in Figure 122 were

observed over the composition range from 20 to 30 percent nickel. Alloys with higher nickel
contents, in the range of 35 to-45 percent, can tolerate much higher Ti+Al levels without

phase instabilities; however, fabricability and weldability are degraded.

In general, the three percent molybdenum addition is high for this class of
materials. When the molybdenum content .is lowered to_one percent in combination with
additions of vanadium and niobium, théiresu]t_is the: production of large blocky carbides as
illustrated in Figure 124. Thus, the effect of vanadium and niobium additions in the presence
of carbon is almost identical for y' strengthened or solid-solution alloys (compare Figures
124 and 121). Electron microprobe analysis was performed on alloy D25-B5 to assess the dis-
tribution of the alloying additions. The results, summarized in Figure 125, illustrate that
Fe, Ni, Cr, Mo and Al are homogeneously distributed in the matrix. The bulk of the Ti is
concentrated in precipitates, presumably carbonitrides. Molybdenum tends to concentrate in
the titanium-rich precipitates, while the precipitates are depleted of Fe, Ni and Cr. This
behavior is similar to that observed in the solid solution alloys. The large aluminum
additions had no overriding influence on the basic compound formation. There appears to be a
definite reaction sequence in which the first two sets of reactions dictated by the thermo-
dynamics(G) are oxide and carbide formation, respectively. The remaining active residual
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FIGURE 122. The effect of niobium additions on a high-nickel solid
solution strengthened alloy, MD24.
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TABLE 36 v
COMPOSITIONS™ OF v'-STRENGTHENED ALLOYS

-L(8l-

Alloy Series | Designation Fe CNi- Cr Mo Si Mn Ir Ti Al B Other

A-286 Bal | 25.0 | 15.0 | 1.25 | 0.65 | 1.6 - |25 | 0.2 | o0.04{ 0.005
Commercial M-813 Bal | 35.0 | 18.0 | 4.0 - - 0.10 | 2.25 | 1.4 | 0.08 | 0.005

Nimonic PE16 | Bal | 43.5 | 16.5 | 3.3 | 0.15 | 0.1 : 1.2 | 1.2 | o.05 | 0.010

D21 Bal [24.9 | 84 (1.0 | 1.0 | 1.0 - |3.3 | 1.7 | o.08 | 0.0005

D25 Bal | 30.1 | 10.5 | 3.7 1.0 | 1.0 | 0.007{1.8 | 1.3 | 0.04 | 0.0007
Developmental | pee Bal | 45.0 | 12.0| 3.3 | 0.5 | - 0.05 | 2.5 | 2.5 | 0.03 | 0.005

D42 Bal | 60.0 | 15.0 | 5.0 | 0.5 | - 0.03 |1.5 | 1.5 | 0.03]0.01 |1.5Nb

MD11 Bal |20.0 | 7.5/30 | 05 |10 | 0.06 2.0 | 1.0 0.05] 0.005

MD12 Bal |20.0 | 7.5|3.0 | 0.5 |1.0 | 0.06 [3.0 | 1.5 | 0.05] 0.005

MD13 Bal | 200 | 75|30 | 05 [1.0 | 0.05 |3.0 | 2.5 | 0.05 | 0.005

MD14 Bal |25.0 | 7.5|3.0 | 0.5 [1.0 | 0.05 3.0 | 1.5 | 0.05] 0.005

MD15 Bal |25.0 | 7.5/3.0 | 0.5 |1.0 | 0.05 [3.0 | 2.0 | 0.05 | 0.005

MD16 Bal |[25.0 | 7.5]3.0 | 0.5 [1.0 | 0.05 |30 | 2.5 | 0.05] 0.005

MD17 Bal |25.0 | 7.5{30 | 05 {1.0 | 0.06 3.0 | 3.0 0.05] 0.005

MD18 Bal |25.0 | 7.5|1.0 | 0.5 |1.0 | 0.05 [3.0 | 1.5 | 0.05]| 0.005 | 0.5V

MD19 Bal [30.0| 75]1.0 | 0.5 |1.0 | 0.056 3.0 | 1.5 | 0.05]| 0.005 |1.0nb
Series A MD20 Bal [30.0 | 7.5]1.0 | 0.1 |1.0 | 0.05 2.0 | 1.0 | 0.05]| 0.005 | 0.5V, 0.5Nb.

MD21 Bal |35.0 | 10.0|3.0 | 0.5 |1.0 | 0.05 |2.0 | 1.5 | 0.05 | 0.005

MD22 Bal | 35.0 | 10.0]3.0 | 0.5 {1.0 | 0.05 |25 | 2.0 | 0.05 | 0.005

MD23 Bal |'35.0 | 10.0]3.0 | 0.5 |[1.0 | 0.05 |3.0 2.0 | 0.05 | 0.005

MD24 Bal |40.0 | 12.0 4.0 0.5 (1.0 | 0.05 |0.2 | 0.1 | 0.05 | 0.005

- | mp28 Bal |45.0 | 12.0 | 3.0 | 0.5 | - 0.05 {3.0 | 3.0 | 0.03 | 0.005

MD29 Bal |45.0 | 12.0 |33 | 0.5 | - 0.05 2.5 | 2.5 | 0.03 | 0.005

MD30 Bal |45.0 | 12.0 [ 3.0 | 0.5 | - 0.05 |2.5 | 1.6 | 0.03 | 0.005

D21-B1 Bal |25.0 | 75010 (0.3 0.2 | 0.06 3.3 | 1.7 | 0.05 | 0.005

D21-B2 Bal |25.0 | 7.5 |10 | 0.3 |o.2 | 0.05 |3.9 | 2.2 | 0.05 | 0.005

D21-B3 Bal [25.0 | 7.5 |10 | 0.3 |02 | 0.056 {4.8 | 2.7 | 0.05 | 0.005
Series B -

D25-B1 Bal | 30.0 [ 1057 1.0 | 0.3 0.2 | 0.06 |1.8 | 1.3 | 0.05 | 0.005

D25-B2 Bal [30.0 | 7.5 1.0 { 0.3 fo.2 | 0.05 |3.3 | 1.7 | 0.05 | 0.005

D25-B3 Bal |30.0 | 7.5 1.0 | 0.3 |0.2 | 0.05 |3.9 | 2.2 | 0.05 | 0.005

D25-B4 Bal |[30.0 | 75| 1.0 | 0.3 |0.2 | 0.05 |48 | 2.7 | 0.05 | 0.005

D25-B5 Bal [35.0 | 75| 2.0 | 0.3 |o0.2 | 0.05 3.3 | 1.7 | 0.05 | 0.005

*
Compositions in weight percent
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TABLE 36. COMPOSITIONS™ OF v'-STRENGTHENED ALLOYS (Continued)

Alloy Series Designation Fe Ni Cr Mo Si Mn Ir Ti |. Al C B Other
Series B D66-81 Bal 40.0 7.5 1.0 0.3 0.2 0.05 { 3.9 2.2 0.05 0.005
{Cont'd) D66-B2 Bal 45.0 7.5 1.0 0.3 0.2 0.05 | 3.9 2.2 0.05 ] 0.005
D66-B3 Bal 45.0 7.5 1.0 0.3 0.2 0.05 | 4.8 2.7 0.05| 0.005
D66-B4 Bat 45.0 7.5 3.0 0.3 0.2 0.05 | 3.9 2.2 0.05 ] 0.005
D66-B5 Bal 45.0 | 12.0 3.0 0.3 0.2 0.05 | 3.9 {-2.2 0.05 | 0.005
D21-C1 Bal 25.0 7.5 1.0 1.0 0.2 0.05 | 3.3 1.7 0.05 | 0.005
D21-C2 Bal 25.0 7.5 1.0 - 0.2 0.05 | 3.3 1.7 0.05| 0.005 % 0.2 Sc
D21-C3 Bal 25.0 7.5 1.0 - 0.2 0.05 | 3.3 1.7 0.05| 0.005 | 0.2 Y
D21-C4 Bal 25.0 7.5 1.0 - 0.2 0.05 | 3.3 1.7 0.05 | 0.005 | 0.2 Hf
D21-C5 Bal 25.0 7.5 1.0 - 0.2 0.05 | 3.3 1.7 0.05| 0.005 | 0.2 La
D21-C6 Bal 25.0 7.5 1.0 1.0 0.2 0.05 | 3.3 1.7 0.05 1| 0.005 | 0.2 Sc
D21-C7 Bal 25.0 7.5 1.0 1.0 0.2 0.05 | 3.3 1.7 0.05)] 0.005 ) 0.2Y
D21-C8 Bal 25.0 7.5 1.0 1.0 0.2 0.05 | 3.3 1.7 0.05| 0.005 | 0.2 Hf
D21-C9 Bal 25.0 | .7.5 1.0 1.0 0.2 0.05 | 3.3 1.7 0.05| 0.005 | 0.2 La
D21-C10 Bal 25.0 | 15.0 1.2 1.0 1.6 0.05 | 2.1 0.8 0.04 } 0.005
D25-C1 Bal 30.0 5.0 1.0 0.3 0.2 0.05 | 3.9 2.2 0.05 | 0.005
D25-C2 Bal 35.0 7.5 1.0 0.3 0.2 0.05 | 3.9 2.2 0.05 | 0.005
D25-C3 Bal 35.0 7.5 1.0 0.3 0.2 0.05 | 3.3 1.7 0.05 | 0.005
Series C D25-C4 Bal 30.0 | 10.5 1.0 0.7 0.2 0.05 | 1.8 1.3 0.05 | 0.005
D25-C5 Bal 30.0 | 10.5 1.0 0.3 0.2 0.05 | 3.3 1.7 0.05 | 0.005
D25-C6 Bal 35.0 | 18.0 4.0 1.0 - 0.10 | 2.2 1.4 0.08 | 0.005
D66-C1 Bal 40.0 7.5 1.0 0.3 0.2 0.05 | 3.3 1.7 0.05 | 0.005
D66-C2 Bal 45,0 7.5 1.0 0.3 0.2 0.05 | 3.3 1.7 0.05 | 0.005
D66-C3 Bal 45.0 | 10.5 3.0 0.7 0.2 0.05 | 3.3 1.7 0.05 | 0.005
D66-C4 Bal 40.0 | 10.5 2.0 0.5 0.2 0.05 | 3.3 1.7 0.03 | 0.005
D66-C5 Bal 43.5 1 16.5 3.3 1.0 0.1 0.05 | 1.2 1.2 0.05 | 0.003
D42-C1 Bal 60.0 | 15.0 5.0 | 0.5 0.2 0.05 | 1.5 1.5 0.03 | 0.005 | 1.5 Nb

*
Compositions in weight percent




MD13

FIGURE 123. The effect of increasing fhefTi+A1 content in Fe-7.5Cr-20Ni
alloys. Alloys MD11, MD12 and MD13 contain Ti/Al contents of
2.0/1.0, 3.0/1.5 and 3.0/2.5, respectively.
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FIGURE 125. Electron microprobe scan of inclusions in v' strengthened
alloy D25-B5.
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elements represent a small “unbound" fraction of the original additions. The interactions

(7)

very sensitive to heat-to-heat variations and processing variables. These mechanisms offer

of these active elements in-dynamic microcomp]exes(G) and solute flows are potentially
a possible explanation of the controlling factors for swelling resistance and y'

redistribution.

Although simulation experiments have shown the alloys D21, D25 and D66 to be
highly resistant to swelling, all three alloys have known shortcomings which can be alieviated
substantially by minor compositional modifications. Alloys D21 and D25 exhibit phase insta-
bilities by virtue of precipitation of Laves and G phases(g), and do not possess the
mechanical strength achievable within this alloy class. Fabrication and welding of alloy D66
has proven to be very difficult, due in large part to its high aluminum content. The Series
B modifications to D21, D25 and D66 were designed to circumvent phase instabilities and to
determine the upper limits of Ti and Al content, while the Series C versions of D66 were
directed to the fabricability problem. The Series C modifications to alloy D21 include alloys
intended to survey alternatives to silicon additions, in the event that silicon proves in the
long run to be detrimental in some alloy performance aspects such as fuel compatibility or
mass transport. Scandium, yttrium, hafnium and lanthanum additions were selected for study,

since these elements are most likely to form chemically active comp1exes(6).

In the determination of the optimum Ti and Al levels there is a trade-off
between strength and fabricability. During the production of the Series B specimens for the
AA-XII reactor test, it was possible to assess the relative fabricability of a wide range of
compositions. The alloys with highest (Ti+Al1) content, such as D21-B3 and D25-B3, were the
most difficult to roll. Alloy fabrication was possible to levels as high as 4.8 titanium and
2.7 aluminum; however, the transition from easy to difficult fabrication is between (3.3 to
3.9) Ti and (1.7 to 2.2) Al. Since tube fabrication is nominally a more difficult process
than rolling, the optimum 1imit appears to be near 3.3 Ti and 1.7 A1. On an atom fraction
basis, this is equivalent to a Ti:Al ratio of 1.09 and a (Ti+Al) content of 7.3%. This ratio
is near the optimum, but this material still has a potential for strengthening by increasing
the Ti to Al ratio. Materials for LMFBR applications are more restricteq on the upper limit
of this ratio than are superalloys for non-nuclear applications, since increasing the Ti/Al
ratio leads to phase instabilities such as eta-phase precipitation during irradiation.

Phase extraction analyses and transmission microscopy confirm that the D21-B]
and D25-B2 modifications have eliminated the Laves and G phases observed in alloys D21 and
D25. Alloys D21-B1 and D25-B2 contain only y' and carbides. Figure 126 illustrates that
alloy D21-B1 has the potential for development, under certain heat treatment schedules, of
a cellular v' structure which is typically nucleated at grain boundaries.

Stress rupture testing of alloys D21-Bl, D21-B2, D25-B1 and D25-B2 confirmed
the anticipated improvement in strength of the Series B alloys over the candidate materials
D21 and D25. A 10 to 15 percent increase in 100-hour 650°C rupture strength was achieved by
a combination of reduced phase instabilities and increased v' volume fraction. The
1M0-0.351-3.3Ti-1.7A1 level is preferable for both the 25 and 30 percent nickel alloys. The
10.5 Cr alloy is approximately ten percent stronger than the 7.5 Cr alloy in the 30 percent
nickel range. Thus, at this nickel content, the 10.5 Cr level is preferred to achieve the
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FIGURE 126. Gamma prime precipitation in alloy D21-B1.
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full strength capabilities. Increasing the chromium content generally decreases the Ti and
Al matrix solubilities, thereby. increasing the volume fraction of the y' strengthening phase.

The Series B alloys are presently under irradiation in the EBR-II irradiation
test AA-XII. The follow-on EBR-II test containing the Series C ailoys, AA-VI, is now under
construction and is scheduled for Run 89 insertion.

10.3.4 ~'/y" Strengthened Alloys

The compositions of the Series B and C alloys of the v'/y" strengthened class
are shown in Table 37, together with those of the counterpart commercial (Inconel 706, Inconel
718) and developmental (D68) alloys.

Alloy D68 was selected after considerable study(g) as the candidate
developmental alloy of this class of materials. The 100 hour/650°C‘rupture strength of alloy
D68 is approximately five percent lTower than that of Inconel 706, presumably because of the
lower chromium content. This material, however, does swell a factor of two less than its
commercial counterpart under 1 MeV electron irradiation. The microstructural behavior of
a]]dys of this type is critically dependent upon the Nb, Ti and Al levels. For example, it
is not possible to produce v" in these composition ranges if the alloy contains more than
0.5% aluminum. ATloy MD27, one of the first attempts at establishing the composition range
for D68, exemplifies the potential for phase instability if the proper balance of alloy

constituents is not maintained, as seen in Figure 127.

The developmental effort in the D68 class of alloys was continued in order to
discover the lower level of nickel content for this alloy class and to design an alloy which
can be treated to produce the "envé]ope structure". This morphology, which consists of an
envelope of y" phase completely covering the v' precipitates, has the advantage of an increased
resistance to overaging. This structure should mitigate against degradation of in-reactor

mechanical strength.

In alloy D68, the y' phase precipitates prior to y", which is a necessary but
not sufficient condition for the production of the envelope structure. Alloy D68-B1 was con-
structed to increase the time between the TTT curves for the y' and v" phases by increasing
the (Ti+A1)/Nb ratio. Transmission microscopy analysis of aged D68-B1 confirms .that this time
was increased from approximately one-half hour to 24 hours, yet the enve]dpe structure was
still not obtained. As Figure 128 reveals, however, there is a definite tendency for y'/y"
association in this material. Alloys D68-B3 and D68-B4 contain additions of molybdenum to
increase the lattice mismatch between the austenite and the gamma prime phase. The lattice
strains developed around the vy’ should-enhance the precipitation of the y" due to the
tetragonality of the latter structure.

The principal drawback of the Inconel 706/D68 type of alloys is their
relatively high neutron absorption cross-section. Although the high strength and Tow
swelling of these alloys are expected to completely overshadow this disadvantage, thefe is
still a strong incentive to reduce the neutron absorption cross-section via alloying optimi-

.zation. Alloys D68-B2 and D68-B5 were designed to discover the lower 1imit of nickel content
for this alloy class. TEM examination of the first of these alloys reveals the presence of
both the v' and vy" phases, so the nickel content of y" strengthened alloys can be decreased
at least to 37 percent. Stress rupture testing of D68-B2 confirms that the strength level of
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TABLE 37
COMPOSITIONS* OF v'/v"-STRENGTHENED ALLOYS

Alloy Series Designation Fe N1 Cr Mo Nb Si Mn Ir Ti Al C B Other

. Inconel 706 Bal 41.5] 16.0 - 2.9 0.18 1 0.18 - 1.75 0.2 0.03 -

Commercial Inconel 718 Bal | 52.5| 19.0 | 3.0| 5.1 | 0.18| 0.18| - | 0.9 | 0.5 | 0.04 -
Developmental D68 Bal 45.0| 12.0 - 3.6 0.4 0.26 | 0.05¢ 1.8 0.4 0.03 0.005
: MD25 Bal 37.0| 12.0 - 3.0 |- 0.5 - 0.05| 3.5 2.5 0.05 0.005
I Series A MD26 Bal 37.0| 12.0 - 3.0 0.5 - 0.05| 2.5 2.5 0.05 0.005
MD27 Bal 37.01 12.0 - 4.0 0.5 - 0.051 0.8 0.6 0.05 0.005
Series B » D68-B1 . Bal 45.0 12.0 - 3.0 0.3 0.2 0.051] 1.6 0.5 ; 0.03 0.005
Series C . D68-C1 Bal 37.0) 12.0 - 2.9 0.3 0.2 0.05 1.75 0.3 0.03 0.005
D68-C2 Bal 37.0} 12.0 2.0 2.9 0.5 0.2 0.05| 1.75 0.3 0.03 0.005
- D68-C3 . Bal 45.0{ 12.0 3.0 3.0 0.5 0.2 0.05| 1.6 0.5 | 0.03 0.005
D68-C4 Bal 3.0, 12.0 - 2.9 0.5 0.2 0.05| 1.7 0.3 i 0.03 0.005
D68-C5 ‘ Bal 39.04 16.0 - 2.9 0.45 1} 0.2 0.05¢ 1.75 0.2 ¢ 0.03 0.005

i

* .
Compositions in weight percent
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FIGURE 128. Bright field image of y' and y" in D68-B2.
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this alloy is identical to that of the candidate alloy D68; i.e., a 650°C/100 hour rupture
“stress of 586 MPa. These recent data were incorporated in the modified version of the Nb,
Ti, Al and Mo range figure for the y'/y" strengthened alloys shown in Figure 129. The 34 |
percent nickel alloy, N68-B5, will be investigated during the next reporting period.

Decreasing the nickel content also spreads the y' and v" TTT curves in alloy
D68-B1. Because of this increased TTT separation, the 37 percent nickel content may prove to
be an ideal level for molybdenum additions to increase the y/y' mismatch and thereby enhance
the envelope structure format%on. Alloy D68-B3 will be examined to assess the feasibility of

this concept.

A1l the intermediate nickel alloys employing v'/y" strengthening are expected
to be prone to transformation to delta or eta phases at temperatures in the range of 750 to
950°C. These phases usually nucleate in the grain boundaries, but nucleation at carbide pre-
cipitates (as shown in Figure 130) is also common. The thermomechanical treatment employed
for D68 and Inconel 706 was designed to precipitate delta in the grain boundaries. This
retards grain boundary sliding and increases the rupture strength. Recent postirradiation
examination of Inconel 718 reveals that the v' and v" are stable phases and do not decompose
during irradiation in the presence of delta phase.

10.3.5 Conclusions

The specification-of alloy compositions for ordering quantities of prime
candidate alloy tubing for Cycle 1 FFTF testing is subject to certain basic constraints,
primary among these being that the composition specified not be greatly different from that
of the initial candidate alloy composition. This is intended to ensure that there will be no
unexpected deviation of alloy properties from those determined through the EBR-II irradiation
testing phase. Potential alloy improvements jdentified in this and similar investigations
will be exp]oifed to an extent consistent with the programmatic constraints. Modifications
which fall outside these bounds must be de-emphasized in the near term and re-evaluated at a
1éter stage in the program when further daté are available and the opportunity exists for
further improvements to the primary alloy(s) and possible backup alloys.

Specific conclusions pertaining to near-term alloy modifications are as

fo]iows:

1. A reduction in the molybdenum content of alloy D11 leads to improved phase
stability and enhanced stress-rupture properties. The D11-B1 modification represents a
desirable adjustment tc the composition of this candidate alloy.

2. Gamma-prime precipitation strengthening of alloy D9 does not appear
‘ feasible, and further small additions of titanium and aluminum are expected to be deleterious
to the swelling resistance of this alloy.

3. The optimum titanium and aluminum concentrations for both alloys D21 and
D25 are approximately 3.3 Ti and 1.7 Al. These concentrétions afford the proper balance
between strength and ductility and do not Tead to phase instabilities. Those phase instabil-
ities which have been observed in D21 and D25 appear to be correctable by reductions in
molybdenum and/or silicon content. Slight increases in chromium content aiso are expected to.
be beneficial.

-198-




FIGURE 129.
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Further conclusions can be drawn regarding-the more long-term developmental
effort:

1. The nickel content of v'/y" strengthened alloys such as D68 can be lowered
to 37% without degradation of mechanical properties. The combination of reduced nickel
content and increased (Ti+A1):Nb ratio may make it possible to achieve the desired envelope
precipitate structure.

2. The fabricability of alloy D66 should be substantially improved by

increasing the titanium content and decreasing aluminum.
10.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

To facilitate the June 1977 selection of the leading candidate alloys, there must be an
intensive effort over the next two. reporting periods to define the optimum compositions.
This includes the postirradiation examination of the candidate alloys from the AA-I and AA-VII
reactor tests, phase stability tests, limited creep rupture testing and charged-particle
" irradiations of the most promising modified alloys.
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I. THEORY OF PARTICLE REDISTRIBUTION IN AN IRRADIATION ENVIRONMENT

M. Baron, A. Chang and M. L. Bleiberg
klestinghouse Advanced Reactors Division

1.1 OBJECTIVE

The objective of this work is to develop analytical methods for treating the behavior of

precipitation-strengthened alloys under irradiation.
1.2 SUMMARY

A new theory of particle redistribution in an irradiation environment is proposed based
on the physical ideas of Nelson et al. The theory is a natura1‘extension of the L-S-W

approach to thermal coarsening.

An equation governing the kinetic evolution of the particle size distribution is
derived. It is solved for the equilibrium {(i.e., displacement dose independent) distribution
and together with the conservation of solute, provides a theoretical characterization of the
equilibrium state. It is shown that due to solute resolution, the equilibrium state is
characterized by the existence of a maximum stable radius and an amount of solute in dynamic
solution which is in excess of the equilibrium thermal concentration for the irradiation
temperature. The equilibrium distribution has a universal form independent of the initial
aging treatment. It is shown that in order to simulate the kinetics of particle redistri-
bution of neutron irradiated materials at temperatures above 575°C, Simulation experiments

should be carried out at Tower temperatures than the neutron irradiation temperature.

Thé kinetics of the maximum particle size are discussed and it is shown that the
relaxation to the equilibrium value is exponential with displacement dose. The asymptotic
form of the time dependent partic]é size distribution is discussed using the dynamic scaling
hypothesis. It is proven that for such doses for which dynamic scaling holds, the relaxation
kinetics of the average particle size to the equilibrium value is also exponential with total
displacement dose.

1.3 ACCOMPLISHMENTS AND STATUS
1.3.1 Introduction

The stability of strengthening bhases in an irradiation environment is an important
(M that when

excess interstitials and vacancies are introduced by irradiation the diffusion of solute is

consideration in the development of alloys for use in LMFBRs. It is well known

enhanced. As a consequence, precipitation reactions as well as the redistribution of
equilibrium phases can be considerably accelerated. The nucleation and growth of particles
of minor phases during irradiation can lead to depletion of swelling 1nhib1tors(2 from solid
solution causing excessive accelerated swe]lihg. Furthermore, massive coarsening of precipi-

tates would lead to deterioration of mechanical properties(3).
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It is important to note that the data base documenting the effect of high fluence
fast neutron exposure on precipitation and redistribution of phases in structural materials is
limited. Thus simulation of neutron damage by heavy charged particle bombardment of structural
materials is often employed. For the simulation experiments to be a useful guide to the
effects of neutron irradiation, the precipitate morphologies obtained in the respective irradi-
ation environments must be correlated. This correlation is obtained by Qsing particle size
distributions and related quantities as a quantitative measure of irradiation effects.

As an aid for interpretation of experimgnté it is useful to have a kinetic theory
describing the temporal evolution of particle size distributions and related quantities such
as particle concentration, average radius and volume fraction of precipipate. The purpose of
this report is to provide such a thebry and to i]]uétréte its usefulness by applying it to the

case of in-reactor exposure of alloys strengthened by v' precipitates.

1.3.2 Mathematical Formulation

1.3.2.1 Diffusion Coefficient for Solute. In an irradiétiqn environment the

diffusion coefficient of solute may be defined as

7

D, = D,C, + D;C; . (1]

where Dv and Di are the vacancy and interstitial diffusion coefficients and Cv and Ci are the
steady state vacancy and interstitial concentrations. Equation [1] requires that solute be
able to migrate through the lattice both by interstitial as well as by vacancy mechanisms.

Under most irradiation conditions the build-up time toward steady state with
respect to interstitial and vacancy concentrations is $hort compared to the time of the '
experiment. Thus the steady state vacancy and interstjtia] concentrations may be calculated
by solving the two rate equations »

eff _
v

2 -
k,2D,C, + of,C.-K 0 [2]

eff
ki20,C5 + of Ci-KSTT = 0 [3]

‘where o is the recombination rate stf, K?ff are the effective defect prdduction rates for

“interstitials and vacancies respectively allowing for correlated I-V recombination following
co11apse of a cascade. Note that at a temperature at which the sinks present in the system,
namely'dislocations, precipitates and voids can emit vacancies the effective production rate
of vacancies differs from that of interstitials.

eff

f and Ki" " is the fact that cascade

_ Also contributing to the difference between k€
collapse Teads to a transient nucleation of vacancy loops 5) which modifies the effective
production rate of mobile vacancies capable of annihilation at other sinks. Furthermore
K?ff may differ from stf because of interstitial and or vacancy binding at impurities. - The
quantities kv2 and ki2 are the total sink strengths determined by the action of all the sinks

present in the system and are defined as in Reference 5.
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Solution of Equations [2] and [3] and substitution into Equation [1] yjelds the
following expression for the diffusion coefficient of solute

eff eff

Y v K.i B

DS = (_ + ) P (n,ﬁ,E) [4]
k 2 k.2

v 1

where the recombination function ¢(n,5,e) is defined as

2 1/2

o(n8.e) = gy (L0+en)2+]' /% 21+ sen) (5]
and
4aKieff , Kveff _ Kieff ) kiz'kvz
TTODERT T oS " K2k, ? el

The function ¢{n,6,c) is plotted in Figure 131(a) and 131(b) for a range of n values and for
selected values of 6 and . In Figures 132(a) and 132(b) the diffusion coefficient of solute
is plotted at several temperatures as a function of sink strength for dose rates character-
istic of heavy ion and neutron irradiations. Using the data shown in Figures 131(a), 131(b),
132(a) and 132(b) and the values of Dv and a/D, shown in Table 38, Arrhenius plots of D, were
constructed from Equation [4]. These are displayed in Figures 133(a) and 133(b). Also

shown in Figures 133(a) and 133(b} is a plot of the thermal diffusion coefficient of solute
in austenitic Fe-Cr-Ni alloys using Q = 2.9 eV and a pre-exponential factor of 0.37 cm?/

(]4). These figures show the relative radiation enhancement of the diffusion coefficient

sec
for typical neutron and Ni-ion irradiation conditions. As an important application of
Equation [4] the temperature shift for ion and neutron irradiations which is necessary for

simulation of precipitate behavior is calculated in Section 1.3.4.3 below.

1.3.2.2 Kinetic Equétions for Particle Size Distribution Function. A statistical

assembly of spherical particles having a range of sizes can be described by the prabability
dehsity'function f(R,t). This function is defined such that f(R,t)dR is the number of
particles per unit volume having radii between R and R+dR at time t. If f(R,t) can be
predicted, various observable quantities can be calculated. For example

N =/ £(R,t)dR
p
(0]

o«

‘/ R f(R,t)dR
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where Np is the number of particles per unit volume, R is the average radius of the
distribution and aV/V is the volume fraction of precipitate.

The kinetic development of f(R,t) is uniquely determined once the growth law for
individual particles of the distribution is known. In Appendix A we show that in a radia%i?n
6

environment the continuity equation for f(R,t) in size space is of the Fokker-Planck type
and may be written as

8
8

—+

= - g LR F] + 32 [<(aR2)>f] [8]

+

where <(AR)> is the rate at which a particle of radius R is growing (or shrinking) and
<(aR)?> is the rate at which the radius of a particle of radius R fluctuates due to the
irradiation. Note that in a thermal environment the second term is usually unnecessary since
the motion of a particle of radius R is strictly regu]ar(7) in dimension space. As the
fluctuations in particle radius are due to random diffusion of solute to and away from the
particle due to cascade damage, to a first order approximation it seems appropriate to set*

<(aR2)> = (320 [9]
and
b, :
<R = 5= Do) - [10]
p

where C; is the atomic fraction of solute in the precipitate, a(t) the supersaturation,

a = ZGQ/kBT C, is the Lifshitz Slyozov parameter where o is the surface energy, © the atomic
volume of solute in the matrix, kg is Boltzman's constant, T the temperature and C, is the
solubility 1imit of solute in the matrix at equilibrium.

To complete the theory the continuity equation has to be supplemented by the
(7)

conservation of solute which will be written as

- s 41 3 f£(R,t) dR 1
g = alt) + ¢S 4 [ R [1]
o]

where CS is the atomic fraction of solute above the solubility limit in the alloy, A(t) and
C; are the supersaturation in the matrix and the atomic fraction of solute in the precipitate.

The unkhown functions are f(R,t) and A(t). They must be determined by solving
the continuity equation in size space (Equation [8]) and the conservation condition (Equation
[11]) of solute. In this investigation the solution of the kinetic equations will be
presented for the equilibrium distribution and for displacement doses larger than the
nucleation dose, i.e., when the solute supersaturation has been essentially relieved. Thus

*See Appendix A
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the kinetic solutions apply when solute redistribution can be considered to take place at a
constant volume fraction. The case where the volume fraction is increasing due to nucleation
from solution requires a separate investigation. The equilibrium distribution is of course
universal and independent on whether the volume fraction was changing as equilibrium was

approached.

1.3.3 Solutions of the Kinetic Equations

1.3.3.1 Equilibrium Solutions. The equilibrium properties of precipitation

strengthened alloys under irradiation have been discussed by Nelson et al 8) (N-H-M). Based

on a particle growth law and the conservation of solute N-H-M arrive at some important con-
clusions. They predict that in an irradiation environment a constrained equilibrium state

will arise in which the enhanced diffusion of solute to particles and their subsequent growth
due to the enhanced diffusion rate will be balanced by the resolution rate of solute from the
particles into the solution due to cascade damage(B). As a consequence, the constrained
equilibrium state under irradiation will differ from the one attainable at the same temperature
in a thermal environment. The difference is in the appearance of a maximum particle size under
jrradiation at equilibrium. In a thermal environment, at equilibrium, there is of course no

maximum stable size, due to particle coarsening.

The existence of a maximum critical particle size under irradiation at equilibrium
is of considerable interest and importance with respect to the use of precipitation strength-
ened alloys in LMFBR. It implies that degradation of mechanical properties due to overaging
in reactor can be minimized if the maximum critical size at equilibrium can be kept Tow
enough, such that the particles still provide effective barriers at which dislocations can be
pinned.

Unfortunately, the theory proposed by N-H-M does not provide a sufficiently
detailed description of the kinetics of y' redistribution under thermal conditions (i.e., if
one sets the dose rate equal to zero in the N-H-M equations). Thus it is suspected that with
respect to v' redistribution under irradiation, it may be lacking in detail even though it
contains most of the important physical ideas. Equations [8] and [11] together with [9] and
[10] provide the necessary tools to describe both the constrained equilibrium as well as the
kinetics of particle redistribution in a radiation environment. In addition they reduce to

the thermal coarsening equations in the appropriate limit.

In constrained equilibrium in a radiation environment the set of equations to be

solved is
aY
162 /33, s D
777 LD T - 57 [%R (a,- 2F.1=0 [12]
CP
together with the boundary condition
¢®=a, + 4 cS /R3 f_(R)dR [13]
0

where f_(R) is the equilibrium distribution function and A is the equilibrium supersaturation
in dynamic solution. Note that in a radiation environment 4 does not have to vanish, although,
of course, in a thermal environment Ao_ = 0 at equilibrium. In order to solve Equation [12]
another boundary condition is needed, which states that f_(R) vanishes as R + 0 thus
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Tim f_(R) = 0 [14]
R~+0

Consideration of the fundamental solutions of Equation [12] in Appendix B proves
that in order to satisfy the solute conservation condition Equation [13] there must exist a
maximum radius R .. such that Tim f_(R) =0 and f_(R) = 0 for R 2 Rnax for otherwise f_(R)

R~>
will be exponentially divergent 2@3x R+ ®. It turns out that a solution which satisfies

Equation [12] and the boundary conditions Equations [13] and [14] can be written

0 1on [ |
1 a'a" a'x _ y(a'a" + 1, a' x)
'f'.°° X e [] Y(a"“' 3| N (1) 0<x<]

© 1—(1'0." CL'X *{(0."01.' + ] ulx)
]' n_T > T d
f (R) = o/ X e [ ‘Y(a a + ]9 a ) ] X []5]
0 , x21
. 2 A
where x = R , a" = -——E—Z—~ ,a' - _Emﬂi_iﬁ , a' = 2+a'a” [16]
Rmax Rmax o

BCS a

Note that o"a' = 2a/3c;a, is a parameter which is independent of R . or a_, v(a"a' + 1, a'x)
is the incomplete gamma function defined as

o X
n
‘Y(G“GI + ], alx) = / e-t ta o] dt
0

This function is discussed and tabulated in Reference 9.

Note too that in order to satisfy the boundary condition of Equation [14], the range of
variation of a"a' is limited by O<o'a'<l. The function Pa.(x) defined by

Logta" 'x y(a"a' + 1, a'x)
X e [] - (auar 1, al)]

Pa.(x) = ]

0 : » X21
-is a universal probability of distribution function normalized to unity, i.e, /Pa.(x)dx =1
depending on a single parameter o'. ) 0

Equation [16] and the condition'0<a'a"<] l1imit the parameter a' to the range
2<a'<3. The universal probability distribution Pa.(x) is plotted in Figure 134 for selected
values of a' in the allowable range. It is important to note that the probability distribu-
tion Pa.(x) does not contain any arbitrary adjustable parameters. If all necessary anciltlary
data for an alloy system are known then o'a" = 2a/3 c;a = 4cncw/3kac;a can be uniquely
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calculated. Once «'c" is known o' can be calculated from the relationship o' = 2+q'a". Thus
all parameters defining Pa.(x) are fixed by the ancillary data. The constant fi in Equation
[15] can now be expressed as a function of Rmax and the concentration of solute in dynamic
solution a, using [13] and [17] and is given by

s
o _ 3 (C”-Aw)
fo = 77 i (18]
C; R%ax /’x3 Poi{x) dx
0

With these results at hand the concentration of particles per unit volume, the average

radius and the volume fraction are given by

7 i 0 _ 3 (C5-8)
N, —/fw(R)dR = Roay T = 77 - (19]
-0 S p3 3
o RmaX/x P (x)dx
0
1
R =R, /x P+ (x)dx [20]
[¢]
AV (CPay)
p

Finally, to complete the description of the constrained equilibrium state one must determine

either R .. or A, since if one is known the other can be computed from Equation [16].

X
An independent relationship between Rmax and A, can be found using an argument
due to N-H-M. At equilibrium, the rate at which solute is drawn to the particle of maximum
size by diffusion must exactly equal the rate at which solute is forced back into the matrix

as a result of cascade damage for this particle. Otherwise, R would depend on time even

max
in equilibrium. Thus for RmaX the following condition must prevail

\

DS-Am ]

: (- 2 ) =K [22]
S R Aco

Cp Rmax max

where K is the displacement rate and y is the dissolution parameter introduced by N-H-M.
Using Equations [16] and condition [22] it can be shown that

- "
[ uK . B 3aDS _

V/ 3335 > “max WK

(23]

Ao = (3C;a+a)

Substitution of [23] into [19], [20] and [21] yields the directly measurable parameters as a

function of the ancillary data
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1.3.4 Discussion of Equilibrium Solutions ‘ . ;

1.3.4.1 Characterization of the Equilibrium State. These results imply that due
to solute resolution a new equilibrium state is set up by the irradiation (as predicted by
N-H-M). The complete characterization of this equilibrijum state is as follows.

1. Particle size distributions assume the universal form given by Equation.[17].

2. There exists a maximum stable particle radius given by
—_
/3aD : .
R = 2
max K - [23]

The average particle radius is given by

N

1

_ 3ab,
R = K fx Pa.(x)dx
0

3. The amount of solute remaining in dynamic solution is

bo = (353 ate) Jex
3aD [25"]
s

and the constrained equilibrium volume fraction

: K
¢® - [(3(‘.‘3J atw) /3—"’—8-]
Ay oG e v [21']
® cg C '

(%}

i

4. The total particle concentration per unit volume can be calculated from

[c® - (3¢; a%a) YK 4

3a'[!jS []9,]

©
8
=
w
&
=
—

x3 Pa,(x)dx

0

1.3.4.2 Kinetic Consequences. Inasmuch as all alloy systems would tend to
approach the constrained equilibrium state independent of their initial starting condition
some rather general statements can be made.

A. If the initial state of the alloys prior to jrradiation is characterized by a
coricentration of solute in 'solut‘ion which is higher than 4, {and as a consequence by a volume
fraction of precipitate phase which is lower than (AV/V)e] then during exposure to irradiation

- precipitate will increase]. This process will continue up to the point where the concentration

of solute in dynamic solution will be exactly equal to A. [and the volume fraction of

the concentration of solute in solution will decrease [correspondingly the volume fraction of g ;
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precipitate to (aV/V)w]. Subsequently only a redistribution of particle sizes will occur such
that the particle size distribution will assume the universal distribution predicted by
Equation [17]. Once the constrained equilibrium distribution is set up no further change
will occur. For that condition the maximum particle radius, the concentration of solute in
dynamic solution, the precipitate volume fraction and particle concentration can all be pre-
dicted from Equations [23'], [23"], [21'] and [19'].

B. If the initial state of the alloy prior to irradiation is characterized by a
concentration of solute in solution which is lower than A. [and as a consequence by a volume
fraction of precipitate which is higher than (AV/V)»] then during exposure to irradiation the
concentration of solute in solution will increase [correspondingly the volume fraction of
precipitate will decrease]. In this case too the system will eventually again relax to the
universal constrained equilibrium state.

Thus, depending on the initial state of the alloy in reference to the universal
constrained equﬁ]ibrium state, both particle growth as well as dissolution are possible.
N—H-M(B) report some observations on aged Ni-Al systems irradiated with Ni ions which conform
to possibility B. Potter, et al(]o, report the result of Ni ion irradiation on solution
annealed Ni-Al alloys which conform to possibility A. More specifically, however, Chang, et
al, showed experimental confirmation of these ideas in nickel jon bombardment and neutron

irradiated v'#1 al]oys(]5).

1.3.4.3 Application to Simulation Studies. Note that the maximum radius at
squi]ibrium as well as the amount of solute in dynamic solution depend only on the quantity
D /vK (Equations [23'] and [23"]). 1t follows that the condition to simulate the same

equilibrium state with neutron and charged particle irradiations is

o

Y
(%%) charged particle = ($§0 neutron . [24)]

In practice it is expected that a temperature shift in charged particle
irradiations will be necessary in order to force the validity of Equation [24]. Using some
simplifying assumptions, the temperature shift can be estimated as follows. In Equation [4]
assuming that € = § ¥ o then the values of Ds are as shown in Figures 132(a) for neutron and
132(b) for Ni-ions as described in Section 1.3.2.1 above.

The values of y neutron and ¥ charged particle can be estimated from the work of

(12), and Marwick(]3). The average energy transferred to the P-K-0 by a 1 MeV

Sigmund, et al
neutron in Fe-Ni-Cr alloys is about 40 keV whereas the average energy transferred to the
P-K-0 for a 4 MeV it jon is about 0.4 keV. The cascade size resulting from a neutron
collision involving the transfer of 40 keV is about 5 nm whereas the cascade size appropriate
for charged particle irradiations is about 1 nm. If it is assumed that y x cascade size,
appropriate approximate values for ¢ are v neutron = 4 nm, ¢ charged particle = 2 nm. N-H-M
use a v vatue of 10 nm which appears ‘to be too high for the v'#1 alloys. 1In Figure 135 the
quantity (BS/wK) is plotted for neutrons and charged pértic]es for (kv2) charged particle =
1010 and (kv?) neutron = 1011, 1In Figure 136 the temperature shift for charged particle
irradiations is plotted versus neutron irradiation temperature. Note that for the parameters
chosen, the shift is positive below about 575°C and negative above this temperature.
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Another. consequence to simulation studies is as fo]]ows In those systems where
swelling response is controlled by second phase particles one would expect simulation studies
to be conducted at a lower temperature than neutron irradiations since one must simulate
precipitate redistribution in order to simulate swelling response. This seems to occur in
alloy E48 where the temperature shift between ion bombardment and neutron irradiations is

()

negative

1.3.5 Time Depehdent Solutions

1.3.5.1 The Dynamic Scaling Hypothesis. The solution of Equation [8] subject to

arbitary initial conditions with the boundary condition [11] can in general be only achieved
by numerical means. However, asymptotic solutions to Equation [8] can be derived if one
assumes the dynamic scaling hypothesis to be valid. The dynamic scaling hypothesis is a
simple assumption regarding the asymptotic form of the distribution f(R,t) for high displace-
ment doses (i.e., long irradiation exposure times). Thus, it is postulated that the general

form of f(R,t) can be written in the scaled version ,

. L{t) h{x) x <1 ’
f(R,t) = : [25]
0 x>0
where L is a function of time alone and h depends only on x = R/Rmax(t) where Rmax(t) is the

maximum radius at time t. There are two necessary requirements to have solutions of the form
of Equation [25]. The first requirement is that the amount of solute in the precipitate phase

be large compared to the amount of solute in solution, i.e., the size redistribution occurring
under irradiation can be considered to occur at constant volume fraction. This assumption
shouid be valid both for solution annealed as well as aged alloys after the nucleation dose
has been considerably exceeded.

The second requirement for solutions of the form [25] is that the product R x(t)

A{t) be equal to a constant which is independent of irradiation dose.

Note that in the L-S-W theory in the asymptotic limit Rmax(t) a(t) = 3/2 o, i.e.,
the product of the maximum radius and the amount of excess solute in dynamic solution is
independent of time. as well as the diffusion coefficient. In an irradiation environment

R (t) alt) =R tew = 3c;a+a [26]

It is remarkable that Equation [26] is independent of any kinetic constants, such as the

diffusion coefficient or the displacement rate, although, me and A, depend on the irradiation

.parameters. In Table 38 the constant o is calculated at a tZ;perature of 600°C for experi-
mental alloy E42 containing v' precipitates (it is assumed that €” =20 at. % and a = 40 .
erg/cm?, a = 0.357 nm). It is seen that at 600°C o <3C§a Assuming Ao = 1 at. % it follows
~from Equation [26] that Rmax = 50 nm. If A = 2 at. %, then Rmax = 25 nm. In general, the
larger amount of solute which can be kept in dynamic solution, the smaller will be the Q

maximum size at equilibrium.
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TABLE 38 ,
ANCILLARY CONSTANTS FOR ALLOY E42

o = 40 erg/cm? a = 3.57A c5 = 25 at.4
Ce = 20 at.% a = _6A at 600°C
ala" =29 ¥ 5 o' = 2+a'a” = 2.5 at 600°C
3 ¢da
p
"

. . Q. rem? -
Dtherma] 37 exp kBT) [sec] Q=2.9ev
D. = .6 exp (- 2 [ Q=1.6eV

v o P kBT sec :
a 16 1
= =4 x 10" °[—]

0; _ cm?

It follows that the stability of y' precipitates will be enhanced if the
concentration of Ti.and Al in dynamic solution can be made to increase. A possible way to
increase the concentration of Ti and Al in dynamic solution is to add minor elements which
tend to form clustering reactions with Ti and Al atoms. Since Ti and Al are oversized atoms
in Fe-Cr-Ni matrices the addition of an undersized minor element such as Si could enhance v'

precipitate stability if Si can be kept in dynamic solution.

The construction of a solution of the form of Equation [25] is laborious and will
be presented in a subsequent report. Here the discussion‘w111 be centered on the kinetics of

the maximum particle radius.

The equation of motion for Rma is

X
4R iax Bs a
It = e [a(t) - ﬁ———(fy} - yK [27]
p "max max :

This equation can be easily integrated if A(t).Rmax(t) = B Ry One derives

-

(1-x_)

T+x 0 _ K
]n(m '("WX——)') - 2(X—XO) =2 R ® (t-to) [28]
0 max
where Kt0 is the displacement dose at which the dynamic scaling hypothesis first becomes valid
and
_ Rmax(t) _ Rmax(to)
XEReo o X ERe
max 0 max

Two limiting predictions of Equation [28] are obvious. First, note that if xo>1 then for

such displacement doses that x>1
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Rmax(¢) = Rmzx (o) - ¢(¢-¢0) (28']

(¢ denotes the displacement dose.)

Thus, if the maximum radius is plotted versus displacement dose the decrease in

the maximum radius will be Tinear and the slope of the curve will be the dissolution parameter _4

¥. Note that Equation [28'] is expected to be valid only in a limited djsp1acement dose range,
larger than ¢o,,but shorter than the saturation dose necessary to drive the system to
equilibrium.

Secondly note that if XO<<1 then for such displacement doses that X<i, expansion
of the Togarithmic term in Equation [28] up to third order yields

v

3 - 3 = ® 32 = n
Rmax(¢) Rmax(¢o) _3¢(Rmax) & = 9a DS t [28"]

Note the similarity between Equation [28"] and the analogous equation based on L-S-W theory

2 :
3 - 3 = ([}
Rmax(t) Rmax(to) 3 bt [28"*)

It should however be stressed that Equation [28"] has a validity only over a
limited displacement dose range whereas [28"'] is valid asymptotically for all time.

In Figures 137(a) and 137(b) the kinetics of the relaxation of Rmax(t) to its
equilibrium value is plotted versus displacement dose.

Note also that for such values of the displacement dose for which Rmax(t)
approaches Rmzx the relaxation to the equilibrium value is exponential with displacement dose.
- . . n oo
On the basis of Equation [28] it -can be shown that when Ruax ~ Rmax
Re - R ¢ R ]
R (0) =R® -2 ( max max { o)) exp 2 (1 - Rmax o))
max max Rmax * Rmax(&oygi Rmax
[29]

exp - (24 (0-0.)]
max
Whenever dynamic scaling holds it can be shown that the kinetics of the average
particle size are identical to the kinetics of the maximum size up to a time independent
proportionality constant. Thus, using [25]

0 1
fRf (r,t)dR : fu_h(u}du '
R=32 * Rpax(t) o1 (30
f (R,t) dR h{u)du
/ /
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The dose dependence of the maximum (or average) particle
radius in the dynamic scaling regime, illustrating particle
growth.
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FIGURE 137(b). The dose dependence of the maximum (or average) particle
radius in the dynamic scaling regime, illustrating solute

redistribution.
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Since the integrals appearing on the left hand side -of [30] are independent of

time one can write R = (const) R ___{t). Thus the displacement dose dependenée of Rmax is

identical to R.

max

It can further be shown that to first order the function h{(x) can be approximated
by fe(x) where fe is the equilibrium distribution. Thus in the asympotic regime formulas
[19] to [21] hold to a first approximation with Rma replaced by Rmax( ).

1.3.6 Conclusions

1. A new theory of particle size redistribution in an irradiation environment

is proposed based on the physical ideas of Nelson, et a1(8). The theory reduces to the

L—S—w(7) approach to coarsening in the 1imit of zero displacement rate.

2. A complete theoretical characterization of the equi11brihm state is provided
by the equilibrium particle size distribution function, the number of particles/cm3, the

average and the maximum radius.

3. It is shown that both particle growth as well as dissolution are possible in

an irradiation environment. The conditions under which either one will occur are calculated.

) 4. 1t is shown that irrespective of the initial starting cpndition an equilibrium
state is approached at high doses which is characterized by a maximum particle size and an
amount of solute in dynamic solution which is in excess of the solubility 1imit. Formulae

are given for these quantities in terms of thermodynamic and kinetics constants. It follows
that the infinite particle coarsening which occurs in a thermal environment will not occur

under irradiation but the maximum -particle size will saturate.

5. A necessary criterion is given for simulation of particle redistribution for
in pile irradiations by charged particle bombardment. Using relevant assumptions it is shown
that the temperature shift should be negative above 575°C. Tﬁis contrasts with the case of
void simulation where the temperature shift is positive. Thus in those systems where second
phase particles control swelling response it is expected that the shift in peak swe111ng
temperature could be negative. This appears to be the case in alloy E48.

6. The dynamic scaling hypothesis is formulated and necessary conditions for its
validity are given. The kinetics of the maximum and average particle size are calculated
based on dynamic scg]ing. Various special cases of the kinetic law governing the relaxation
kinetics of the maximum (or average) particle size to their equilibrium values are discussed.

1.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

Using the dynamic scaling hypothesis, kinetic data generated by recent neutron and
charged particle irradiations will be evaluated. ’
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- APPENDIX A
In a thermal environment the growth law for a particle of radius R can be written as(g)
D' .
R —CSS [a(t) - §] (A1
R .
P

Equation [A1] predicts that at any given time t particles whose radius R>Rc = o/a(t) will
grow and particles whose radius R<Rc will shrink. Thus given the radius of a particle at any
time its subsequent time evolution can be determined uniquely by solving Equation [A1] subject
to-an appropriate boundary condition. In reference 8 such behavior is termed regular. 1In an
iréadiation envirénment two modifications are necessary in Equation [A1]:

First, the diffusion coefficient of solute will differ from the thermal diffusion
goefficient due to the introduction of excess vacancies and interstitials thus D; > Bs where
Dy can be calculated from Equation [4]. The second modification of Equation [A1] is more
fundamental. In an irradiation environment a particle of radius R>Rc can shrink due to cascade
damage events -in the manner described by Nelson, et al. Thus a particle of radius R>Rc can
lose solute by resolution of solute and the growth or shrinkage of particles becomes irregular
and subject to fluctuations related to the irradiation conditions. Furthermore due to random
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excess vacancy and interstitial fluxes a particle of radius R<Rc can grow due to non-Gibbsian
solute flow. - These effects can be described by adding a random fluctuating term to Equation
[A1]. Thus one writes

Y

AR = —> [a(t) - %] At +a(at) [A2]
cg R

where the random function ¢(At) describes the fluctuations.

The physical meaning of Equation [A2] is that the change in a particle's radius during
time At can be written as a sum of two terms. The first term describes the systematic
diffusional flow of solute and the second the fluctuating part. Such a decomposition is
expected to be a valid representation becauée the high displacement rates under irradiation

‘cause the function ¢(at) to vary rapidly compared to the variations in R. In other words

during a time At the change in R is small whereas the function ¢(At) could undergo several
fluctuations during at. An immediate. consequence of [A2] is that the radius of a parfic]e at
time t cannot be predicted uniguely if its radius at an earlier time is known. One can say
that the growth or dissolution become irregular and as a consequence all one can ask for is
the probability that the radius of the particle is R at time t.

The continuity equation for the probability distribution f(R,t) can be derived from
Equation [A2] by standard arguments as in Reference 6, if suitable assumptions are made on
the statistics of the fluctuation ¢(at).

It will be assumed that the statistics underlying the fluctuation ¢(at) is gaussian and

1. <s(at)> = 0
[A3]
2. <¢2(at)> = (375) D_ at

where <> denotes the average with respect to the gaussian distribution. Equation [1] states
that positive or negative fluctuations are equally likely to occur. Equation [2] provides an
order of magnitude estimate for the second moment of the flﬁctuation. Only those solute
atoms which are within a thin surface layer can contribute to particle size fluctuations, to
first order, therefore one expects <¢2(at)> to be directly proportional to the surface to
volume ratio of the particle, the diffusion coefficient and the time interval at.

Using [A2] and [A3] and the methods in reference 6 the continuity equation for f(R,t)
turns out to be of the Fokker-Planck type

2
sf _ 8 4 ¢ 15 Vo
st 7 R (RF) * omipe [<(aR)®)

where "

. DS
<AR> = —2- [a(t) = ¥
S R
CC R
p
and




APPENDIX B

In this appendix the existence of a maximum finite particle size at equilibrium is
proved. The proof is based on the continuity Equation []2] and the boundary condition’

[13].

The two fundamental solutions of Equation [12] are

2a
L I, R
b =R e ) exp (2R (61]
p 3CT a
P
and
2a 2AR
Yo = ¥ Y(] + B "‘_m—")
2 3c5a 3Sa [e2]
P n
The general solution of Equation [12] is a linear combination of ¥ and (7% In order to
satisfy the conservation of solute [13] there must exist a cutoff Ryax above which the solution

of Equation [12] vanishes identically for otherwise the integral over a linear combination of
¥y and ¥y appearing in [13] will be divergent and\[13] could not be satisfied. Thus a unique
consequence of Equation [12] and [13] is the existence of a maximum radius at equilibrium.
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2. NEUTRON IRRADIATED v’ #1 ALLOYS IN AA-IX EXPERIMENTS

A. L. Chang, M. Baron and R. W. Chickering
Westinghouse Advanced Reactors Division

2.1 OBJECTIVE

The objectives of the present study are to characterize the microstructure of the
neutron-irradiated v'#1 alloys and to analyze these data along with the Ni-ion simulation data
for the optimization of y'-strengthened advanced alloys for LMFBR applications.

2.2 SUMMARY

Alloys E40 and E42 aged at 815°C for 36.5 hours were neutron irradiated to 2.7 x 1022
n/cm? (E>0.1 MeV) at 593°C in EBRLII. TEM examination showed void swelling of 0.34% for E40
and 0.27% for E42. The radiation-induced small y' particles were found to populate in the
matrix between the original y' particles, on dislocations and voids. Alloy E42, containing
C, Si and B, showed a larger increase in y' volume fraction under irradiation than E40.
Ribbon-shaped and rod-shaped y' precipitates were also observed in E42 similar to that observed
after Ni-ion bombardment simulation. These precipitates were found to be associated with

dislocations.

Gamma prime volume fraction data showed that under irradiation a larger amount of solute
can be kept in solution than that under thermal equilibrium. Experimental determinations of
the supersaturation and maximum radius in both neutron and Ni-ion experiments confirm the
validity of the "dynamic scaling" hypothesis of the new theory of particle redistribution
under irradiation. These results show that the new theory prepared by Baron, et al, provides
a frémework for using Ni-ion simulation techniques for predicting in-reactor precipitation

kinetics.
2.3 ACCOMPLISHMENTS AND STATUS
2.3.1 Introduction

The parameters governing the void swelling resistance and phase stability of y'
strengthened Fe-Ni-Cr alloys are important in the selection of candidate a]]oy§ for LMFBR
fuel cladding and duct materials.

The v'#1 alloys were specifically designed for investigation of such
metallurgical parameters. Thermal aging kinetics studies 1 and Ni-ion bombardment

(2,3) on v'#1 alloys have been_deicribed in previous quarterly reports. This is

simulation
part of a series of reports on the neutron irradiation of v'#1 alloys in AA-IX experiment.
The solution treated and aged (STA) E40 (Fe-1SCr-35Ni-2Ti-1.5A1) and E42 (Fe-15Cr-35Ni-2Ti-
1.7A1-0.04C-0.69S1-0.015B) specimen presently investigated belong to subcapsule J (2.7 x 1022

n/ecm?, E>0.1 MeV, at 593°C), pin B-213, subassembly X-216b, Row 2 of EBR-II.

-231-




The first part of this report will describe the experimental observations of the
void swelling and v' precipitates morphology. The emphasis will then be focused on finding
the so1ufe supersaturation under irradiation at 593°C in E42. This supersaturation data
along with the maximum particle radius will be compared to the theoretical value. Similarly,
Ni-ion irradiated E42 and E48 data will also be analyzed in terms of the same theoretical

framework.

2.3.2 Experimental Procedures

(4)

The experimental details of the AA-IX experiment were described in TC-160-9'"/.
After irradiation to a dose of 2.7 x 1022 n/cm? (E>0.1 MeV) at 593°C, the specimen rods were
sectioned to 225 um thick disks in the W-R&D hot cell and jet-electropolished in 20%
perchloric acid, 80% acetic acid solution at room temperature for TEM examination. TEM
characterization of void, dislocation and v' structures was carried out in the stereoscopic

mode.

2.3.3 Microstructural Obéervations

2.3.3.1 Pre-Irradiation Microstructures.” Alloys E40 and E42 were solution

treated at 1150°C for one hour and aged at 815°C for 36.5 h?urs prior to neutron irradiation
1)

in EBR-II. According to the thermal aging kinetics studies , this heat treatment gives

9.3 volume percent spherical y', 38 nm in average size, 2.56 x 10> (particles/cm3) in concen-
tration for E40 and 6.9 volume percent v', 43.5 nm in average diameter and 1.28 x 1015
(particles/cm?®) for alloy E42. Cellular v' along grain boundaries were observed in both E40
and E42. MC carbide and grain boundary precipitates (MgC, M23Cg and Laves phase) were

observed in E42.

2.3.3.2 Void Swelling. Figure 138 shows the void morphology of E40. The void
swelling was found to be 0.34%. The average void size was found to be 60.5 nm with void
concentration of 3.0 x 1013 (voids/cm3). Figure 139 shows that E42 has 0.27% void swelling,
43 nm average void diameter and 4.36 x 1013 (voids/cm®) void concentration. The void
swelling data measured by TEM is consistent with that of Thomés(Q) Tor neutron irradiated E40
at 510°C and 649°C. Figure 140 is a reproduction of Reference 4 with the addition of the
present 593°C data points. There is a constant difference between void swelling data measured
by TEM and density change by immersion density measurements which cannot be attributed to
densification due to precipitation alone. It was estimated that the densification is about
two to three times greater than that which can be attributed to the observed precipitation.

2.3.3.3 Precipitates Morphology. The morphology of the irradiated y' particles
is shown in Figure 141 and Figure 142 for E40 and E42 respectively. It is noted that the

original v' particles due to pre-irradiation heat treatment remained spherical with Frank
dislocation Toops within the particle.

The small y' particles precipitated during irradiation are dispersed in the
matrix between the original particles, along disiocations and on void surface. In the case
of E42, ribbon-shaped y' precipitates were observed as shown in Figure 142. It is suggested
that this could be due to the build-up of a (Ti+Al) atmosphere around a dislocation. The low
contrast of the ribbon-shaped v' in superlattice dark field mode suggests that the precipitate
is not fully ordered and hence without a well-defined interface. Rod-shaped vy' with strong

contrast were also observed in E42 as shown in Figure 142. These rod-shaped y' precipitates
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FIGURE 138.

Void morphology of

E40 after 2.7 x 1022 n/cm?

at 593°C.
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FIGURE 139. Void morphology of E42 after 2.7 x 1022 n/cm? at 593°C.
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FIGURE 140. Temperature dependence of void swelling and density changes of E40.




FIGURE 141. Super]attice dark field micrograph of y' in E40 after
2.7 x 1022 n/cm? at 593°C.

FIGURE 142. Superlattice dark field micrograph of v' in E42 after
2.7 x 1022 n/cm? at 593°C.
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are associated with dislocations. There appears to be a denuded zone of small v' particles
around these rod-shaped y' precip$tates. Small y' particles with the configuration
resembling a string of pearls were formed early in the irradiation on dislocations which are

no longer present after irradiation.

Cellular yv' present before irradiation were also observed along grain boundaries
in both E40 and E42 as shown in Figure 143 and Figure 144 respectively. Grain boundary pre-
cipitates (probably MgC, My3Ce and Laves phase) and MC type carbides were observed in E42
but not in E40 due to the residual elements as shown in Figure 144. The small precipitates
associated with voids observed in E42 after Ni-ion irradiation at 600°C reported by Chang, et
al, were not observed after neutron irradiation at 593°C.

The v' size distributions of neutron irradiated E40 and E42 are shown in Figures
145 and 146 respectively. In both cases, a double-peaked size distribution was observed with
the small particles peaking at about 4.5 nm and large particles broadening their size

distributions.
The microstructural data of neutron irradiated and pre-irradiation E40-36 and
E42-36 are tabulated in Table 39.

TABLE 39

MICROSTRUCTURAL DATA OF NEUTRON IRRADIATED
AND PRE-IRRADIATION E40-36 AND E42-36

Avg. v'
Void Average Void Diameter Large v' Dislocation

Swelling| Yoid Size| Density v' Volume Size Concentration Density
Alloy (%) (nm) (#/cm3) | Percent (%) (nm) (#/cm3) {(em/em?)
E40-36 13 S = 4.5 15 10
J(oT) 0.34 60.5 3.0x10 9.9 L = 46 1.46x10 1.4x10
E42-36 13 S= 4.5 15 10
J(27) 0.27 43 4.4x10 10.2 L =54 1.09x10 2.0x10
E40-36 - - - 9.3 38 2.56x1015 -
E42-36 - - - 6.9 43.5 1.28x101°5 -

2.3.4 Discussion

2.3.4.1 Analysis of Neutron Irradiated Data. At this low fluence, the void
swelling data of E40 and E42 are similar except that the average void size of E42 is signifi-
cantly smaller than that of E40 (43 nm as compared to 60.5 nm). This could lead to a lower
swelling rate for E42 at higher fluences if the void number density of these two alloys

remains comparable.

The morphological evolution of the y' precipitates under irradiation differs from
that of the thermal double aging treatment according to the new theory of particle redis-
tribution under irradiation formulated by Baron, et al(s). It is suggested that there is a
radiation-induced dissolution term in addition to the usual thermal growth term for the
particle growth law. This will lead to the existence of an equilibrium maximum particle
radius and a higher solute supersaturation under irradiation. Furthermore, it is predicted
that under irradition the value of the product of the solute supersaturation and the maximum v'
particle radius should equal to the equilibrium value (which remains unchanged under further
irradiation) if the system is within the so-called "dynamic scaling" region.
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FIGURE 143. Cellular v' morphology of E40 after 2.7 x 1022 n/cm? at 593°C.

55

at 593°C.

FIGURE 144. Cellular y' morphology of cm?

-238-



2500

2000

40
o
[—]
<
N
£
=
I

™

= 30
>
=
o
=
<L
oc
[
=
[¥%)
o
2
o

© 20
(V9]
—d
o
=
o
<
Q.

10

0

9460-2

—=— == UNIRRADIATED E-40-36

NEUTRON IRRADIATED E-40-36
=20 x 1022 nfemZ (E > 0.1 Mev)
T =593°C

.
|
|
|
|
r |
| L
| | | L
200_ 400 600 800

0
DIAMETER (A)

1000

FIGURE 145. Gamma prime particle size distribution of unirradiated and irradiated
E40-36 after 2.7 x 1022 n/cm? at 593°C.

-239-




e

350
300
NEUTRON IRRADIATED E-42-36
250 |- ©=2.7x1022 nfecm?2 (E>2 1 Mev)
T = 5930C
200 —
52 150 — L4
(=3
<
o
5 |
T 100
™
S 50 |
x
b
o
=
<<
2o
p—
=
[X] 20 —
=
o
[
[E%]
-
=
—
=4
<<
o
10 -
0 | | |
0 200 400 600 800 1000
0
DIAMETER (A)

9460-3

FIGURE 146. Gamma prime particle size distribution of irradiated E42-36 after 2.7 x 1022

n/cm? at 593°C.

In order to check whether the supersaturation of y' forming solute was enhanced
by the irradiation, it is necessary to compare the amount of y' precipitation under irradiation
to that under similar thermal double aging treatment. These double aged samples were solution
treated at 1150°C for one hour, aged at 815°C for 10 hours and double aged at 593°C for various

lengths of time ranging from 1,000 hours to 3,000 hours. Table 40 lists the y' morphological

data of the double aged E42-10 at 593°C. Comparing the 10.2% y' volume percent in neutron
irradiated E42 (about 2,160 hours at 593°C) to the 11.7 to 12.8% v' volume percent in double
aged E42 (between 1,000 to 3,000 hours at 593°C), it is evident that more y' precipitation is
observed in thermally double aged sample than that in the irradiated one.
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TABLE 40
MICROSTRUCTURAL DATA OF DOUBLE AGED E42-10 AT 593°C
Large vy' RN
Alloy Avg. v' v' Volume Concentration p
Condition Size (nm) Percent (%) (#/cm?) (em™2)
E42-10 28.5 ‘ 6.5 4.11 x 1015 5.8568 x 10°
E42-10 s- 7.2
1,000 hr L= 33' 11.7 4.47 x 105 7.3755 x 10°
at 593°C -
E42-10 _
3,000 hr E - 33'7 12.8 3.57 x 10"° 6.9615 x 10°
' at 593°C -

From the kinetic data of the thermaily.double aged Eh2~}0 at 593°C listed in
Table 40, it is concluded that the depletion of the supersaturation dces not follow the
usual t"]/3 law for the single aging treatment. This is evident from the fact that the
concentration of the large y' particles stayed almost unéhanged during the first 1,000 hours
at 593°C while the volume fraction changed from 6.5% (after 10 hours at 815°C) to 11.7%.
This implies that the solute supersaturation was depleted mostly by growth of already

existing large particles. The grow%h)]aw and depletion of supersaturation for the double
6

@ aging treatment can be described as® ':
R _ DSA(t) -
dt Sy
CpR
da(t) _ 5
at - =41 DS(R Np) A(t) [2]
where

R = average radius of large particles

C’ = solute atomic fraction in precipitate

s
P ,
A(t) = supersaturation of solute in solution

"

D¢

number density of large particles (#/cm3)

diffusion coefficient of solute

It was determined in £42 that (ENP) stays almost constant during the entire
double aging treatment as shown in Table 40. Therefore Equation [2] reduces to:

d n a(t) = -4nD <§Np> dt [3]

- — -
d where <RNp> = 6.7313 x 10° (cm™2) is the time average of (RNp). Equation [3] can be
integrated to yield
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a(t) = a(0)e™ 05 >t [4]
Experimental measurements of y' volume fraction in E42 as a function of double
aging time lead to the following relationship for the decay of the supersaturation

4

A{t) = (1.584 x 1072) exp -(rt) [5]

where A = 4,766 x 1077 sec™!. Comparing [4] and [5] it is found that A(0) = 1.584 x 1072
and that the diffusion coefficient is given by

_4.7663 x 1077

s = ax 57313 X 70T - 5-63 x 1071¢ om?/sec

D

and

This value of the diffusion coefficient compares favorably with the one caiculated from the
aging studies of v'#1 a]]oys(7). It therefore appears that for double aging conditions
Equations [1] and [2] provide a satisfactory description of the growth of large particles

from solution.

These double aging data can be used to analyze the neutron irradiation data.
After 2.7 x 1022 pn/cm? at 593°C for about three months in EBR-II, E42-36 was found to increase
jts v' volume percent from 6.9% to 10.2%. The sUpersaturation of the neutron irradiated
E42-36 can be calculated:

Fas (V- V) Cy = (12.84 - 10.2) x 1072 x 0.25 = 0.0066

The maximum particle radius of the neutron irradiated distribution was measured

to be:

*

RmaX = 45 nm
and

* * _
( Rmax)Neutron Irr. = 0.297 nm
* k ’
The value of (a Rmax) should be equal to (3a C; + a) if the evolution of particle

redistripution is in the so-called "dynamic scaling" stage, according to the new theory where

a is the L-S-W parameter(s).

The reader is referred to Section II.1 of this quarterly report
by Baron and Chang (preceding paper) for details of this theory. From this theory the
equilibrium value of the product of the supersaturation and the maximum y' particle radius is:
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©_o _ AS oy
(8 Ryax)Theoretical = Cp(3a * CS) 0.295 nm

P

where

(<) 2 0.1096 nm"
Co E42 at 593°C

a = lattice parameter = 0.357 nm

The theoretical value of (AwR;aX) of 0.295 nm is in excellent agreement with the
experimentally measured values of 0.297 nm from the neutron irradiation in alloy E42.

This is an experimental confirmation of the “"dynamic scaling"” hypothesis of the
theory for neutron irradiation.

2.3.4.2 Interpretation of Ni-Ion Simulation Data. The Ni-ion simulation data on

vy' morphological change can also be analyzed in terms of this theory. For the case of Ni-ion
simulation experiments of E42-10 at 600°C, the solute supersaturation after 100 dpa can be
calculated to be(z)

* _ © * s _ ’ - _
(AN1+)E42-10 =(V-V) Cp = (12.84-8.3) x 1072 x 0.25 = 0.01175

The maximum y' particle radius of the Ni-ion irradiated E42-10 after 100 dpa at 600°C was
measured to be 2

. .
R =25 m
max .

and

* *

Rnax)Ni-ion 1re, = 0-294 1m

(A

. *
This value of (a Rmax) is also in excellent agreement with the theoretical value 0.295 nm.

In another simulation experiment, alloy E48 (aged at 815°C for 36 hours) was
Ni-ion irradiated to 165 dpa at 750°C with dose rate 7.35 x 1073 (dpa/sec). Similar analysis
shows that: ’

* e RS - _ —
(AN1+)E48—36 =(V-V ?Cp = {14.306-7.22) x 1072 x 0.25 = 1.7715 x 10

and

R;ax = 19.5 nm

1'See Reference 7
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* * _'44.
(a Rmax)Ni-ion Irr. = 0.3454 nm

for alloy E48-36 at 750°C.

The theoretical equilibrium value was calculated to be:

(a Rmax)Theoretical - Cp(3a + EgJ = 0.3411 nm
E48 at 750°C p
where
o = +
(C—S_) E48 at 750°C = 0.2934 nm
p .

Again, the excellent agreement between the experimental value 0.3454 nm and theoretical
equilibrium value 0.3411 nm indicates that the y' particle size distribution under irradiation
is evd]ving according to the "dynamic scaling" scheme and is approaching the equilibrium
distribution. Table 41 1ists the v' microstructural data of Ni-ion irradiated and pre-
irradiation E48-36 and E42-10. Examination of the data listed in Table 41 shows that the
average y' particle diameter of E48-36 decreased from 42 nm to 22 nm and the y' volume
fraction also decreased from 7.70% to 7.22% in the Ni-ion irradiated E48-36. These obser-
vations confirm that the effect of dissolution of the oversized y' particles to an equilibrium
average size does occur under irradiation as predicted by the theory(s). Figure 147 shows
schematically the change of average v' particle diameter as a function of dose for Ni-ion

‘jrradiated E42-10 at 600°C and E48-36 at 750°C. The fact that the average v' size of E42-10

after 100 dba Ni-ion irradiation does not change suggests that the equilibrium y' diameter for
E42 at 593°C is around 36 nm. Although there is an apparent growth of y' particles under
neutron irradiation from 43.5 nm to 54 nm after 2.7 x 1022 n/cm? at 600°C in E42-36, we pre-
dict that further neutron irradiation would decrease the average size to around 36 nm, the
same equilibrium size as shown schematically in Figure 140.

2.3.4.3 Estimation of Dissolution Parameter. The dissolution parameter, ¥, can
be-estimated from the equilibrium maximum radius, R;ax’ in terms of the following relation:

where

N
DS = diffusion coefficient of solute under irradiation
K = dose rate (dpa/sec)

+See Reference 7.
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TABLE 41

GAMMA PRIME MICROSTRUCTURAL DATA OF Ni-ION

IRRADIATED AND PRE-IRRADIATION E48-36 AND E42-10

v () (nm)
Average y' y' Volume Concentration Cp
Alloy Condition Diameter (nm) Percent (%) (#/cm3)
E48-36 (165 dpa 16
at 750°C) 22 7.22 1.0478 x 10 0.2934
E48-36 15
(unirradiated) 42 7.70 1.654 x 10 0.2934
E42-10 (102 dpa S=10 S = 7.10x1015
at 600°C L = 36 8.30 L = 5.20x10!5 0.1096
£42-10 15
(unirradiated) 31.5 6.5 5.47 x 10 0.1096
600
X —
\\
500 N
\
AN
N
& N
a00 1\ -
\, e~ —
\\ ’__.——o——-—-——————-————-—o—-———*'—— ————————————— W
— N
300 Zj N
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\\ —_
e ———— o —
200 |- _ﬂ
X NEUTRON IRRADIATED E-42-36 AT 593°C
w00 b O NIION IRRADIATED E-42.10 AT 600"C
A& NION IRRADIATED E-88-36 AT 750°C
0 [ 1 | |
0 73 100 168 . 200
DOSE {(dpa)

FIGURE 147. Schematic representation of the average v' particle size as a function of dose.

The diffusion coefficient,

S

and they are

, under irradiation can be calculated by using the
appropriate values of the dose rate and the sink density(s)

listed below: -

4"

gs(cmz/sec T(°C) ?k(dpa/sec) p(cm/cm?) Irradiation
1.8 x 1071 750 ¢ 1073 101! Ni-ion
9.5 x 10715 600 1073 101! _ Ni-ion
2.0 x 10-17 600 10-6 1011 Neutron
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The dissolution parameters were estimated to be:

v(750°C, Ni' Irr.) = 6.9 nm
»(600°C, Nit Irr.) = 1.6 nm
) = 3.5 nm

w(600°C, Neutron Irr.

The cascade size resulting from the 4 MeV Ni-ion irradiation is about 1 nm while
the cascade size resulting from 1 MeV neutron irradiation is about 4 nm(g’g). The estimated
dissolution parameters 1.6 nm for Ni-ion and 3.5 nm for neutron seem to be reasonable as
compared to the cascade size at 600°C. The fact that R;ax (750°C) is smaller tgan
R;ax (600°C) suggests that the dissolution parametgr could increase faster than DS with

increasing temperature.
2.3.5 Conclusions

1. TEM examination of the neutron irradiated alloys E40-36 and £42-36 showed
0.34% and 0.27% void swelling respectively.

2. Irradiation-induced smaller y' particles were found between original large

v' particles on dislocations and void surfaces. .

3. Higher amounts of solute were left in solution under both neutron and Ni-ion
irradiation. The product of supersaturation and maximum particle radius for both neutron and
Ni-ion irradiation was found to be very close to the theoretical value.

4. It is expected- that further neutron irradiation would decrease the average
v' particle size from the present value 54 nm to about 36 nm.

5. Dissolution parameters were estimated to be comparable-with the cascade
sizes at 600°C. '

6. Present analysis provides a framework for corré]ating the Ni-ion simulation
data with the in-reactor kinetics of phase redistribution effects in Fe-Ni-Cr based alloys.

2.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

Examination of the other alloys in the AA-IX experiment will continue. Emphasis will be
placed on the consequence of the variation of compositions and the pre-irradiation heat
treatment conditions and irradiation temperatures.

2.5 REFERENCES
1. W-ARD contributions to Alloy Development Prbgram Quarterly Technical Progress
Letters, TC-160-3 (10-12/1974), p. 136; TC-160-4 (1-3/1975), p. 237; TC-160-5 (4-6/1976),
. p. 288; TC-160-7 (10-12/1975), p. 144, and TC-160-8 (1-3/1976), p. 199,

2. Ibid., TC-160-6 (7-9/1975), p. 202, 223, 238; TC-160-10 (7-9/1976).

3. [Ibid., TC-160-6 (7-9/1975), p. 223.

4, Thomas,.L. E., Ibid., TC-160-9 (4-6/1976); Annual Information Meeting, National Alloy
Development Program, 10/20/74, TC-721, p. 114.

_ 5. Baron, I. M., and Chang, A. L., "Particle Redistribution under Irradiation", this
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3. ELECTRON |RRADIATION OF SOLUTION ANNEALED 316 FOR THE USP EXPERIMENT

\

R. W. Powell “
Hanford Engineering Development Laboratory

3.1 OBJECTIVE

The Unified Simulation Program (USP) has two principal objectives. First,|it is
intended to provide'verification of the abi1ity«of simulation experiments to duplicate in-
reactor swelling behavior. Second, the USP experiment will provide guidance fo} performing
and interpreting simulation experiments on previously neutron-irradiated (precohditioned)
specimens.

3.2 SUMMARY . :

High Voltage Electron Microscope (HVEM) electron irradiations were performed on SA 316
from heat M2783. Steady-state swelling rates were determined to be 0.90%/dpa(e) and 0.66%/
dpa(e) at 650 and 600°C, respectively. In both cases, the void shapes tended toward spheres
as the irradiations progressed. The growth rate of a void attached to a precipitate was
found to be significantly higher than the average. It is concluded that such a phenonemon
may occur extensively in some alloys and contribute to high steady-state swelling rates.

3.3 ACCOMPLISHMENTS AND STATUS
3.3.1 Introduction

The Unified Simulation Program is composed of several elements, including HVEM
electron irradiations and nickel ion bombardments of solution annealed 316, cold worked 316,
preconditioned solution annealed 316, preconditioned coid worked 316 and preconditioned
Nimonic PE16. These experiments allow comparison of swelling rates determined from relatively
high fluence neutron irradiations with the swelling rates determined from simulation studies.

Specimens of AISI 316 stainless steel from heat M2783 have been selected for a
major portion of the USP experiment, for two principal reasons. First, material which has
been neutron irradiated to approximately 8 x 1022 n/cm? (E>0.1 MeV) is available for use in
simulation studies. This is the highest-fluence source of preconditioned (i.e., neutron
jrradiated) specimens currently available. Second, swelling data for this material exist at
an even higher fluence, and this permits a comparison to be made of swelling during simulation
experiments {i.e., no prior neutron irradiation), swelling during preconditioned simulation
experiments (i.e., previously neutron irradiated specimens) and swelling during neutron ‘
irradiation.. The work reported here deals with the first phase of the experiments involving
HVEM electron irradiation of SA 316. '

3.3.2 Experimental Procedure

The initial specimen preparation steps were performed by GE-FBRD. Disks were cut
from solution annealed tubing of 316 (heat M2783) and ground flat on both sides. One surface

7
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was then prepared for helium injection and helium was deposited to a depth of. approximately
0.0026 mm at a nominal concentration of 5 appm. HEDL completed final specimen preparation

for HVEM irradiation.

Transmission electron microscopy specimens were prepared with the examination
midplane at a depth of approximately 0.0013 mm from the injected surface by electropolishing
at approximately 10°C. This distance from the original surface was chosen to avoid any damage
produced by the initial specimen preparation steps and to remain in the helium-containing
zone. Some dislocation tangles were evident at this depth but were easily avoided when
choosing the area to be irradiated. The presence of helium was verified by observing black
spot damage under strong diffracting conditions at the start of HVEM examination.

A displacement rate of 9.1 dpa(e)/hour was employed for a tota]lirradiation time
of two hours. Micrographs were taken at time intervals to provide typically seven data
points per irradiation. Thickness of the void layer was determined from stereo pairs taken

halfway through the irradiation.

Void analyses were performed using the analyzing system "TRUNC" developed by
L. E. Thomas(]). This computer-based system accounts for void orientation and the degree of
truncation in the void shape to more accurately define the void volume. All micrographs were
taken near the [110] direction and a range of void shapes was estimated for each micrograph.
The reported swelling values have been corrected for void volume fraction.

3.3.3 Results

v HVEM irradiations have been performed at 600 and 650°C and anaiyses have been
completed. Figures 148 and 149 describe the swelling as a function of dose for each of the
irradiations while Figure 150 shows the corresponding variation of average void diameter with
dose. Figure 151 depicts the change in void density with displacement damage.

The observed steady-state swelling rate is greater at 650°C than at 600°C. The
steady-state swelling rate of 0.90%/dpa(e) at 650°C is within the raﬁge of rates reported by
Gelles, Guthrie and Berting 2 for similar HVEM irradiations on the cold-worked condition of
the same heat of 316. The rate of 0.66%/dpa(e) found at 600°C is lower, although not
significantly, than the swelling rate determined by Gelles, et al(z) at the same temperature
for cold-worked material. Comparison of these rates with neutron irradiation results on the
same heat of 316 will be performed after the temperature dependence of swelling during HVEM
irradiation has been determined.

The void sizes and void densities for the two irradiations show the typical
variation of these parameters with dose. As shown in Figure 150, the average void diameter
continually increases with dose while the void densities (Figure 151) initially increase due
to void nucleation or increased void visibility (with increasing size) and then decrease due
to void coalescence. ' ‘

Examples of void coalescence are seen in Figure 152 in which the process occurred
during examination, when the displacement rate was very Tow. The time elapsed between
Figures 152(a) and 152(c) was less than five minutes. Note that the void centers have moved

closer together and the void shapes have become more rounded during coalescence.
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FIGURE 148. Swelling as a function of displacement damage in solution annealed 316
stainless steel (heat M2783) during HVEM electron irradiation at 600°C.
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FIGURE 149. Dose dependence of swelling in heat M2783 for HVEM electron irradiation
at 650°C.
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FIGURE 150. Variation of average void size during HVEM irradiation of 316 stainless steel
at temperatures of 600 and 650°C.
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FIGURE 152. Time sequence showing void coalescence occurring during examination.
Base temperature was 615°C. Coalescence events are designated with
letters.




Other processes involving precipitates were observed. An association between a
void and precipitate (probably a carbide) was observed during irradiation of E534 and was
followed for a series of micrographs. This is illustrated in Figure 153 where it is apparent
that the void associated with the precipitate is not only the largest void but also has a
greater growth rate than the other voids. This observation is important since extensive
occurrence may greatly increase the swelling rate of the alloy. This may explain the high
swelling observed in neutron-irradiated A-286 where extensive void-precipitate association
occurs, and may also explain high swelling in 316 during neutron irradiation at 600°C. It
also seems apparent from this series of micrographs that the void formed at (or in) the pre-
exiéting precipitate'fathér than vice versa. In addition, the fact that a portion of the
strongly diffracting precipitate loses contrast as the void grows indicates that the precipi-
tate is changed by the void growth process.

In voids which were not associated with precipitates, void growth appeared to
affect the degree of void truncation. In each of the two HVEM irradiations performed on 316
for the USP expefiment, the void shape changed from a slightly truncated cube (f Y 0.9 in
Reference 1) at Tow dose to a more highly truncated cube (f ¥ 0.5) at higher doses. This.
change with dose is illustrated in Figures 153(b) and 153(c). Such a change probably occurs
as a result of an increased importance of the surface energy (increased truncation reduces
the ratio of surface area to volume) and may simply be a consequence of a changing void size.
However, it 55 possible that the void shape is determined by kinetic processes rather than
thermodynamics. For example, the relative contributions of surface diffusion (on the void
surface) and lattice diffusion may control the void shape. In this case, the displacement
rate may be an important parameter in determining void shape or void size when greater
trdﬁcation occurs. Kinetically determined void shape may also explain the shape change
which occurs during coalescence (surface diffusion may become more important than bulk
diffusion).

3.3.4 Conclusions
The HVEM electron irradiations of solution-annealed 316 stainless steel (heat
M2783) have led to the following conclusions:

1. The steady-state swelling rates for heat M2783 at 600 and 650°C 1ie within

the range of values observed for the 20% CW condition and the solution annealed conditions.

2. The void shape in annealed 316 progresses during HVEM irradiation from a
slightly truncated cube to a shape which is equally well defined as a {111} truncated cube
or a {100} truncated octahedron.

3. Void formation at (o? in) certain precipitates results in a higher
steady-state swelling rate due to increased void growth rates.

3.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

Additional HVEM irradiations will be performed on this material to establish the
temperature dependence of the swelling rate. Irradiations will also be performed for neutron-
irradiated material in the cold-worked condition. Neutron-irradiated cold-worked tubing has
been received from GE and specimen preparation is in progress.
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FIGURE 153.

Irradiation sequence at 650°C showing accelerated void growth at a
precipitate. Also note the change in void shape between (b) and (c).
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4. PREPARATION OF ION BOMBARDMENT SPECIMENS FROM NEUTRON IRRADIATED TUBING

L. J. Turner and P. S. Sklad
Oak Ridge National Laboratory

4.1 OBJECTIVE

The Unified Simulation Program of which this work is a part is designed to establish a
correlation between neutron, ion and electron damage in 316 stainless steel.

4.2 SUMMARY

In order to prepare ion bombardment disks from the M2783 316 tubing irradiated in the
X-098 experiment, a shielded facility has been set up to permit spark cutting of disks from
the tube wall. Grinding and polishing of the curved disks is accomplished semi-aufomatica]]y
in a rotary turret containing four disks held under vacuum. Techniques for the final polish-
ing stages have been worked out. Difficulties are being experienced with the initial rough
grinding stage.

4.3 ACCOMPLISHMENTS AND STATUS

4.3.1 Introduction ' @

A description of the USP is provided elsewhere in this document. Ion and electron
irradiations are to be carried out on both virgin and neutron irragiated TEM disks prepared
from both solution annealed and cold worked tubing. During ion bombardment, five disks are
clamped firmly against a thermalizer block which is heated directly by a broad electron beam.
To ensure that each disk is maintained at the same temperature it is important that the disks
should be flat, parallel-sided and of the same thickness to within 15 um. 1In addition to
these requirements it is essential that the preparation technique does not introduce defor-
mation and that the surface to be bombarded should be smooth enough for accurate surface
profilometry. In addition this surface will eventually form one surface of a TEM specimen.
The neutron irradiated material is in the form of tubes 5 cm 1ong; 6.35 mm diameter with a
0.38 mm thick wall. Each tube has a total activity of 20 R hr-! at a distance of 5. cm. To
minimize handling prob]ems it has been decided to spark cut disks 3 mm diameter from the tube
wall and todevelop a technique for reducing the curved disk to a flat specimen meeting the re-
quirements described above. A rotary turret polisher is under development and is described
below. :

4.3.2 Experimental Procedure

The equipment described here is being developed to prepare ion bombardment
specimens from neutron irradiated material in an out-of-cell facility, and to minimize
exposure to the operator by working semi-automatically. A low speed metallographic polishing
wheel is used fitted wifh a "Whirlimet" attachment which permits specimens to be rotated in Q
the opposite sense to the polishing wheel. The normal "Whirlimet" polishing head is removed
and replaced with a stainless steel rotary turret which holds four disk sbecimens} A general
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view of the arrangement is shown in Figure 154. An exploded view of the rotary turret is
shown in Figure 155. To avoid mounting with epoxy or other adhesives, the disk specimens are
held in place by a vacuum. Four hollow pistons are used [Figure 155(a)] located on a 6.4 cm
diameter circle at 90° spacing. They are constructed to allow a differential pressure to hold
the disks in place and at the same time to permit differential 1oading.' Each piston is

fitted with a return spring which also acts to bias fhe pressure applied to the disks. Vacuum
is applied to the piston internally through the shaft and is monitored at a control panel. To
control the turret vacuum a pressure-demand type regulator and two solenoid valves are used.
This allows the negative pressure to be controlled to within 12 mm Hg. The vacuum is provided
by a carbon vane dry-type rotary vacuum pump using a liquid/air separator to prevent liquid
from entering the pump.

The turret is mounted on a central shaft [Figure 155(b)] using two double sealed
combination radial and thrust ball bearing assemblies [Figure 155(c)] modified from the
"Whirlimet" attachment. Polishing rate is monitored using two dial gauges mounted opposite
each other and in contact with the tops of the pistons. ‘The turret and shaft assembly are
supported by a strut [Figure 155(e)] which also allows the turret to be moved vertically.

- Disks are loaded by raising the "Whirlimet" attachment on its hinged mounting
plate (Figure 156) and setting the vacuum regulator to maintain a negative pressure of 63.5
mm Hg at the turret. Disks are then inserted using a vacuum tweezer. When polishing is com-
plete, the unit is again tilted vertically and the vacuum regulator set to provide full
vacuum (400 mm Hg) causing the disks to protrude from the base of the turret. The disks are
removed with vacuum tweezers. The entire unit is housed in a shielded glove box; active
particles are flushed from the polishing unit into a suitable container for disposal.

The preparation sequence involves initial grinding on 600 grit paper to obtain a
parallel sided disk. This is followed by removal of about 50 um of material from the side to
be bombarded by polishing with 0.3 u Al,03 on nylon cloth. The next step is a 0.5 um
diamond polish to remove ~10 um. This removes any remaining surface damage and produces a
good surface for subsequent TEM. It is not certain yet whether or not the 0.5 um diamond
stage is necessary although the amount of electropolishing should be minimized to maintain as
smooth a surface as possible for profilometry. Initié] trials with the equipment have
demonstrated the ease of loading and unloading of disks. Uniform polishing rates producing
good surfaces have been achieved with the A1,0; and diamond polishing media. Some difficulty
is still being experienced with the 600 grit grinding stage using disks spark cut from tubes,
mainly due to the curved geometry of the samples. Several alternative types of grinding
wheel are currently being experimented with. The possibility of giving the disks a prelim-
inary grinding in-a hand held jig to establish a flat on the convex side of the specimen is
also being investigated.

‘4.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

It is anticipated that the difficulties with the initial grinding will be resolved and
that preparation of all the disk specimens for USP will be prepared. A second turret is
being fabricated so that one unit may be used exclusively for the fine polishing stage.

-257-




CENTIMETERS

0 5 10 15
nannnnnnnnnnnnn

FIGURE 154. Rotary turret in position on "Whirlimet".

-258-




-

i rer s TRT OV

.
S e

f rotary turret.

1ew 0

. Exploded vi

FIGURE 155

-259-



CENTIMETERS

5

10
lll‘llllllllill‘lllll

pum—
J—

-
p—

.

ion

.i

Rotary turret raised in loading pos

FIGURE 156.

-260-




U

5. NEAR-SURFACE DEFORMATION OF USP SPECIMENS

F. M. Berting, F. A. Garner and M. H. Brady
Hanford Engineering Development Laboratory

5.1 OBJECTIVE

The object of this effort is to assess the level of deformation existing in the solution
annealed 316 stainless steel specimens which will be bombarded with charged particles as part
of the Unified Simulation Program.

5.2 SUMMARY

The specimen preparation procedure employed in the USP experiment leads to extensive
near-surface damage which is easily removed by electrochemical technigues. Transmission
electron microscopy observations confirm the presence of surface deformation but show that no
damage due to mechanical polishing reaches to or beyond the depth picked for irradiation damage

characterization.
5.3 ACCOMPLISHMENTS AND STATUS

5.3.1 Introduction

A technique for preparing flat undeformed foils from thin-wall tubular specimens
was described previous]y(1 . Specimens produced by this method will be employed in the Unified
Simulation Program (USP) in which both unirradiated and neutron-preconditioned 316 stainless

" steel will be subjected to charged-particle bombardment. Although the specimens are not

deformed during the process of producing flat specimens from thin-walled tube sections, the
abrasive polishing employed can lead to damage near the specimen’ surface. This damage layer
must therefore be removed. The fact that the majority of the specimens will be radioactive

precludes the use of unshielded ion sputtering devices to remove the damage layer.

One of the proposed specimen preparation techniﬁues for the unirradiated specimens
involves the electrolytic dimpling of the'specimen surface to a depth of 156 um. This will
allow removal of the.damaged.layerladjacéht ﬁq the region which is to be irradiated and which
was prevfbus1y uniformly preinjected with-helium to a,depth of 24 um. The charged particles
used in the irradiation then penetrate the new surface of the dimpled region. In order to
verify the validity of this technique, it must be shown that the original near-surface damage
does not extend beyond the 15 um depth.

5.3.2 Experimental Procedure

Eight disk specimens of coarse-grained solution annealed Type 316 stainless steel
from heat M2783 were provided by GE-FBRD from control (unirradiated) tubular material similar
to that irradiated in the X-098B subassembly(z). The disks were prepared according to the
method outlined in Reference 1; i.e., spark cut from a tubular section and reduced to a flat
disk by abrasive grinding. A 150 um thick layer from the back surface of each disk was removed
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by 320-grit grinding, followed by 600-grit deburring. A 75-100 um thick layer from the front Q
surfaée'was removed by sequential grinding with 320, 400 and 600-grit paper, followed by

1-micron diamond and 0.05-micron alumina polishes. The final as-prepared thicknesses qf the

eight samples ranged from 160 to 185 um. Disk diameters ranged from 2.95 to 3.0 mm. No

helium was implanted in these'disks. An additional 25 identical specimens were prepared for

planned electron irradiation, but these specimens had 5 appm helium implanted in one surface.

Four of the specimené were used to calibrate the rate of dimpling so that any
desired dimple depth could be achieved. Three specimens were then prepared by standard elec-
tropolishing techniques to allow observation of a layer at the original surface, one at the
15 um depth and one at a 75 um depth. The first two specimens required use of stop-off
lacquer to preserve the surface at the desired depth. : '

5.3.3 Results

The front surface of the specimen illustrated in Figume 157 was very heavily
worked, as had been anticipated. At a depth of 15 um the specimen was essentially undamaged
although there were areas such as that shown in Figure 158(a) where the specimen clamping
procedures requiréd.for the stop-off lacquer application and removal process led to dislo-
cation arrays typical of thin foil mechanical damage. To ensure that this damage was notAa
remnant of the surface damage, three helium-implanted specimens were observed in the HVEM
prior to electron 1rrad1ation(3). Handling procedures involved in the use of stop-off lacquer
were not employed in the preparation of these specimens; preparation relied on the prior
calibrated dimpling process to ensure perforation of the foil at the 15 um depth. No
appreciable damage wastbbserved at this depth, although isolated clusters of dislocations

‘typical of the preparation technique were found. Representative microstructure from this depth

is shown in Figure 158(b).

At the 75 um depth, no lacquer handling procedures were employed and the dislocation
densities were typical of that found in annealed 316 specimens used in previous experiments.
Figure 159 illustrates a higher than average but still small dislocation density found at this
depth, i.e., a dislocation density that can be found in isolated regions in an otherwise
undamaged specimen.

5.3.4 Discussion )

In the charged-particle irradiation of annealed unirradiated material, the
elimination of the first 15 um of depth ensures irradiation of essentially undamaged material.
Local high density dislocation tangles are few and easily avoided. -In heavy ion irradiation
of this material, the isolated regions characterized by a high dislocation density>wi11 be
irrédiated as well as the undamaged areas, so that the experimenter must make observations in
regions typical of the overall specimen. The dislocation density in the damaged atypical
regions does not approach that of the 20% cold worked condition, however, and probably will be
of little consequence.

In the irradiation of cold-worked unirradiated material, the surface preparation
damage will probably not contribute substantially to the existing high dislocation density and
indeed its effect should decrease with depth at a faster rate. The reactor irradiated speci-
mens require. no heljum implantation and can be directly thinned to the central layer of the Q
disk. Much of the surface damage produced during specimen preparation will automatica11y be

removed.
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FIGURE 157. Highly damaged surface of annealed 316 stainless steel
specimen resulting from mechanical abrasion.
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FIGURE 158(a). Atypical dislocation arrays found in a layer 15 um from the .
original specimen surface introduced by the lacquer ,

application and removal process.
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FIGURE 158(b).

Typical dis1oéation\affays found in a layer 15 um from the
original surface of a helium-injected specimen on which
stop-off lacquer was not used during preparation.
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5.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

No further work is planned on this subject. Other activities related to the USP
experiment will proceed.
5.5 REFERENCES

1. Lauritzen, T., and Darlin, E. S., "Unified Simulation Program: II. Preparation of
Bombardment Foils from Tubular Specimens," Alloy Development Program Quarterly Technical
Progress Letter, TC-160-10 (7-9/1976), pp. 127-135.

2. lauritzen, T., and Kenfield, T. A., "Unified Simulation Program: 1. Characterization
of Control and Precond1t1oned Mater1a1 " A]]oy Development Program Quarterly Technical Progress
Letter, TC-160-10 (7-9/1976). pp. 121- 126.

3. Powell, R. W., this report.
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6. SOLUTE REDISTRIBUTION UNDER IRRADIATION IN 20% CW 316 SS

. * *
S. Diamond, J. J. Schreuer, R. Bajaj and R. Kossowsky
Westinghouse Advanced Reactors Division

6.1 OBJECTIVE

The purpose of this work is to determine whether solute redistribution occurs during
heavy ion bombardment of alloys and whether such redistribution can appreciably affect the

void swelling in the alloys.
6.2 SUMMARY ‘

Comparative Auger electron spectroscopic profiles were made on an irradiated and
unirradiated section of a Ni ion irradiated 20% CW 316 SS sample to determine the extent of
solute redistribution with depth in the alloy. It was shown that the bombarding Ni ions were
deposited deeper into the sample (900 nm from the Ion Entry Surface, I.E.S.) than the position
of the peak displacement damage region (780 nm from the I.E.S.). There is a pronounced Ni
depletion near the I.E.S. and an increase in Cr and Fe concentration which could affect the
swelling in this region of the sample.. Thus, the composition of the alloy is essentially un-
changed from the bulk composition from about 250 nm up to and including the peak damage
region. Therefore, the measured swelling due to N1’+ ion bombardment in this region of the
foil is characteristic of an alloy of the given composition.

6.3 ACCOMPLISHMENTS AND STATUS
-6.3.1 Introduction

Recent observations have indicated that substantial redistribution of the
constituent elements of an alloy can occur during ion bombardment at elevated temperatures(]).
Segregation has been shown to occur near external surfaces and near or on the surfaces of
radiation-inddced voids within the material. Johnston(1) has demonstrated that an element
present in Tow concentration (Si, 0.7%) can determine or strongly influence the redistribution

of the major elements (those present in high concentrations, >15% i.e., Fe, Ni and Cr).

) In order-to more fully characterize the ion-irradiated alloys in the Alloy
Development Program, Auger electron spectroscopy was employed to profile the concentration of
the major elements of a Ni-ion bombarded 20% CW 316 stainless steel sample through the entire
'damage range.

The 316 SS sample was one of a group of sheet samples including several commercial,
developmental and experimental alloys which were Ni-ion irradiated on edge at ORNL at 600°C to
. a peak damage of ~250 dpa at a dose rate of 20-30 dpa/hour. The details of the sample

*Nestinghouse R.& D Center
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configuration, preparation, He injection (to 5 appm), and irradiation have been reported
earh‘er(2 . Since step height méasurements were to be made to determine the swe]ling of the
alloys, a mask shielding the central portion of each sample from the ion beam was mounted on
the holder. This produced an irradiated and an‘unirradiated region on which comparative Auger
profiles could be made. During the Auger measurements, the 316 SS specimen was isolated by
covering the adjacent samples with a set of adjustable Ta masks.-

Profiles of concentration vs. depth were achieved by sequential argon ion
sputtering with a beam of about 3 mm diameter and a current density of ~180 uA/cm?. This
corresponds to a sputtering rate of about 10 nm/min. at a 2kV accelerating voltage. Sputter-
ing was interrupted approximately every ten minutes and full Auger spectra were taken in the
irradiated and unirradiated regions of the sample. The analyzing electron beam current density
was 50 pA/cm? with a diameter of 30 um at an accelerating voltage of 5 kV. The electron
spectrometer used is of the cylindrical mirror analyzer type with a fixed relative energy
resolution of 0.6% AE/E.

6.3.2 Data Analysis

Normalized signal strengths (NS) were calculated from the data for the following
elements: Cr(527 eV). Fe(703 eV), Ni(848 eV). The energies in parentheses refer to the Auger
transitions used. The presence of C and 0 prohibit the interpretation of the NS as absolute
atomic fractions but the relative changes of the NS with depth for a given element may be
taken as the relative variation of the amount of that element as a function of depth in the
sample. The range of values obtained for the unirradiated section, give'an indication of the
scatter to be expected for each element in a homogeneous sample.

Normalized signal strengths (NS) are obtained from the peak to peak heights (PPH)
of one transition for each major constituent in the sample as follows:

PPH x SCALE
( )
= *_E(P‘P"H x_SCALE,
STD x SENS

NS

where the r 1is over all elements, and
SCALE, SENS: .Scale factors for STD and PPH respectively

STD: the peak to peak height of the pure element transition as obtained from the

standard(3)

PPH: the peak to peak height for the element in this sample.

The results of the Auger composition profiling are shown in Figures 160-162. In
Figure 160 the calculated energy deposition curve for 4 MeV Ni-ions in 316 SS is shown with

‘the measured Ni profile in the sample for both the irradiated and unirradiated regions. It is

apparent that the bulk of the bombarding Ni ions which have been employed to induce the radi-
ation damage in this simulation experiment have been deposited deeper into the sample (900 nm
from I.E.S.) than the position of the peak displacement damage region (780 nm from I.E.S.).
These data confirm the assumption that the composition of the alloy is essentially unchanged
from the bulk composition from about 250 nm up to and including the shallower portion of the
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‘.';> peak damage region and the measured swelling in this region of the foil is representative of
an alloy of the given composition. However, there is a strong indication of a Ni depletion in
the near 1.E.S. region (<250 nm) of the ion-irradiated section of the sample. There appears
to be a concomitant increase in the Fe and Cr compositions in this same region (Figures 161
and 162) but their variations with depth in the near surface region are not as clear as in the
case of Ni. The Mo concentration displayed essentially no change with depth at >170 nm from
the I1.E.S. The signal strength from Si was not sufficient to permit profiling with an
acceptable level of accuracy.

It thus appears that solute redistribution may indeed occur during heavy ion
bombardment of alloys and may be a function of composition, particularly in the vicinity of
the 1.E.S. Comparisons between the profiles from alloys of different compositions and the
same alloys in different metallurgical conditions, and improvements in instrumental sensitivity,
where possible, must be made to fully determine the extent of the solute redistribution and its
impact on swelling. 'However, nickel ion bombardment studies of swelling are representative of
the bulk material in 316 stainless steel in the region from 250 nm to the peak swelling depth
of 780 nm.

6.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD
This completes the work on this task.
6.5 REFERENCES

/ 1. Johnston, W. G., Turkalo, A. M., and Morris, W. G., Annual Information Meeting,
o National Alloy Development Program, TC-721, October 20, 1976, p. 471.

2. Bajaj, R., and Chickering, R. W., Alloy Development Program Quarterly Technical
Progress Letter, TC-160-7 (10-12/1975), p. 79.

3. Handbook of Auger Electron Spectroscopy, Physical Electron Industries, Inc., Edina,
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7. DESIGN AND ANALYSIS CF INTERCORRELATION EXPERIMENTS

F. A. Garner
Hanford Engineering Development Laboratory

7.1 OBJECTIVE

The object of this report is twofold. First, to present a compilation and distillation
of all recent data and analyses which‘impact the understanding of phenomena involved in
charged particle simulation and extrapolation of neutron-induced swelling to higher atomic
displacement levels. Second, to describe the experimental plan and schedule of an inter-
correlation program based on the charged particle irradiation of three a]]oyé previously
irradiated with neutrons. '

7.2 SUMMARY

An experimental program, designated the Unified Simulation Program, has been designed to
determine the optimum irradiation conditions for simulating neutron-induced swelling in various
alloys. The experimental rationale, schedule and status of the program are outlined. The
program employs for starting material both unirradiated and neutron-preconditioned specimens
of Nimonic PE16 and the M2783 and LS-1 heats of 316 stainless steel. Based on analysis of
recently acquired data, it is concluded that except for very simple alloys the temperature
shift and dose equivalency concepts are more complex than previously modeléd. It is antici-
pated, however, that the use of preconditioned specimens will allow the modified application
of these concepts to more complex alloys.

7.3 ACCOMPLISHMENTS AND STATUS
7.3.1 Introduction

With increasing experience and data on neutron and charged particle irradiation
studies, it has become apparent that.the?e~are many factors, some of which were previously
unrecognized, which influence swelling. Some of these factors impact charged particle simu-
lation and the neutron environment to a different extént, influencing strongly the conduct and
interpretation of the simulation experiment. Those factors recognized to date have been char-
acterized as "atypical variables" and are discussed in several recent review artic]es(]'3).
Armed with the increased uhderstanding of charged particle simulation results, the Alloy
Development Program has embarked on an irradiation program designed to use both Tow fluence
neutron data (58 x 1022 n/cm?) and simulation experiments to provide guidance in the selection

of "prime candidate" advanced alloys for testing in FFTF.

With the increased understanding of the factors which influence swelling, there has
also developed a new set of questions concerning the optimum irradiation conditions to be em-
ployed in the simulation experiments. The Unified Simulation Program (USP) has been developed
to provide answers to these questions and to permit extension of low fluence reactor swelling
data to higher displacement levels by utilization of data from charged particle irradiation

experiments. ‘ - _272-
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7.3.2 Background

The major consideratiéns'previousiy believed to be important in the selection of
charged particle irradiation conditions are the temperature shift and dose equivalency con-
cepts(]). The temperature shift arises as a consequence of the accelerated displacement rate
and involves an upward shift in the temperature regime of swelling. The dose equivalency con-
cept appears at first glance to be independent of dose rate and to be a consequence of the
differences in energy deposition characteristics for various bombarding species. As shown in
the following sections, neither of -these concepts are as simple as they were first imagined to
be. The expectation that there exists a correlation defining an equivalence between two
disparate irradiation environments requires a careful definition of what cConstitutes
equivalence. ‘

7.3.3 Theoretical Estimates of the Temperature Shift in Very Simple Materials with Zero
Incubation Periods

Consider first a simple single phase material which undergoes no phase
transformations or elemental redistributions. This material has diffusion coefficients Dv
and DI for vacancies and interstitials, and diffusion is governed by activation energies which
are not sensitive to the elemental identity. These restrictions apply to either a pure metal
or an alloy in which all atoms are considered to behave identically. It is also assumed that
atomic displacement events occur in the same manner at all displacement rates and no incu-
bation periods are involved in the swelling behavior. For these restrictive conditions,
Westmoreland et a1(4) have compiled the following set of temperature shift formulas arising

(5)

from the Brailsford and Bullough rate theory of swelling.

For "low temperatures" where the swelling raté increases with increasing
temperature, a temperature shift can be defined if it is assumed that recombination events are
the predominant sink for point defecfs and if "equivalent" or identical swelling is obtained
at temperatures and dose rates for which the ratio of the vacancy sink loss rate to recombi-

(4).

nation rate is constant This requires al/Dv1= &Z/sz or

(1 - ) = (kg/ED) tn [di/dy) (s g My ey )] [1]

1,
where T is the absolute temperature, kB is the Boltzmann's constant, Ev is the vacancy
migration energy, d.is the displacement rate and «? is the total microstructural sink strength
for a particular point defect.

Brailsford and Bu]]ough(s) defined a low temperature cut-off temperature TS for
swelling and derived a slightly simpler expression '

. . 2
(s 1) = (/™) & [0/ (g /ey

)] [2]

They also developed temperature shift formulas for the peak swelling temperature Tp, and high
temperature cut-off of swelling, Tf. These formulas require the assumptions that the vacancy
concentration at the void surface equals the thermal equilibrium value, and also that the
fraction of dislocation density in loops is identical for "equivalent" temperatures and dose

rates. Then
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where E€ is the vacancy formation energy.

In an earlier formu]ation(s) based on a high temperature limit where swelling goes
to zero, it was assumed that the vacancy sink strengths are identical, giving

(L - 1) = /(€] + ED n (du/d) (5]

Note that Equations [1] - [5] é]ways have two elements in common despite the fact ,
that equivalency is defined differently in each. The temperature shift can be defined in terms
of a displacement rate ratio and another term containing sink strengths and various activation
energies. ~This latter term varies across the temperature regime of swelling, however. Even
under the restrictive assumptions made here, the temperature shift is not constant for all
portions of the swelling regime. This variability is compounded by the fact that the temper-
ature shift formula is expressed in terms of an inverse temperature difference, rather than
(T, - T;). This means that the temperaiure shift in each part of the swelling regime varies
as a function of the initial displacement rate &1. -

It should also be noted that temperature shift formulas [1] - [4] contain ratios
of some or all of the microstructural sinks for point defects. No statement has yet been made
which requires that the sinks evolve in the same manner at all displacement rates.

If one of the primary re;trictive conditions is removed (that which requires that
all elements in the metal contribute equally to the defect diffusivities), the temperature
shift phenomenon becomes even more complicated. Realizing that vacancy diffusion involves an
exchange of vacancies and lattice atoms, it is possible to visualize the lattice of a simple
solid solution alloy to consist of a number of interpenetrating skeletons, each possessing a
partial diffusion coefficient. If one elemental component, designated A, has a lower partial
diffusion coefficiént than the other elemental component B, then the lattice exists partly of
a skeleton of slowly diffusing matrix atoms A, and vacanc1es migrate to sinks predominantly by
exchanging lattice sites with the fast diffusing subst1tut1onal species B. Therefore the
presence of element B in small amounts exerts a disproportionately large influence on vacancy
d1ffus1on, and results in a reduction of the vacancy concentration which is a major component
of the driving force for void nucleation and growth(7) If the diffusivities of the various
elements are governed by different activation energies, then the relative influence of
element B at higher temperatures will be changed, a factor which will distort the temperature
dependence of swelling at the higher dose rate relative to that at the low rate, and which will
add additional complications to interpretations of the temperature shift phenomenon.

In Figure 163 the temperature dependence of partial diffusivities in nickel for Ni, Q
Fe and Si atoms are shown. It should be noted that the silicon partial djffusivity is ‘two to
three orders of magnitude greater than that of the matrix nickel atoms; therefore one atomic
-274- '
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FIGURE 163. Partial diffusion coefficients of Si, Fe and Ni in nicke1(7).

pércent silicon can exert one to.ten times as much influence on diffusion as can the matrix
atoms. It is expected that this trend will also occur during irradiation. While the
relative diffusivities of silicon and nickel change rather slowly with temperature, the
relative diffusivity of iron to silicon and nickel changes drastically with temperature.

An additional complication arises if migrating vacancies or interstitials
encounter elements which have strong attractions or high Binding energies for point defects.
It has been predicted that at constant displacement rate, the peak swelling temperature will
decrease if the interstitial-solute complex is mobi]e(s), and increase if the complex is
immobi]e(g). Lam and Johnson predict that binding and related segregation effects at reactor
displacement rates will differ from those at simulation displacement rafes(]o), influencing
not only the peak swelling temperatures and temperature shift, but also changing the magnitude
of the peak swelling for a given dose. A model describing the effect of both partial

diffusivities and defect binding on void nucleation is pfesented e]sewhere(]]).

As more of the restrictive conditions are relaxed, the temperature dependence of
swelling and the description of temperature shifts become more involved. Even in very simple
é]]oys, phase changes can occur under irradiation which change the composition and diffusiv-
ities of the matrix components. Silvertre and coworkers(]z) report that at high concentrations
of iron, high purity Ni-Fe alloys form piate-shéped precipitates if NisFe at low fast neutron
fluences which changes the matrix composition and leads to an increase of the swelling
resistance of the alloys. Most alloys of commercial interest contain or can develop a variety
of stable and metastable phases which are sensitive to both thermal and radiation environments.
Changes fn matrix composition accompany these phase changes and lead to a different swelling
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.behavior. Wilkes and coworkers(]3) note that the presence of radiation-induced point defects
results in a free energy increase, which differs from phase to phase, and this may cause the
formation of new phases and changes of composition in existing phases. There wil) be also
temperature shifts involved in the rate at which these phase changes occur.

7 3.4 Theoretical Estimate of the Temperature Shift During the Void Incubation Period

In the previous section, the temperature shifts were def1ned for the case of a
constant dislocation microstructure, while the actual microstructure undergoes an evolution
which is most pronounced during the void incubation period. There is no a prior: reason to
expect that the temperature shift relevant to the incubation behavior is the same as that of
the steady-state void growth regime. One example should suffice to demonstrate this point.
Employing the radiation-assisted nucleation theory of Russe]](14), the nucleation rate of
vacancy clusters can be defined as

I = 7' By Ny exp (- a6 /kgT) (6]
where Z' is the Zeldovich factor, sn_is the vacancy arrival rate at clusters of size n, No is
Avogadro's number and AG'n is the kinetically modified free energy barrier to nucleation. If
the definition of equivalency requires a temperature shift such that a given level of void
nucleation occurs at the same displacement level regardless of displacement rate, then the
nucleation rates should obey ‘the following relationship

L= (d/dy) oY : [7]
This in turn requires that
!
fE.Ei,Bﬁ,l ) exp (AGn,z/kBTz) (8]
1 7) By, eXP (AGn,l/kBT17

Examination of Equation [8] shows that Z', B and AGn all vary as complex functions of
temperature for even the simplest assumptions made about microstructures. Although rather
complex temperature shift formulas for the nucleation period could perhaps be derived,
computer calculations will be relied on to demonstrate the complexities involved. Powell(]s)
has calculated the void nucleation rates shown in Figure 164 for a restrictively simple alloy
with an initially Tow dislocation density. It should be noted in Figure 164 that the
equivalence requirement of Equation [7] results in a temperature shift which is variable

with temperature and approaches zero at low temperature. The nucleation rate is guite
sensitive to surface energy and the time-dependent microstructural densities(ls) which in turn
are strongly temperature—dépendent. It is therefore not unreasonable to expect that a temper-
ature shift formula derived from Equation [8] would include the stacking fault and surface
energies, parameters not included in Equations [1] - [-5].
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FIGURE 164.
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The effects of temperature and displacement rate on void
nucleation rates calculated by Powell (15) for a simple alloy.
Note that the temperature shift defined implicitly by Equation

[17] changes with temperature.
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7.3.5 Experimental Determinations of the Temperature Shift

From the above sections one can gain a partial idea of the complexity of the
processes involved in the temperature shift phenomenon. In effect, there are numerous super-
imposed temperature shifts, one for each rate-sensitive process. There has only been one
experiment to date in which all major features of a temperature shift have been conclusively
demonstrated and in which the only variable was the displacement rate (other less conclusive
experiments are discussed in later sections), that by Westmoreland and coworkers(4), who
irradiated high purity nickel at two different dose rates using 2.8 MeV Ni* jons. The peak
displacement rates were ~7 x 1072 dpa/sec and ~7 x 10~% dpa/sec; yielding a AT_ of ~75°C for
two orders of magnitude change in the displacement rate, as seen in Figure 165. Note in this
figure that the peak swelling did not remain constant, however, in contradiction to the

assumptions concerning equivalence made earlier.

Since the Westmoreland experiment most closely fits the restrictive assumptions
made in the theoretical section, some of the other assumptions made about microstructure can
be tested. Having assumed that the defects are partitioned between the various sinks in the
same manner at equivalent temperatures, then the densities of dislocations and other micro-
structural features should shift in the same manner.

pd (¢15T1) = Pd (¢23T1 + AT)
for ¢1t1 = ¢oty . [9]

oy (¢1,T1) = Py (¢2,T1 + 4T)

Figure 166 shows that there was indeed a shift of approximately the same magnitude in the
microstructural densities, but the correspondence is not total. The discrepancy between the
peak swelling values is troublesome, however, in that it conflicts with the simple definitions
of equivalence and temperature shift. The discrepancy may well grow larger for the three to

five orders of magnitude difference in displacement rates available in charged particle and
reactor irradiations. A temperature shift of ~200°C has been observed due to approximately
five orders of magnitude difference in the displacement rate achieved in the neutron irradi-
ation in the Oak Ridge Research Reactor and 4 MeV nickel ion bombardment of pure nickel(]a).
One must conclude that the temperature shift continues to increase with increasing
displacement level.

In another simple alloy system, Fe-25Ni-15Cr, the ADIP experiment has determined
that ATp appears to be ~160°C for the approximately four orders of magnitude differences in
displacement rate involved in this experiment(]7). (The exact ATp cannot be determined
until a better defined peak swelling temperature at higher fluence in EBR-II is obtained. )

The data from this experiment tend to agree with the data of Westmoreland(4) and confirm a
peak temperature shift AT; of 30-40°C per order of magnitude difference in displacement rate
- for simple systems. However, in a N1+ ion irradiation of Type 316 stainless steel the peak
swelling temperature at 1.7 x 1072 dpa/sec is only w650°C(]8), while recent X-098 neutron data
at 1 x 10-% dpa/sec indicate that the peak occurs at m590°C(19). This suggests a ATp of ~60°C,
where one of twice that magnitude was expected. One can construe from this that the

-278-




2.8 MeV Ni —NICKEL

LOW DOSE RATE 13 dpa, TWO DISPLACEMENT RATES
LOW DOSE RATE = 7 x 10”4 dpa/ sec
HIGH HIGH DOSE RATE = 7 x 10™2 dpa/sec

DOSE RATE
ATp (100) ~ 75°C

400 500 600 700
IRRADIATION TEMPERATURE, °C

FIGURE 165. Temperature shift observed in ion irradiation of nickel at two
displacement rates(4).
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FIGURE 166. Shift of microstructure with displacement rate observed in the
experiment described in Figure 165.
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temperature shift magnitude is either dependent on the material identity or that the @
experimental determination of AT _is even more complicated than previously expected. The

following sections explore the complications recognized to date.

The first such complication was demonstrated in the ADIP experiment(]7) where it
was shown that the measurement of temperature shifts from comparisons of total swelling in
various irradiations at a given fluence were often invalid, since the incubation period of
swelling in simulation experiments was observed to be quite sensitive to experimental
techniques and uncontrollable variables. The temperature dependence of the steady state
swelling rates was determined to be the best quantity from which to determine the temperature
shift. Total swelling can be used to derive an estimate of the temperature shift, however, if
relatively large levels of swelling (>2%) are involved. Several previous attempts to study
the temperature shift phenomenon have been thwarted by the low levels of swelling involved.

(20,21) irradiated copper in thermal reactors at dose rates ranging from

Labbe and coworkers
2 x 103 to 2.8 x 10" n/cm?-sec and fluences from 5 to 8 x 1020 n/cm? and found no measurable
temperature shift. The peak swelling declined slightly with increasing flux, as shown 1in

Figure 167. Because all swelling values were low, 0.4% or less, it is inferred that incubation

behavior was rate-sensitive and dominated throughout the experiment.

Glowinski and coworkers(zz) compared the temperature dependence of swelling in
copper irradiated with 0.5 MeV Cu' ions at constant irradiation time but at two different dose
rates (3 x 107* and 3 x 10-3 dpa/sec). Although the total dose varied from 3 to 30 dpa, the
peak swellings were relatively large, as shown in Figure 168, and imply a temperature shift of
50°C per decade of flux. Due to the differences in dose and the fact that only one data
point is non-zero for the lower dose irradiation, the data from this experiment must be
assessed as being insufficient for measurement of the temperature shift.

(23)

More recently Menzinger and Sacchetti employed 46.5 MeV Ni+ ions to irradiate
nickel at 6.7 x 1073 and 3.3 x 10-% dpa/sec. These experiments are judged to be rather incon-
clusive. The results do indicate a temperature shift, the measurement of which is complicated
by a double peak in the temperature dependence of swelling, a subject to be discussed in more

24) continued these experiments with 316 stainless

depth in a following section. Sacchetti(
steel and for the factor of twenty difference in displacement rate measured a temperature

shift of 100°C at 18 dpa, as shown in Figure 169. Using Equation [1] with constant sink
densities, Sacchetti calculated a value of ET of 1.5 eV. Such a calculation illustrates the
danger involved in using low fluence data. The excessively large temperature shift measured

is a consequence of measuring incubation behavior, since at higher fluences the peak swelling
obviously occurs at higher temperatures, as is also shown in Figure 169. The activation energy
therefore cannot be calculated from this data set. Sacchetti's data at 18 dpa do demonstrate
that there is a shift in the microstructure with rate, however, as can be seen in Figure

169(c). This shift is comparable to the behavior shown in Figure 166.

To this point it has been assumed that the peak temperature shift ATp can be
measured at a sufficiently large fluence without interference from experimental perturbations.
There are at least.two factors which can thwart such a measurement, however. These are
surface effects and displacement gradient effects. Q
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FIGURE 167.

FIGURE 168.
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The absence of a temperature shift in copper at a constant neutron fluence as
observed by Labbe and coworkers(20,21). An apparent temperature shift occurs
due to accumulated fluence, as shown in comparison of the top and bottom curves.
The incubation fluence appears to increase at higher displacement rates.
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Temperature shift demonstrated by Glowinski and coworkers{22) in neutron and
jon irradiation of copper. Each curve is at a different displacement level,
however. Note that the neutron-induced swelling covers a larger temperature
range at a lower dose than does the ijon-induced swelling at a higher dose. The
high temperature side of the ion curves may be depressed by surface effects at
these low displacement rates.
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FIGURE 169(a).

FIGURE 169(b).
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Temperature dependence of ion-induced swelling in 316 stainless steel at
different rates and total damage levels(24).
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The dotted curve is drawn from Reference 31 and confirms that the peak
swelling temperature at 6.7 x 1073 dpa/sec ljes above the 580°C value
determined from Figure 169(a). .
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FIGURE 169(c). Temperature dependence of void density at 18 dpa in
jon-irradiated 316 stainless steel showing temperature
shift of void density with displacement rate(24).
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7.3.6 Surface Effects

The proximity of free surfaces to the irradiated zone distorts defect and
microstructural profiles from that expected from displacement vs. depth calculations. .This
consideration becomes important at higher temperatures where swelling is depressed at greater
depths.. The peak swelling temperature is thus moved downward, below that expected in an
environment free from surface influence. Figure 170(a) demonstrates this effect in 200
keV C+ irradiations of Type 304 stainless steel, where the damage occurs in the first 0.2 um

below the surface. Shimada(zs) found a peak swelling temperature of 625°C in 8 x 10”3 dpa/sec -

irradiations without preinjection of helium, but addition of 30 ppm helium led to an extension
of swelling to higher temperatures with Tp ~700°C. The addition of helium allowed the
surface influence on nucleation to be reduced and the peak swelling temperature to be better
defined. At low temperatures the swelling was identical, even though the void population was
enhanced by helium at all temperatures [Figure 170(b)].

Referring back to Figure 168 note that at 1 dpa the neutron induced swelling in
copper extends over a range of ~250°C, while at 3 and 30 dpa the 0.5 MeV Cu+ ion-induced
swelling covers only 100-125°C. Equations [1]-[5] all predict an extension of the swelling
regime with increasing displacement rate, so this observation requires some explanation. It
appears that the short range of the copper ions is insufficient to overcome the strong in-
fluence of the front surface at highek temperatures. The ion induced swelling profiles are
therefore unrepresentative of that which would evolve in bulk material at these-displacement
rates. This effect precludes the use of low energy se]f—ions‘for confident intercorrelation
studies. Delaplace and coworkers demonstrated the surface-related suppression of swelling of
200 KeV self-ions relative to that of 500 KeV jons as shown in Figure 171. The suppression
at 200 KeV occurs first in mean void size and later in void density. Note that at 500 KeV a
reduction in mean void size occurs above 650°C, a behavior uncharacteristic of bulk-
fepresentative void growth experiments.

For 3-5 MeV Ni't jon irfadiations the argument is usually advanced that the
surface influence in the 0.3-1.0 um range is minimal, and therefore the descr1pt1on of the
temperature dependence of swelling is not affected. Figures 172 and 173 demonstrate that this
argument is not necessarily correct. Blamires and WOrth(ZG) have shown that the use of 4.2
MeV Fe+ and 46.5 MeV Ni+ ions at the same displacement rate yields identical swelling behavior
at low temperatures. At high temperatures, however, the swelling diverges considerably and a
50°C discrepancy in the determination of Tp results. From this one may conclude that the
surface influence. at '\'10'3 dpa/sec in ion irradiations of 300 series stainless steels at 650°C
and above is still very strong in the 0.6-0. 8 um range, the region where the specimens
irradiated at 4.2 MeV were examined. Note in Figure 175(a) that the void denuded zone width
‘at grain boundaries and the front surface in these experiments at 650-700°C was ~0.4 um.

Several studies(4’27'29) have shown that the influence of the surface extends
beyond the denuded zone and that reduced swelling occurs to a depth equal to twice the denuded
zone width, as shown in Figures 174(a) and 174(b). The mechanism of reduction varies between

(2,27)

various irradiations, sometimes being manifested in void size reductions and sometimes

in perturbations of void number densn;y(28 29) as shown in Figure 176.
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FIGURE 171.

pure nickel(55).
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The variation with ion energy at 25 dpa of swelling, void density
and mean void size observed in low energy Ni* jon irradiations of

Note that the effect of the surface first occurs
in the mean void size and later in the void density.
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FIGURE 172,

FIGURE 173.
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Demonstration by Blamires énd Worth that at 525°C the swelling behavior for
shallow and deep penetrating ions is identical(26).
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The effect of surface influence on ion-induced swelling. At higher temperatures
the data of Blamires and Worth(26) show that the effect of the surface depresses
the swelling at 4.2 MeV, yielding a low estimate of the peak swelling
temperature.
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FIGURE 174(a). Demonstration by Johnston and coworkers(zs) that the effect of the surface on
total swelling extends to a depth twice the denuded zone depth. The void
" number densities are relatively unaff_ected in the depressed zone, however.
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A most convincing demonstration of the effect of surfaces on void nucleation can
be seen in the work of G]owinsk1(3o) (Figure 177) where the irradiation of thin copper foils
with 1 MeV electrons yielded a cessation of swelling at 450°C in degassed foils at inter-
mediate and high doses, whereas a specimen at intermediate dose which was not degassed
yielded swelling to 550°C. At low temperature, the behavior of the two kinds of foils was
identical. The high-temperature influence of the surfaces on void nucleation was obviously
overcome by the presence of dissolved gas in the second experiment. There is no guarantee,
however, that in bulk material the swelling regime may not extend to temperatures even higher
than that observed in Figure 177.

It appears that the suppression of void nucleation upon gas removal at higher
temperatures is related to factors in addition to those which determine the denuded zone
width. Shimada and coworkers(36) recently reported that the denuded zone width of helium-
injected 304 stainless steel was smaller than that of uninjected steel. From this result it
can be inferred that a relationship exists between gas content and denuded zone width. This
conclusion overlooks the fact that the denuded width was measured from the specimen surface to
the equator of the nearest void. The mean void size decreases with helium content as shown in
Figure 178(b)(25), and in reality if void nucleation occurs the properly defined denuded width

is independent of helium content.

Figures 174(b) and 175(b) indicate a near-identical and strong dependence on
temperature of denuded zone width during ion bombardment, in agreement with earlier electron
irradiation resu]ts(27). Figure 175(b) also indicates that the denuded width decreases with
increasing displacement rate. Whereas Garner and Thomas(27) predicted that the denuded width
LDZ would vary with flux to the -1/2 power, others(32’33) have predicted that LDZ w¢']/4. At
650°C the data in Figure 175(b) on 300 series stainless steels support the ¢_]/2

allows an estimate to be made of the surface affected depth, LS =2 LDZ’ at any temperature and
(34)

dependence and

displacement rate. As an example, consider the recent ORNL ion irradiation experiments
conducted with 4 MeV nickel jons at a peak displacement rate of 5 x 1073 dpa/sec. Microscopy
specimens from such irradiations would be extracted from a depth of 0.5 to 0.6 ym. The

Lg = 2 LDZ criterion would be exceeded at 750 to 770°C and the TEM measurement of the bulk-
representative peak swelling would be precluded if it existed above this temperature range.

If the temperature dependence for these irradiations were to be determined with
step height measurements, however, such as reported by Rowcliffe and Gesse1(35), then the
effect of the surface would perturb the measurements at Tower temperatures. This is a conse-
quence of the fact that step height measurements are composed of the integrated strains from

all depths which include the regions affected by the surface.

7.3.7 Displacement Gradient Effects

(37) the presence of displacement rate

As reported earlier by Garner and Guthrie
gradients along the ion trajectory leads to a distortion of the swelling vs. depth profile.
This phenomenon was designated the "internal temperature shift" and was found by Johnston and
coworkers(zs) to have a considerable impact on the interpretation of step height measurements.
As shown in Figure 179 the swelling vs. depth profile becomes increasingly distorted at temper-
atures away from that of the peak sweliing rate. Figure 180 indicates that the integrated
distortion is expressed in the step height measurement as a substantial deviation in the

swelling calculated from TEM measurements and that determined by step height measurements.
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It is concluded therefore that determinations of the temperature dependence of @
swelling from step height measurements involve substantial perturbations by displacement
gradient and surface effects, and that TEM observations are desirable whenever possible. If
the surface effect can be minimized, step heights can be used to determine the peak swelling
temperature but not the full temperature dependence. If a complex multiple-peak temperature
dependence of swelling is exhibited by the irradiated material, step height data may be inade-
quate to determine any measure of the temperature dependence of swelling.

The presence of displacement rate gradients also leads to swelling rate gradients
and associated stress states that are large and atypical of the neutron environment. It has
been probosed that this will lead to a reduction in swe]]ing(38"4o). Consequently, the concept
of dose equivalency between ions and neutrons, and possibly the temperature dependence of

swelling measured in simulation experiments may be affected.

7.3.8 The Dose Equivalency Concept

In the early stages of the intercorrelation effort, it was assumed that the

temperature shift occurred as a straightforward displacement of the swelling regime in

(41)

temperature, without change in distribution, range or magnitude It was recognized, how-

ever, that these assumptions were quite optimistic and additional data were required for sub-:
stantiation. Any change in magnitude of swelling therefore was thought to be contained in the

(42)

dose equivalency concept, as shown in Figure 181. The rationale employed in describing

the dose equivalency concept involved only the relative calculational uncertainties of atomic
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FIGURE 181. Schematic illustration of method used to correlate electron and neutron swelling
rates. T, represents the temperature shift and T; the relative dose equivalency.

Reproduced from Laidler(41). :
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displacements for various bombarding particles and the fractional survivability of the defects
in each displacement cascade or event. No allowance was made for the possibility that from
purely displacement rate considerations the swelling profile might change in magnitude or

shape.

From the previous sections, it has been shown that the swelling profile can change
if the microstructure evolves differently with fluence at the higher rate, if phase changes
occur in a different ménner, or if the activation energies for diffusion of the various
elements are substantially different. If the experimenter opts for measurements of the shift
in peak swelling temperatures (ATp)'and displacement equivalencies based on comparison of
swelling rate magnitudes (previously designated K—factors)(42), then the measured K-factor
must include contributions from three categories of phenomena which determine its magnitude:

a. Differences in the deposited energy and defect production characteristics,
as well as the experimenter's ability to calculate these parameters.

b. Contributions which compensate for those material parameters which violate
the assumptions implicit in a simple temperature shift model.

c. Experimenfa\ perturbations related to displacement gradients, surface
effects, stress effects and other unidentified phenomena.

The evaluation of experimentally determined K-factors therefore requires analysis
of each of the three categories of contributions. Although stress effects are inherent in
the simulation technique and are unavoidable, surface effects can be minimized by conducting
the experiments at the greatest depth possible and by increasing the displacement rate. Since

the ion energies available are usually fixed by the irradiation facility, the maximum feasible
beam current must be emp]oyed.' Displacement rate gradient effects can be converted from dis-
advantage to advantage by measuring not only the step height but also the peak swelling by TEM
whenever feasible. €omparison of the two measurements yields additional insight on the
processes involved.

The only procedure envisioned to date which allows discrimination of category (b)
contributions involves the use of very simple alloys, where many of the restrictive temper-
ature shift assumptions still apply. Measurement of K-factors for such a system supplies the
best estimate of category (a) contributions. Comparison of K-factors for more complex systems
with that of the simple system then yields an estimate of the category (b) contributions.

7.3.9 Evaluation of Data Derived from Simple A]loys

The most relevant data fields for this purpose are those of Westmoreland et
a1(4) and the ADIP expgriment(]7), which"will be evaluated in retrospect to determine whether
they yield estimates of the category (a) contributions to the dose equivalency.

_ The data of Westmoreland and coworkers4) (Figure 165) show that the 2.8 MeV Ni*
data yield-a clear temperature shift in the total swelling of ~35°C per decade of flux, here-
after designated ATS. The swelling rates were not measured in these experiments, however.
The data are judged to be sufficient to estimate the temperature shift since reasonably large

swellings were measured and most data points are non-zero. On the other hand no conclusions
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can confidently be developed on whether the difference in peak magnitude is due to a rate
effect on incubation or représents different steady-state swelling rates. It appears, however,
that the incubation fluence may have been larger at the higher temperatures where the high dose
rate experiment was conducted. For a 2.8 MeV N1'+ ion energy, TEM examination is concentrated
in the 0.4 to 0.6 um range, and using Figure 174(b) and the ZLDZ and ¢'1/2 criteria, the high
dose rate experiment should not have been perturbed by surface effects. The low dose rate
experiment, however, should have exhibited surface perturbatibhs at 580°C and above. There-
fore the low dose rate experiment just barely escaped being dominated by surface effects.

“In the ADIP experiment(]7) the ion-induced displacement rates ranged from
5x 10-3 to 2-x 1072 dpa/sec, and helium was preinjected, both of which precluded surface-
related complications. Because the peak swelling temperatures and rates per.dpa were the same
for all three jon energies employed, 2.8, 3.5 and 5.0 MeV, considerable confidence is given to
the exper%menta] technique employed. Sihce all experiments involved TEM rather than step
height measurement, displacement gradient effects should not have perturbed the measurements.

The determination of the K-factor ratio describing the relative dose equivalency between N1'+
jons and neutrons must await the measurement of neutron-induced swelling at higher fluences.
For the present it is assumed that nickel ions and neutrons have fully equivalent damage
characteristics. Therefore it is assumed that Ky;+/K, = 1.0, although a value of 0.5 has been
predicted based on considerations of stress affected swelling 38). The ADIP experiment
yielded a K-factor ratio of Ke/KNi+ = 6.4 fgr electrons. The sensit2¥;§y of the high temper-
indicated that the
electron irradiation experiment operated just under the high temperature surface-affected

ature electron irradiation results to specimen :preparation technique

1imit, however, The value of Ke/KNi+ = 6.4 most probably represents the category (a)
.contributions, which describe the irradiation environment rather than the material response.
As shown in Table 42, the composition of the alloy is essentially pure Fe, Ni and Cr, all of
which have near-identical self-diffusion activation energies in ternary alloys, 63 £ 3 Kcal/
mole. Due to the very low level of minor elements with smaller activation energies, the ADIP
alloy results can be interpreted as being representative of a simple alloy, wherein AT; ¥35°C
per decade in f]ux and Ke/KNi+ = 6.4. Another way of stating this latter ratio is that
] dpae = 6.4 dpay;*+.

. TABLE 42

COMPOSITION OF PHASE I ADIP ALLOY  (WEIGHT PERCENT)

Fe Ni Cr C Cu Si Mn N, 0,

60.1 25.04 {. 14.80 | 0.01 0.02 0.02 0.005 0.0028 0.0154

7.3.10 Intercorrelation Experiments on Complex Alloys

In more complex alloys the identity and stability of the various phases control
the distribution of minor elements, many of which have activation energies for diffusion which
are greatly different from that of Fe, Ni and Cr. Typical minor elements of this nature are
C, Si, Al and Ti. 1t is therefore expected that the details of the temperature distribution
of swelling will change in response to both the accelerated displacement rate and pre-irradi-
ation thermomechanical treatments. A consensus has not yet developed, however, on how an ’
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"equivalent" irradiation temperature should be selected for such alloys. Suggestions based
on various experimental and theorétical viewpoints range from AT; = 35°C per decade, to zero,
and even to negative values where precipitation kinetics are thought to be the dominant

concern.,

If one focuses on the strong temperature dependence of point defect
supersaturations, however, it is difficult to envision that the material characteristics can
completely overwhelm and reverse the impact of the irradiation-induced production of point
defects, a viewpbint which argues for a positive ATp. Although the AT; = 35°C per decade
figure is felt to best represent the irradiation environment's contribution, various experi-
mental results support lTower values in 316 stainiess steel. If the current neutron-induced
swelling equation(lg) for 316 stainless steel is accurate, the ion data of Johnston(ls) yield
a AT_ of only 60°C for an increase of 1.7 x 10* in displacement rate, while the data of
Rowcliffe and Gesse1(35) yield a higher ATp, 85°C, for a lower factor of 5 x 103 increase in
displacement rate. Not only are these numbers inconsistent with each other, but they are Tow
with respect to predictions based on the ADIP and pure nickel -experiments. It should be noted
that the two experiments proceeded on different heats of material, neither of which was in-
volved in the data base from which the swelling equation was deveToped.

The data of Rowcliffe and Gesse1(35) are the first U.S. ion data which confirm
the double peaked behavior often seen in U.S., U.K. and French fuel pins made with 316
stainless steel. As shown in Figure 182, the double peaked behavior persists to very high
fluence 1eve]s(45) (17.2% burnup = 1.2 x 1023 n/cm? E>0.1 MeV), and arises from a complex
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FIGURE 182. Diameter change profiles of U.K. fuel pin 1684 at various burn-up levels,
showing double-peaked swelling behavior in 20% CW M316(45).

-297-




temperature dependence of the steady state swelling rate(46). The peak swelling rate was

determined to be about 1. 45%/1022 n cm~2, a rate substantially below the 2.63%/1022 n cm~2
measured on the M2783 heat of 316 steel( )

Gelles(47) determined a peak electron-induced swe]]ing rate for the M2783 heat at
niL2 ¢ 0. ]%/dpa but he was unable to extend the irradiations to sufficiently high temper-
atures to observe the decline of the swelling rate at h1gh temperatures Similar results have
been reported for other heats of 316 stee1(48). This implies that K /Kn (2.6/1.2) 22
for this heat’ of steel.  Only if K +/K were 0.34 would this result be consistent with the
result of the ADIP experiment. Korenko and Ge]]es(49) have accepted the possibility that
KNi+/Kn ~0.5, but found that the K-factor ratios appear to be different for each alloy class.

The variability in alloy response to irradiation may indeed be different for each
a110y'or alloy class. . For example, some materials exhibit much more complex temperature
dependencies in neutron environments than is the case for 316 stainless steel. 1In Figuré 183
are shown the diameter change profiles observed in a U.K. fuel pin cladding of 20% CW
FV548(45) If the fluence profile were factored into the analysis, the double-peaked
behavior would become even more pronounced. As shown in Figure 184 the complexity of the
temperaturé response of Nimonic PE16 at constant fluence is strongly dependent on the heat
identity and preirradiation thermomechanical treatment.
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FIGURE 183. Diameter change prof11es of U.K. fue] pin 1822 at various burn-up levels,
showing pronounced double-peaked swelling behavior in 20% CW FV548 (45).
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FIGURE 184. Neutron-induced swelling of several casts of PEI6 at 30 dpa_ (6 x 1022
n/cm?, E>0.1 MeV)(50).

7.3.11 Experimental Basis for the USP Experiment

From the foregoing discussions it is obvious that any intercorrelation
experiment must proceed with no material variability in the various irradiations. For a
definitive experiment the neutron-induced swelling rate must be well defined, however. The
only material for which there is a confident description of the neutron-induced swelling rate
behavior(19) is the M2783 heat of annealed and cold-worked 316 stainless steel. Fortunately
there exists archive unirradiated material, and the irradiated microstructures have been

examined in detai1(5]’52

The complexity of the temperature shift and dose equivalency phenomena pose many
problems for any intercorrelation experiment on this material, however. In order to investi-
gate the factors which control the response of sweiling in the disparate neutron and charged
particle environments, the Unified Simulation Program (USP) experiment will employ "reactor-
preconditioned"(53) material, and will compare the swelling and microstructural response of
both the "virgin" and "preconditioned" M2783 heats during charged particle irradiation. A
central feature of the experiment is the possibility that the simulation will be improved if
the charged particle irradition proceeds on a microstructure which is exactly that produced
in-reactor at "equivalent" temperatures.

Since the magnitude of the temperature shift is not known in advance, specimens
precond1t1oned at a series of reactor irradiation temperatures will be irradiated with
charged particles over a range of temperatures thought to cover the possible temperature
'shift; all are positive and non-zero shifts: The major effort will proceed on annealed M2783
rather than cold-worked material to ensure the unhindered extraction of microstructural data.
The starting fluence is A9 x 1022 n/cm? (E>0.1 MeV) while the target neutron fluence to be
simulated is 14 x 1023 n/cm?, a fluence already attained by reactor irradiation alone.
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The advantages of preconditioning are rather obvious in light of the previous
discussions. Since the temperature shift for nucleation is often different from that of void
grbwth, jt is best to bypass the nucleation stage entirely. The influence of the surface on
void incubation is also avoided. Any phase changes, elemental segregation or redistribution
effects are either over or well in progress. Most importantly, however, because the dislo-
cation densities at the start of the charged particle irradiations are identical to those at
the end of the neutron irrad%ation, one partial but important requirement of the simpie -
temperature shift concept is satisfied. ‘If the microstructure subsequently evolves with in-
creasing charged particle fluence in a manner inconsistent with that observed for the high
neutron fluence case, then direct comparisons of the differences and their.consequences can
be made.

The definition of "equivalent” swelling temperatures will involve both
quantitative and subjective judgments. In attaining the target swelling, ranging from 2 to
18%, the jrradiation must proceed at known swelling rates and yet not develop "uncharacter-
jstic" microstrucrures. In other words, the dislocation and loop density must remain char-
acteristic of the simulated neutron environment, and no "excessive" nucleation of voids should
occur in a manner uncharacteristic of the simulated environment.

7.3.12 Phase 1 Experiments

Anticipating the complexity of the temperature dependence of the various USP
alloys, the program participants have elected*to define initially only a partial irradiation
matrix. Using step height information gained from the first irradiation series, judgments
will then be made on further irradiation conditions.v In the Phase I experiment, for example,
a full température dependence of the swelling of virgin SA316 (M2783 heat) at 10D dpa will be
obtained in an attempt to determine the location and number of swelling peaks. The fluence
dependence of swelling will then be determined at those temperatures which are deemed to be
the most important. The information gained from these irradiations will then be used to
determine the irradiation conditions for the preconditioned specimens. '

A mixture of TEM and step height measurements will be employed in the evaluation
of the specimens. Microstructural information is best gained from specimens with a low level
of swelling, while step heights are Qnre]iab]e for such apptications. Electron microscopy of
thin foil specimens with 220% swelling is subject to large errors, however. Step height
measurements reflect only the additional swelling induced by charged particle bombardment,
while TEM techniques measure the total accumulated swelling.

The various Phase I irradiations are described in more detail in the following
sections.

Phase I.A. Virgin Annealed M2783 Heat of 316 Stainless Steel. Charged particle
irradiations are to span the full temperature range of swelling, to doses sufficient to reach
the target levels of swelling. The full temperature distribution of swelling will be deter-
mined at 100 dpa; dose dependencies will be established at selected temperatures. Five appm

helium will be uniformly deposited to 0.95 mils to overcome nucleation and surface related
problems. The ion irradiations will proceed at the maximum feasible rate, +8 x 1073 dpa/sec,

~
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thus minimizing surface problems. Comparison of the electron irradiation results will be made
with irradiation results of virg%n cold worked M2783 performed earlier by Ge11es(47). Irradi-
ations are to be performed by GE and HEDL. Judicious use of step height measurements will be
employed to reduce TEM requirements, particularly where the swelling levels are too large for

TEM data extraction.

Phase I1.B. Preconditioned Annealed M2783 Heat. Nominal neutron irradiation
temperatures are 450, 520 and 600°C at doses of 8-9 x 1022 n/cm? (E>0.1 MeV). Charged particle
irradiations will proceed at four temperatures for each reactor temperature, spanning a ATp
range of 50 to 160°C, with sufficient dose Tevels to determine the swelling rate and to reach

the target swelling levels. Irradiations are to be performed by HEDL and the W-ARD/ORNL team
+
(4 MeV Ni ).

Phase 1.C. Preconditioned 20% Cold Worked M2783 Heat. The nominal neutron
irradiation temperature is 600°C at 9 x 1022 n/cm?® {E>0.1 MeV). The major purpose of this
experiment is to test the effect of preconditioning on void nucleation. Whereas most voids

have already nucleated prior to Ni+ irradiation in the Phase I.B. experiment, the density of
voids in the cold worked material at the 9 x 1022 level is one or more orders of magnitude
below that found at 1.4 x 1023 n/cm2. Charged particle irradiations are to proceed at four
temperatures spanning a ATp range of 50 to 160°C, with sufficient dose levels to determine
the swelling rates and to reach the target swelling levels. GE and HEDL will perform the
irradiations.

7.3.13 Phases Il and 111

These portions of the experiment are exploratory in nature since no
neutron-induced swelling rates are available and the materials involved have exhibited
swelling behavior more complex than that of 316. The LS-1 heat of 316 stainless steel has
shown pronounced differences in neutron, ion and electron irradiations, differences which

appear to be related to phase instabi]ities(34’54).

Phase II will explore the effect of pre-
conditioning on charged particle irradiations of this material. The material will be re-
moved from the B-113 capsule irradiated at a temperature of 540°C to a Tow fluence in EBR-II.

ORNL and HEDL will conduct the irradiations.

Phase III of the experiment involves the irradiation of preconditioned STA
Nimonic PE16 specimens and the comparison of swelling results with those from previously
conducted virgin irradiations on the same heat of material. The neutron irradiation temper-
atures are 550, 600 and 650°C, with the neutron fluence developed in EBR-1I in the X-223
(AA-1) subassembly ranging up to 5 x 1022 n/cm®. HEDL and the W-ARD/ORNL team will conduct
the charged particle irradiations.

7.3.14 _USP Schedules and Status

Unified Simulation Program schedules and status are shown in Table 43.
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TABLE 43 Q

USP SCHEDULE AND STATUS

1. M2783 PHASE OF EXPERIMENT Scheduled
Completion
A. Specimen Preparation
1. Virgin SA 316 specimens prepared from archive tubing (GE) Compiete
2. Helium implantation in virgin specimens (GE) Complete)
3. GE forwards virgin specimens for electron irradiation
at HEDL Complete
4, GE forwards virgin specimens for ion irradiation at ORNL Complete
5. Thinning of HEDL specimens to helium bearing layer : Complete
6. Determination of depth dependence of dislocation
density (HEDL) Complete
7. Transfer of hot CW 316 tube from EBR-II to GE Complete
8. Sectioning of hot CW 316 tube at GE Complete
9. GE forwards 1/3-section of hot CW 316 tube to HEDL Complete
10. Preparation of hot CW 316 specimens for ion (GE) and
electron studies (HEDL) Complete
11. GE forwards hot CW 316 specimens for ion bombardment
to ORNL Complete
12. Transfer of hot SA 316 tubes from EBR-II to ORNL Complete
13. Preparation of hot SA 316 specimens from tubes for both
jon and electron irradiations (ORNL and W-ARD) *1/30/77
14. Forward hot SA 316 specimens for electron irradiation
from ORNL to HEDL *2/15/77

B. Irradiation Schedule

—

Testing, shakedown and calibration of ion irradiation

facility (ORNL) Compiete
2. Start ion irradiations, SA 316 virgin first (ORNL, W-ARD) *4 12/15/76
3. Complete virgin irradiation with ions (ORNL, W-ARD)™ *1/30/77
4, Complete hot irradiation with ions (ORNL, W-ARD) 3/30/77
5. Start electron irradiations on virgin specimens (HEDL) 1/15/77
6. Complete electron irradiations on virgin and hot CW

specimens {HEDL) 3/30/77
7. Complete electron irradiations on hot annealed specimens

{HEDL) 6/30/77

C. Analysis and Documentation

1. Complete TEM analysis on ion bombarded virgin material

(W-ARD, GE, ORNL) 5/30/77
2. Complete TEM analysis on ion bombarded hot material

(W-ARD, GE, ORNL) 9/30/77
3. Complete counting and analysis of all HVEM irradiations

(HEDL) 9/30/77
4. Complete intercorrelation and documentation {(all labs) 12/30/77

II. NIMONIC PE16 PORTION OF EXPERIMENT

1. HEDL forward archive specimens to W-ARD Complete
2. Remove PE16 rods from AA-I (HEDL) Complete
3. Prepare disk specimens at HEDL Deleted
4. Forward rod specimens to W-ARD Complete
5. W-ARD prepare surface of disk and forward to ORNL 4/1/77
6. HEDL supply documentation on B-109 preconditioned

PE16 HVEM irradiations Complete
7. ORNL completes ion irradiations 6/1/77
8. W-ARD and ORNL complete full range TEM evaluation and

analysis 9/30/77

- 9. HEDL completes HVEM irradiations and analysis (start 6/30/77) 9/30/77

IT1I. LS-1 PORTION OF EXPERIMENT

1. HEDL provides LS-1 specimens to ORNL 2/29/177
2. ORNL completes ion irradiation and analysis 5/15/717
3. HEDL completes HVEM irradiation and analysis 5/]5/77J

*Behind schedule, *~New starting date, 3/7/77 ‘
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7.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD
The USP experiment will proceed and results of the initial irradiations will be reported.
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1. SODIUM COMPATIBILITY TESTS OF ADVANCED CLADDING ALLOYS

R. P. Anantatmula, P. A. White, L. E. Chulos, R. R. Rake and J. L. Bevan
Hanford Engineering Development Laboratory

1.1 OBJECTIVE

The objective of this activity is to compare the corrosion behavicr in liquid sodium of
candidate cladding alloys. The prime candidate alloys will be tested at longer exposure
times, and under conditions more nearly prototypic of an LMFBR core.

1.2 SUMMARY

Electron microprobe analysis of samples from Run 3B, STCL-4 indicated the general
surface depletion of Ni, Cr, Al, Ti, Si and Mn and enrichment of Fe and Mo near the surface.

Corrosion rates obtained from the weight loss data of samples from Run 4B, STCL-4
indicated alloy D21 to have the lowest corrosion rate, similar to D25 of Run 3, STCL-4,
followed by D68 and D9. The corrosion rate of D68 is even lower than that of the reference
AISI 316.

Optical metallography of as-received developmental alloys D3, D21 and D68 of Run 4,
STCL-4 revealed the presence of carbides and annealing twins in alloys D21 and D68. The
structure of alloy D9 consisted of deformation bands and a few carbide precipitates similar
to as-received D11, ‘

1.3 ACCOMPLISHMENTS AND STATUS
1.3.1 Introduction

Electron microprobe analysis of alloy samples from Run 3B, STCL-4 has been
completed. Corrosion rates have been evaluated from the weight loss data of 2,500-hour
sodium-exposed developmental alloys D9, D21 and b68. Optical metallography has been per-
formed on as-received alloys D9, D21 and D68.

1.3.2 Experimental Procedure

The sodium compatibility tests on the developmental alloys D9, D21 and D68 have
been carried out in STCL-4. The test conditions were the same as those for Run 3, STCL-4.
The experimental methods and data acquisition procedures have been described e]sewhere(1).

1.3.3 Results and Discussion

1.3.3.1 Electron Microprobe Data of Run 3B, STCL-4 Alloys. The variation in
composition (weight percent) with.respect to the distance (um) from the exposed surface in
the depleted zone is plotted for each element comprising the alloy.

The composition profiles of alloy D11 are shown in Figures 185 and 186.
Depletion of Ni, Si and Mn at the surface can be noted from the figures. This result agrees
well with the scanning electron microscopy (SEM) data reported ear]ier(z) for this alloy. It
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can be seen from Figure 186 that there is a maximum in the molybdenum profile. This is
a result of the probe traversing across the Laves phase particles precipitated during the

exposure to sodium(z).

The composition profiles of alloy D25 are given in Figures 187 and 188. As seen
from the figures, the elements Cr, Al, Mn and Si seem to be surface depleted. These data are
in fair agreement with the SEM data for this alloy and are also similar to that of A-286, the
commercial alloy tested in Run 1, STCL-4. This similarity between D25 and A-286 can be
expected since the alloys have similar compositions. Laves phase precipitation during the
sodium exposure led to a peak in the concentration profile of molybdenum in this alloy also
as in the case of DI1.

The electron microprobe data of alloy D66 are illustrated in Figures 189 and 190.
This alloy displayed the highest corrosion rate and the microprobe profiles indicate a surface
depletion of Ni, Ti, Cr, Al and Si. There is enrichment near the.surface of Mo and Fe. The
data are in excellent agreement with the SEM data reported earlier. As with the alloys D11
and D25, there is an additional Mo peak indicating the precipitation of Laves phase during
the thermal aging due to sodium exposure.
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1.3.3.2 Corrosion Data of Run 4B, STCL-4. This was a 2,000-hour run which
included samples of developmental alloys D9, D21 and D68 and the reference AISI 316. These
samples have been reinserted in the loop from Run 4A, which concluded after 500 hours. The

test conditions for Run 4B were identical to those for Run 4A, i.e., 700°C, 1 ppm oxygen and
6 m/s sodium velocity. ’

The cumulative 2,500-hour corrosion data are given in Table 44. Equivalent
yearly corrosion ratés have been computed and Tisted in the table along with the downstream
position parameter for each sample. A1l the alloys tested display the downstream effect.
The average corrosion rates computed from Table 44 are listed in Table 45 for each alloy.
Once again, the data in Table 45 point out that the corrosion rate of an alloy exposed to
liquid sodium does not depend on its nickel content.

TABLE 44

CUMULATIVE (2,500 HOURS) CORRQSIONFDATA OF ADVANCED CLADDING ALLOYS
OF RUN 4, STCL-4, 700°C, 1 ppm OXYGEN, 6 m/s SODIUM VELOCITY

Equivalent Corrosion Rate
Specimen Material L/D A W(pg/mm?) Microns/yr
E61 AISI 316 25.00 35.30 15.5
109 D9 . 30.67. 40.60 17.8
121 D21 36.30 18.00 7.9
168 D68 41.95 29.29 12.8
£69 AISI 316 53.24 31.28 - 13,7
209 D9 58.96 38.12 ’ 16.7
221 D21 64.58 15.07 6.6
268 D68 70.27 28.34 12.4
E71 AISI 316 81.51 30.34 13.3
. 309 D9 87.26 34.05 14.9
*i> 321 D21 92.90 12.80 5.6
368 D68 _ 98.53 25.09 11.0
Flow E76 AISI 316 109.65 22.83 10.0
TABLE 45
AVERAGE VALUES OF CUMULATIVE CORROSION DATA SAMPLES OF RUN 4, STCL-4
Equivalent Corrosion Rate
Material Wt% Ni Microns/yr
AIST 316 12 13.1
D9 14.5 16.5
D21 25 6.7
D68 45 12.1

’ As for Run 3 data, least squares ana]ysi§ has Been performed on the Run 4 data.
The data were fitted to a linear equation, R = a; t + by, and a logarithmic equation,

log R = a; log t + by, where R is the weight loss in ug/mm?, t is the test time in 1,000-
hour units, aj(pa/mm2 103 hours). bi(rg/mm?), a, and by are constants. The values of the
constants, a;, by, a,, and b, along with their standard error estimates are given in Table
46. Equivalent yearly corrosion rates have been'computed from the equations and also listed
in-Table 46.
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TABLE 46

LEAST-SQUARES ANALYSIS OF CORROSION DATA
OF CLADDING ALLOYS OF RUNS 4A AND 4B, STCL-4

Equation R = ajt + by Equation 1og R = a5 log t + ba
a1 b Equivalent Corrosion Equivalent Corrosion
ug/mm? in One Year, in One Year,
Material 103hr ug/mm?2 um a, b, um
AISI 316 10.49 3.12 12.0 0.75 1.17 9.4
+1.33 +2.40 +0.07 | +0.02
09 16.70 -4.35 17.7 0.62 1.33 10.3
+1.03 +4 .32 +0.04 | +0.01
D21 5.84 0.69 6.5 0.90 0.82 5.8
+0.77 +1.39 +0.09 | +0.03
D68 9.48 3.84 10.8 0.72. 1.15 8.4
+0.63 £1.13 +0.03 | +0.01

Although the linear rate of AISI 316 (12 um/yr) is less than that predicted by
the Bagnall-Jacobs corre1ation(3), it is higher than the value obtained for Run 3, STCL-4 2).
As mentioned earlier, the corrosion rate of AISI 316 is steadily increasing with increasing
service life of the loop. The corrosion rate of alloy D21 is the lowest and is approximately
the same as that reported for alloy D25 of Run 3, STCL-4. This is perhaps not surprising
since both the alloys have similar compositions and heat treatments. The linear rate of D9
is the highest of all the alloys studied in Run 4. However, the logarithmic rate is about
the same as for alloy D11 of Run 3, STCL-4, which also has undergone the same heat treatment
as D9. The decrease in logarithmic rate is due to a fairly large reduction in corrosion rate
after the first 500 hours of exposure. The linear as well as the logarithmic corrosion rate
of alloy DE8 are both less than that for reference AISI 316.

1.3.3.3 Metallography of As-received Alloys D9, D21 and D68. Optical

metallography was performed on longitudinal sections of as-received developmental alloys

D9, D21 and DE8. The alloys have been heat treated according to the heat treatments listed
in Table 47. The observed microstructures have been illustrated in Figures 191, 192 and 193.
The microstructure of alloy D9 (Figure 191) consists of a few carbide (MC) precipitates with
deformation bands running across the grains. This structure is essentially similar to that
of D11 reported ear]ier(z), which had received the same heat treatment. The carbides can be
seen in the form of short stringers. As seen in Figure 192, the structure of D25 shows more
extensive carbide precipitation (in the form of stringers of globules) than in D9 and the
grain structure resembles that of a solution annealed and aged material. A few annealing
twins can also be noted in the structure. The increase in carbide precipitation can perhaps
be attributed to the much higher titanium content of alloy D21. The microstructure of D21 is
quite similar to that of DZ5 which has similar composition and had received the same heat
treatment(z). Optical micrographs of as-received D68 are given in Figure 193. Here again we
see globular or blocky precipitates of carbides that are intermediate in number between that
of D9 and D21. Similar to D21, the grain structure is typical of a solution annealed and
aged material, with a few annealing twins.
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FIGURE 191. Optical micrographs of as-received D9.
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# FIGURE 192. Optical micrographs of as-received D21.
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FIGURE 193.
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TABLE 47
THERMOMECHANICAL TREATMENTS FOR ALLOYS D9, D21 AND D68

Alloy Thermomechanical Treatment
D9 1100°C/.25 hr/air cooled and 25% cold work
D21 1050°C/.5 hr/air cooled and 700°C/24 hr/air
cooled
D68 1050°C/.5 hr/air cooled and 800°C/2 hr/
furnace cooled to 625°C/12 hr/air cooled

1.3.4 Conc]dsions

The corroded surfaces of alloys D11, D25 and D66 are generally depleted of Ni,
Cr, Al, Ti, Si and Mn and enriched with Fe and Mo. The as-received alloys D9, D21 and D68
contained stringers of carbides, the amount dependent upon the amount of titanium in the
alloy. The structures are similar to those observed for Run 3, STCL-4 alloys of the same
heat treatments and similar compositions. Based on the existing 2,500-hour data, excellent
swelling properties, and absence of sigma phase in long term thermal aging tests, alloys D21
and D25 seem to be strong candidates for cladding purposes. A]though alloys D9 and D68 have
good sodium corrosion characteristics, additional sodium testing and optical metallography
of sodjum exposed materials is needed to firmly establish the viability of these alloys for
cladding applications.

1.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

1. Complete optical metallography, scanning electron microscopy and electron microprobe
analysis of sodium-exposed alloys D9, D21 and D68.

2. Start Run 5, STCL-4 with new samples of D9, D66 and D68 on Stringer I, and
developmental alloy sheet samples on Stringer II, and continue testing.

3. Complete a detailed report on the sodium compatibility of developmental alloys
studied so far.
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2. CORROSION OF CANDIDATE ALLOYS UNDER HIGH HEAT INPUT CONDITIONS

*
S. A. Shiels, C. Bagnall and R. E. Witkowski
Westinghouse Advanced Reactors Division

2.1 OBJECTIVE

The objectives of this work are: {a) to measure the corrosion rates of candidate alloys
under high heat input conditions uti]ﬁzing the ITF; (b). to determine the effect of system
structural materials on the measured corrosion rates; and {c) to characterize sodium
exposure-induced chemical and structural changes within the test alloys.

2.2 SUMMARY

The corrosion rates of Nimonic PE16, Inconel 706 and alloy A-286 did not change
significantly over a period of 6,000 hours, suggesting that the equilibrium corrosion rate
had been reached early in the cumulative exposure period. The corrosion rate of Type 316 SS
dropped slightly between four and six thousand hours. Molybdenum-coated Nimonic PE16, which
was expected to show negligible corrosion, corroded at a rate equivalent to 6 um/yr (0.24
mpy) at an L/D position of 100.

Studies of the corroded surfaces of Type 316 SS and Nimonic PE16 were performed. The
PE16 surface, while still covered with molybdenum-rich modules, was almost totally depleted
of nickel and chromium after 6,000 hours, suggesting that the surface is ferritic.

2.3 ACCOMPLISHMENTS AND STATUS

2.3.1 Corrosion Measurements: Run #ITF-1]

_ Run #ITF-11, a 2,000 hour run at 700°C, was completed at the end of October.
Certain specimens accumulated up to 6,000 hours exposure at the end of this run while others
reached 2,000 and 4,000 hours total exposure time. The specimen loading sequence is given in
Table 48, loop operating conditions in Table 49, and corrosion data in Table 50.

Data from the 6,000 hour exposure specimens are compared with earlier 2,000 and
4,000 hour data from the same specimens in Table 51. Note that a third mandrel was inserted
immediately downstream of mandrel No. 1. This haé resulted in an overall increase in L/D for
the specimen assembly which has moved the downstream samples even further downstream. This
gives rise to a slightly smaller value for the slope of the line, however the effect on the
zero L/D extrapolation is minimal.

The Nimonic PE16, A-286 and Inconel 706 alloys do not show any significant change
in corrosion behavior with time as shown in Table 51 and graphically in Figure 194. The
corrosion rate of the Type 316 SS continues to fall. How much of the decrease is due to

* .
Westinghouse Research Laboratories
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TABLE 48
SPECIMEN LOADING SEQUENCE

Mandre1 #1(1) ‘ Mandrel #20°) Mandre1 #3(1)
E-26 T316SS X-14 M-813 E-62 T316SS
E-43 T316SS X-27 M-813 E-103 T316SS
57-1 A-286 75-M1  Mo-coated PE16 57-4 A-286
57-2 A-286 75-M2 Mo-coated PE16 57-5 A-286
80-1 Inconel 706 E-87 T316SS 80-4 Inconel 706
80-2 Inconel 706 E-100 T316SS 80-5 Inconel 706
75-1 PE16 4 |57-7  A-286 ' J 75-4 PE16 <4
75-2 PE16 Flow 57-8 A-286 Flow 75-5 PE16 Flow
57-3 . A-286 80-7 Inconel 706 E-105 T316SS
80-3 Inconel 706 80-8 Inconel 706 57-6 A-286
75-3 (2) PE16 75-7 PEl6 80-6 Inconel 706
89-22 330SS 75-8 PE16 75-6 (2) PE16
89-16 330SS 89-27 330SS
89-35 330SS

(1) Previously exposed in ITF Run #9 and ITF Run #10
(2) Previously exposed in ITF Run #10
(3) New Specimens

TABLE 49

LOOP OPERATING CONDITIONS
(RUN #ITF-11)

T. max 700°C

Flow Velocity 4.76 m/s

Oxygen 0.95 ppm av.

Duration 2,008.9 hr
TABLE 50

RUN #ITF-11 CORROSION DATA

Corrosion Rate/Year

Specimen Location Area AW
Number (cm) L/D {cm2) (mg) (mg/dm?) (um) (mils)

A. Cumulative Exposure Time 6,077.9 hours

T3165S
E-26 5.6 20.4 1.90 20.73 1573 19.7 0.77
E-43 6.6 25.4 1.90 18.63 1414 17.7 0.70
E-62 106.2 357.7 1.92 14.64 1099 13.7 0.54
E-103 107.4 364.0 - 2.32 - 15.69 975 12.2 0.48
E-105 114.8 400.5 2.32 12.49 777 9.7 0.38
A-286

57-1 7.6 30.4 1.94 24,32 1808 22.8 0.90
57-2 8.6 35.4 1.97 . 23.40 1721 21.7 0.86
57-3 14.0 60.7 1.94 20.01 1487 18.8 0.74
57-4 108.5 369.0 1.94 9.53 708 8.9 0.35
57-5 109.5 374.0 1.95 9.58 709 9.0 0.35
57-6 115.8 405.5 1.94 6.77 503 6.4 0.25

\ &
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TABLE 50. RUN #ITF-11 CORROSION DATA (continued)

. Corrosion Rate/Year
Specimen Location Area AW
Number (cm) L/D - ( cm?) (mg) (mg/dm2) {um) (mits)
| Inconel 706

80-1 9.7 40.4 1.92 31.30 2353 29.2 1.15

80-2 10.9 47.6 1.92 31.50 2365 29.4 1.16

80-3 15.0 65.7 1.98 28.40 2068 25.6 1.01

80.4 110.5 379.0 1.92 11.76 884 11.0 0.43

80-5 111.5 384.0 1.92 10.55 792 . 9.8 0.39

80-6 116.8 410.5 1.91 8.18 618 7.7 0.30
Nimonic PE16

75-1 119.0 50.7 1.85 23.79 1854 22.6 0.89

75-2 191.0 54.4 1.84 22.85 1791 - 21.8 0.86

75-3 14.0 70.7 1.85 22.53 1756 21.4 0.84

75-4 112.5 389.0 1.85 10.39 810 9.9 0.39

75-5 113.5 394.9 1.85 9.10 709 8.7 0.34

75-6 118.1 416.7 1.85 8.59 670 8.2 0.32
B. Cumulative Exposure Time 4,069.4 hours
Alloy 330SS

89-22 17.0 75.7 1.92 39.7 4455 55.7 2.20

89-27 118.9 420.5 1.89 25.74 2934 36.7 1.44
M-813

X-14 21.8 86.9 1.87 17.03 3870 48 .4 1.90

X-27 22.9 91.9 1.88 15.30 3462 43.3 1.70
Mo-Coated PE16

75-M1 23.9 96.9 1.86 2.89 661" 6.3 0.25*

75-M2 | 24.9 101.9 1.86 2.64 604 5.7* 0.23*
T316SS

E-87 25.9 - 106.9 1.92 7.17 1588 19.3 0.70

E-100 - 26.9 - 111.9 1.90 7.04 1576 19.7 0.78
A-286 '

57-7 27.9 116.9 1.95 7.22 1575 19.9 0.78

57-8 29.0 121.9 1.95 6.92 1510 19.1 0.75
Inconel 706

80-7 30.0 126.9 1.95 8.3 1813 22.5 0.89

80-8 31.0 131.9 1.93 8.52 1878 23.3 0.92
Nimonic PE16

75-7 32.0 136.9 1.86 7.02 1605 19.6 0.77

75-8 33.0 141.9 1.85 6.98 1605 19.6 0.77
Alloy 33055 |

89-16 34.0 146.9 1.89 22.68 5105 "63.8 2.50

89-35 35.0 151.9 1.88 22.18 5019 62.7 2.50

* Density of molybdenum taken as 1030 kg/m3. ' < ;
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TABLE 51
CORROSION RATES AS A FUNCTION OF EXPOSURE TIME
: Cumulative Corrosion Rate Corrosion Rate
Time at 0 L/D at 75 L/D Downstream

Run No. (Hours) um/y wm/y Slope
131655 ,

ITF-9 2009 27.2 (22.6)* ' 24.1 (20.1)* -7.2 x 1074

ITF-10 4017 22.1 (20)* 19.8 (19.4)* -6.5 x 10:“

ITF-N 6078 19.4 (18.4)* 17.5 (16.7)* , -5.9 x 10~%
Inconel 706

ITF-9 2009 29.7 23.6 -1.3 x 10:3

ITF-10 4017 - 33.0 25.7 -1.5 x 1073

ITF-11 6078 33.5 25.4 » -1.4 x 1073
A-286 ,

ITF-9 - - 2009 25.4 19.4 -1.5 x 10:3

ITF-10 4017 24.9 19.6 -1.4 x 10_3

ITF-11 6078 23.6 19.1 -1.3 x 1073
Nimonic PE16

ITF-9 2009 - 24.9 20.3 -1.2 x 1073

ITF-10 017 25.7 20.8 -1.2 x 10:a

ITF-11 6078 26.2 21.6 -1.2x 1073
Alloy 330

ITF-10 2009 65.8 v 60.7 -4.5 x 107%

ITF-11 4069 61.0 55.9 -5.3 x 107%

* Bracketed value normalized to 1 ppm 0;.-

uncertainties in oxygen level measurements cannot be resolved. The values for Type 316 SS

are also shown normalized to 1 ppm oxygen using the average oxygen levels reported for each
run,

The corrosion rate of alloy 330 has decreased only slightly between 2,000 hours
‘and 4,000 hours from an extrapolated zero L/D value of 66 to 61 um/y. No further 700°C tests
will be performed on this alloy.

The middle mandrel held a selection of alloys all of which were previously
unexposed. - Two new materials were included, M-813 and molybdenum-coated PE16. ATlloy M-813,
located at about 90 L/Ds corrodes at a rate of ~46 um/y. Insufficient data were available to
allow extrapolation to zero L/D. Assuming that the downstream slope is similar to that for
alloy 330, the zero L/D value might be expected to be about 50-55 um/y.

The molybdenum-coated PE16 corroded at a rate of about 6 um/y at L/D = 100
which was _higher than anticipated. Preliminary tests in WHIRL-1 had shown virtually no
weight change after 500 hours. If the relationship between enhancement factor and down-
stream position discussed in the previous quarterly is valid(]), then the molybdenum-coated
material will show a steep downstream slope which could put the zero L/D value anywhere
between 12 and 25 wum/y. ' '
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The other samples from this mandrel were Type 316 SS, A-286, Inconel 706 and
Nimonic PE16. When the values given in Table 50 were compared with the interpolated values
from Run #ITF-9, they were found to be marginally higher. This may simply be a result of run-
to-run scatter, or due to the fact that the new specimens are located downstream of previously
exposed material. Conceivably the sodium reaching the new specimens is less saturated than
it would be had all of the upstream specimens been new. )

2.3.2 Corrosion Measurements: Run #ITF-12

The start up of Run #ITF-12 has been delayed until the beginning of January
because of the unavailability of new specimens. Specimens were not received until mid- :
December. Advantage was taken of the unscheduled downtime to make some minor modifications
to the facility. These modifications included the design and fabrication of a high velocity -
(~5 m/s) insert for the ITF secondary heater. This will allow about four specimens to be
exposed at 550°C.

Several changes in specimen inventory will be made for this run. Alloys A-286
and 330 will be dropped from the 700°C exposure program. The Nimonic PE16 and the Inconel
706 will be exposed for an additional 2,000 hours. New material will include double aged
Inconel 706 (as opposed to the solution annealed material currently under test), cast M-813
(the current material is a powder product) and a selection of similar metal electron beam

weldments.

2.3.3 Scanning Electron Microscopy (SEM) of Specimens from ITF Runs 9, 10 and 11

SEM _characterization of Type 316 SS and Nimonic PE16 exposed to flowing sodium in
runs 9, 10 and 11 has been completed. A total sodium exposure time of 6,000 hours at a
temperature of 700°C was realized. SEM instrument operation parémeters and specimen
handling techniques, as previously detailed, were used throughout this study(z).

2.3.3.1 Type 316 SS. The sodium corroded surface features of this alloy revealed

two distinct differences from the structures observed on specimens exposed in WHIRL-1 for
6,000 hours(a). First, as shown in Figure 195, there was no evidence of the characteristic

Mo~rich nodules. A comparison of the two 6,000 hour x-ray spectra indicated that the surface
of the ITF specimen contained about 55% less chromium, while nickel in both cases was at back-
ground level (S1%). The approximate surface compositions for the ITF and WHIRL-1 specimens
may therefore be estimated as 96Fe-3Cr-1Ni and 93Fe-5.5Cr-1(+)Ni respectively.

The corroded surface was not, however, featureless. Isolated areas covered with
steps or swirls, resembling in many cases contoured terracing, were observed scattered across
the surface of the columnar, ferrite grains. These structures were noted previously by
Berkey and Whithw(3), who suggested that they were formed by an atomic dissolution sodium

corrosion process which was dependent on the crysta]]dgraphic orientation of the grains. In

the present case, the "steps" appeared to be 100-200 nm high; that is, a block of b.c.c.
structure many atomic planes thick.

2.3.3.2 Nimonic PE16. The 0D surface morphd]bgy and e]ecfron excited X—ray
(EDAX) spectrum generated from a 100X rastered area is shown in Figure 196. The nodular,

coral-like corrosion features and micron size holes previously noted for this alloy after a
2,000 hour run (#1b) in the W-RL WHIRL-1 sodium loop facility are clearly visible!*). The
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FIGURE 195. Surface morphology and chemistry of Type 316 SS exposed to
sodium at 700°C (ITF Runs 9, 10, 11).
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FIGURE 196.

l_6§320*4i9951u1
80 HS: SeEV/CH

Mo Cr Fe

(B) ELECTRON EXCITED X-RAY SPECTRUM
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Surface morphology and chemistry of Nimonic PE16 exposed to
sodium at 700°C (ITF Runs 9, 10, 11).
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EDAX spectrum:c1ear1y shows that; while an enhancement of the Mo is most evident when éompared
with a sﬁmi]ar;spectfum generated from the as-received matéria], the elements Ti, Cr and Ni
are significantiy depleted. In fact, the Ti and Ni peaks are no longer detectable above the
background signal. While the spectrum generated from a 100X rastered area presents an

average surface:elemental composition, a more detailed “spot" analysis provides an indication
of the composition of individual features.

Figure 197 presents a detailed analysis of the nodular, coral-like features and
illustrates the marked difference in Mo composition when compared with the matrix material.
Although the corrosion-resistant nodules were agaih found to be rich in Mo, unlike the o
specimen éxpésed in WHIRL-1 (Run #]b)(s) Ni concentration was below the detection limit (<1%).

2.3.4 Discussion

nExposures up to 6,000 hours show that the alloys tested must be close to their
equilibrium corrosion conditions. Overall changes in corrosion rate over the 6,000 hour time
period were small, varying between 1 and 4 um/y. The order of corrosion resistance has
changed slightly since the initfation of the tests and is now Type 316 SS, A-286, Nimonic
"PE16, Inconel 706, with alloys such as M-813, alloy 330 and Inconel 718 showing very high
corrosion rates. The commercial alloys Inconel 706 and Nimonic PE16 will be exposed a further
2,000 hours before being phased out of this portion of the test program.

1t has become evident during the course of the sodium compatibility task that

microstructure appears to play an important role in deciding the manner in which a material @
corrodes. The importance of testing material with the correct microstructure is now well

recognized. Accordingly new Inconel 706 and M-813 specimens, more typical of the materials

proposed for use, will be exposed in the next series of runs.

It was pointed out in section 2.3.1 that specimens exposed for 2,000 hours in
Run #ITF-11 corrode at rates slightly higher than the original 2,000 hours data from run
#ITF-9 would predict. The possibility that these specimens were being influenced by the
behavior of the pre-exposed upstream specimens was suggested. It should also be recognized,
however, that this may simply represent specimen-to-specimen scatter and that the cumulative
data to 6,000 hours are statistically rather 1imited having all been generated on the same

specimens.

2.3.5 Work in Progress

Specimens for Run #ITF-12 have been prepared and loaded into ITF. Start up
procedures have been initiated. The run will be a 2,000 hour run terminating in March-April
1977.
Detailed SEM and electron probe analysis is now being planned in order to study
the possible effects of localized chemistry variation on corrosion behavior. Metallography
on Run #ITF-11 samples has started.
2.4 EXPECTED ACHIEVEMENTS::IN.THE NEXT REPORTING PERIOD
Run #ITF-12 will be close to.comp1etion at the end of the reporting period. ‘,‘ B

Analytiéa] work on selected samples will be completed. A1l metallography on Run #ITF-11

specimens will be completed.
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Contributions will be made to the first drafts of two papers, one covering the
corrosion rate data and the other the structural information. o :
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3. CORROSION STUDIES OF ADVANCED CLADDING ALLOYS

A. R. Keeton, R. E. Witkowski and Edgar Berkey
Westinghouse Research Laboratories

3.1 OBJECTIVE

The object of this work is to determine corrosion rates of candidate materials in sodium
at specified conditions of time, temperature, sodium flow rate and oxygen level, and to
characterize sodium exposure-induced chemical and structural changes within the test alloys.

3.2 SUMMARY

Modifications of WHIRL-1 were completed and a 90-hour check run was conducted to test
effectiveness of modifications. These modifications included the addition of a new specimen
holder between the main heater discharge and the original specimen holder and the isolation
of the vanadium wire equilibration device (VWED) on a separate economizer.

The addition of a new specimen holder allows double the number of specimens to be tested
at one time and provides a greater hydraulic L/D range for the specimens. The isolation of
the VWED on a separate economizer allows operation of this unit without disturbing the oxygén
and hydrogen meters and provides thermal protection for the VWED control valves. The check
run verified that all test parameters, including sodium flow velocity, can be met for the

next series of corrosion tests.
3.3 ACCOMPLISHMENTS AND STATUS

Operation of the vanadium wire equilibration device (VWED) preVious]y required isolation
of the oxygen and hydrogen meters in WHIRL-1 to brevent excessive temperatures at these
meters. This was undesirable because oxygen and hydrogen monitoring is useful while opefating
the VWED. In addition, valving these meters in and out of the system provided greater
opportunity for damaging a meter. Also, because of the location of the VWED control valves
and the high operating temperature of the VWED (750°C), a malfunction occurred twice during
the past 10,000 hours of loop operation in which a valve could not be opened because of self-
welding. »

For these reasons, WHIRL-1 was modified as shown in Figure 198 to isolate the VWED on a

separate economizer. Control valves LMV-6 and 7 are located on the loop side of the

economizer to prevent exposure to excessive temperatures.

Corrosion rate analysis of previous tests in WHIRL-1 indicated the desifabi]ity of having
each test contain more test specimens over a'wider hydraulic L/D range for more accurate
evaluation. This was accomplished by the addition of a new specimen holder between the main
heater discharge and the original specimen holder as shown in Figure 199. The two specimen
holders are identical except for the mechanical end closure, thus doubling the number of
specimens for each test. The hydraulic L/D range is also ektended with L/D values of 32 to

105 for the first specimen holder and 168 to 241 for the second specimen holder.
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FIGURE 199. Schematic arrangement for specimen holders in WHIRL-1 hot test station.

A check-out test was conducted after the loop modifications to insure that WHIRL-1 could
meet program requirements, Operating conditions were the same as required for the next
series of tests scheduled for WHIRL-1:

Specimen temperature (both specimen hb]ders) 600°C * 5

" Cold leg témperature 425°c £ 5
Sodium flow by test specimens 5-6 m/s
Sodium oxygen level 1 ppm * .2
The test system was operated for 90 hours and met all of the test objectives.
3.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD

Test Run #3, a 4,000 hour test of materials M-813, Nimonic PE16, Inconel 706, 330 SS and
316 SS, including weldments, will be initiated. An intermediate shutdown at 2,000 hours for
weight change analysis will be accomplished.

SEM and electron probe:measurements will be completed on Inconel 706 and 310 and 330 SS
exposed to sodium for 6,000 hours at 700°C in ITF; 'SIMS and Auger spectroscopy studies will
be initiated on selected materials.
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4. THE INFLUENCE OF THERMAL AGING AND SODIUM CORROSION ON THE STABILITY
OF AISI TYPE 310S AND ALLOY 330 AT 700°C

C. Bagnall,! and R. E. WitkowskiZ?

lyestinghouse Advanced Reactors Division
2Westinghouse Research Laboratories

4.1 OBJECTIVE
(Not provided)
4.2 SUMMARY
(Not provided)
4.3 ACCOMPLISHMENTS AND STATUS

4.3.17 Introduction

Stainless steels AISI 310 and 330 were developed principally for operation in an
air environment at temperatures up to 1150°C. 1In cofparison to the composition of Type 304
SS (Table 52), the higher chromium level provides greater oxidation resistance, while the in-
crease in nickel reduces the differential thermal expansion between alloy and oxide and so
reduces spalling under cyclic conditions. i

TABLE 52

COMPARISON BETWEEN TYPE 304 SS AND THE ADVANCED CLADDING
CANDIDATE ALLOYS, TYPE 310 SS AND ALLOY 330

w/o _ wppin f
Alloy Fe | Cr Ni~ | Mo | Mn Si | Cu c |« s | pi
Type 304SS | 71 18 8 - | 2.0 | 1.0 . 800 30 | 45|
Type 310SS |52.90 | 24.97 | 19.34 | 0.3 1.58 | 0.47 | 0.32 680 200 | 280
Alloy 330 |41.95 | 18.87 | 36.03 | - | 1.54 | 1.28 | 0.23 580 110 220‘

* Type 310 SS normally contains 2500 ppmC. The low carbon version, Type 310S, with 800 ppm
max C is closer to the above composition.

The following discussion compares the behavior of these two candidate duct
materials in and out of a sodium environment at 700°C.

4.3.2 Type 310S Stainless Steel

The composition of this 20% cold worked tubing led to an extremely unstable
microstructure at 700°C. The transformations that took place in both sodium and vacuum
environments after exposure periods up to 6,000 hours are described below.

The as-received microstructure of Type 310S is shown in Figure 200. With a light
etch at low magnification, the abnormally high density of inclusions may be observed in the
transverse and longitudinal sections. Further examination revealed that some of these

apparent “inciusions” were in fact casting defects {shrinkage porosity) drawn out during
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tube fabrication. At higher magnification, the fully etched microstructure revealed the
effects of cold working. Prominent deformation bands and many examples of bent annealing

twins were evident.

The effect of a 500-hour sodium exposure in WHIRL-1 is shown in Figure 201. With
the matrix slightly defocused, the structural changes induced by sodium at the 0.D. can be
discerned. Selective removal of certain elements within the surface grain boundaries are
measured to a depth of ~10 um. This corrosion behavior, also observed in Type 316 SS,
should not be confused with the complete leaching out of grain boundaries noted in Inconel 718
and to a lesser extent in Nimonic PE16. Also visible in this micrograph are the many

examples of casting defects.

At higher magnification [Figure 201(b)], the early effects of exposure at 700°C
may be observed. The initial austenitic structure has begun an unusual transformation to
sigma. The original grains, surrounded by broadening boundaries can be seen "dissolving"
into large islands of sigma, leaving behind a new austenitic matrix.

After 2,000 hours exposure (Figure 202). the most striking feature is the extent
and degree of sigma formation throughout the structure; between 25 and 28 volume percent is
occupied by this phase.

The microstructures were double etched, first with Glycergia then with
Murakami's so]ution*, used by many investigators attempting to distinguish carbide, ferrite
and sigma by color (dark, yellow and blue respectively). However, phase identification by
this technique is unreliable since the color of the (oxidized) particle is dependent on etch-
application technique and the exact chemical composition of the phase. The latter fact was
used to advantage in the present study since it permitted a clear picture of the depth to
which composition was influenced by corrosion. In Figure 202(a), the various effects of
sodium exposure may be distinguished; selective removal of certain alloy elements from grain
boundaries at the surface, some redissolution of sigma in the matrix immediately below the
surface, and the "coloring" of the zone in which alloy modification has occurred. This zone,
about 40 um wide was distinguished by a blue coloration of the sigma with Murakami's etch.
In Figure 202(b), at higher magnification, the transition of "blue" to "yellow" sigma is not
abrupt but takes place over a region in which particles clearly have a "cored" composition;
that is, a chemical gradient from edge to center.

’The width of this zone of depletion is of interest, since the diffusion rate of
the corroding species (chiefly, Cr, Ni and Mn) may be calculated. The total depth of a
diffusion profile, X, is given approximately by the expression:

X = 2/Dt 1

where D is the diffusion coefficient of the diffusing species and t is the time. Hence, the
diffusivity of the corroding element(s) is approximately 5.5 x 10713 cm2sec™!. In comparison
to Cr diffusion in Types 316 SS at 700°C (~1071% cm2sec™!), and Ni (~10715 cm2sec™!) this

h—_—___ . . :
10gKoFeCN+10gKOH in 100 ml1 H,0
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result is somewhat high. However, the nickel content of an alloy has been shown to have
a strong influence on the diffusjyity of substitional elements, and this may account for the

higher rate in Type 310 SS.

It should be noted that the "yellow" phase was identified as sigma and not
ferrite in two ways. First, the specimen was etched in 10% chromic acid; both blue and
yellow particles were uniformly and rapidly attached [See Figure 204(a). This reagent reacts
with sigma, but has no effect on ferrite. Secondly, several specimens were tested with a
strong magnet; all showed minimal response. Unlike ferrite, sigma is not a magnetic phase.

It is also evident that carbon depletion has occurred at the sodium exposed
surface. In comparing Figures 202(c) and 202(d) with 202(a) and 202(b), it will be noted that
there are in general many more carbides present in the vacuum aged material, some clearly
formed along the deformation bands of the original structure. Carbides, however, are
markedly absent in the depleted zone of the sodium exposed specimen.

A more complete development of the microstructure was observed in a specimen aged
at 700°C for 4,000 hours (Figure 203). Dilute chromic acid etch was used to enhance other
matrix precipitation, albeit at the expense of a relatively severe attack on the sigma
islands. Carbides were observed, growing on the deformation bands of the original cold
worked structure [Figure 203(c)]. It is clear that carbide nucleation occurred before the
matrix transformation at about 500 hours, and this would be anticipated. The formation of the
parallel carbide stringers within the more heavily deformed grains, prevented the growth of

sigma in these confined areas.

The tubing no longer has a formal grain structure, but more closely resembles the
products obtained from a eutechtoid reaction in which the original polycrystalline single
phase gives way to an integral mixture of two new solids. In this case, however, the reaction
is occurring within a miscibility gap in which the original solid undergoes an ordering
reaction as one new second phase (sigma), is produced.

The effect of 6,000 hour sodium exposure in WHIRL-1 is illustrated in Figure 204.
At Tow magnification, it can be seen that corrosion has occurred on both the 0.D. and I.D. of
the tube. A comparison of the wall dimensions of Figure 203(a) and Figure 204(a) (taken at
the same microscope settings) provides a useful check on the corrosion measurements calculated
from specimen weight loss. The average wall thinning was estimated at 7.42%. For a 250 ,m
wall tube, this amounts to 19 ym in 6,000 hours, or 27 ym/y. The metallographic specimen was
exposed at L/D = 60, and gave a calculated corrosion rate of 27 um/y, in agreement with the
above value. )

The depleted zone depth after 6,000 hours in sodium has increased considerably.
In Figure 204(b), the 40 um "blue" zohe observed after 2,000 hours [see Figure 202(a)], is
now essentially free of precipitéte. Behind this surface band, sigma with a blue coloration
after treatment with Murakami's etch extended for an additional 30 um. Using Equation [1],
with the value of D calculated after 2,000 hours, the predicted depth, X, after 6,000 hours is
equal to 69 um, in excellent agreement with the measﬁred value.
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The continuing process of sigma dissolution within the depleted zone may be
observed in Figure;204(c).‘ As corrosion progresses the net composition of this zone is
moving further and further away from a two-phase region (i.e., away from the miscibility gap)

and a polycrystalline structure isvbeginpihg to return.

The features of'the sodjuh:eorroded surface as observed in the scanning electron
microscope are illustrated in Figure 205. A generally uniform pattern of attack was
established after 2,000 hours, w1th b]ocky, somewhat angular regions interspersed with
smoother, shallow areas in which s]1aht grain boundary etching has occurred. With increasing
exposure time, the development of small micron-sized angular holes was noted. These holes
were sparsely scattered across the surface, and although these were angular in character,
euggesting the complete removal of a precipitate or particle, there was no evidence for the
presence of any second phase'oVer the surface examined.

Some significant chenges in surface composition were monitored, as shown
graphically in Figpre 205. The most poteworthy was the change in the Cr-Fe ratio from 0.725
to 0.300 over the 6,000 hour expoéure period. In terms.of coneentration, this would represent
a change in chromium from the initial 25% to about 10%. The change in the Ni:Fe ratio, 0.250
to 0.113, indicates a drop from 19% to about 8.5%. It is evident that the original austenitic
character of the material at the tube surface has been almost entirely lost as a result of

the sodium exposure.

A comparison of x-ray microprobe traces taken in a radial direction across the
tube wall of 4,000 hours aged and 6,000 hours sodium exposed specimen confirmed qualitatively
that the elements Cr, Ni and Mn have been depieted. In addition, however, a significant
surface gradient was noted for silicon. This is shown schematically in Figure 206. At present
these data are not quantitative; several alloy standard specimens are required to allow for
the change in instrument response to a minor constituent, in an alloy whose basic composition
js itself changing. However, a clear trend is evident. At the surface of the sodium corroded
sample, the silicon conc¢entration was reduced to about half its initial level with depletion
extending back into the bulk for about 50-70 um. This profile corresponds with the depleted
zone observed in the microstructure [Figure 204(b)] and may account for the compositional
difference indicated by the reaction of sigma phase with Murakami's etch. The "peaks," most
,evident on the vacuum aged profile, appeared to coincide with the casting defects noted
eerlier, suggesting that the holes themselves or the area around the holes contained a

.silicate or similar compound.

4.3.3 Alloy 330

The as-received structure of alloy 330 [Figure 207(a)] differed in several
respects from Type 310 SS. Although of similar grain size (ASTM 7-8), there was less evidence
.of cold work fewer, 1nc1us1ons and only occasional spherical porosity. The generally irregular
gra1n structure (as opposed to polygonized) and the presence of second phase particles
scattered throughout the matrix suggest that the annealing treatment (1065°C/1 hr/WQ) was not
suff1c1ent to return the material to a svngle phase condition, and that only partial
recrystallization occurred.
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After 500 hour aging at 700°C [Figure 207(b)], the structure contained additional Q
random precipitation; this is most probably carbide. However, after 2,000 hours [Figure 207(c)]
these small spherical carbides were observed to be conforming to a distinct structural
péftern, apparently decorating original grain boundaries, present prior to the solution
anneal. Coupled with this phenomenon was the fact that there was no obvious precipitation
occurring on the new. grain boundaries. Furthermore, a considerable number of these
boundaries appeared to have dissolved or were no longer resolved in the microscope. This
effect was a]ga‘noted in the specimen aged for 4,000 hours, as shown in Figure 207(d).

The structural changes due to sodium exposure are also very different from Type
310 $S. Unlike the mild, general surface attack observed on the latter alloy, the sodium
appears to be leaching grain boundaries and channeling its way to a depth of 50-60 um below
the surface. The development of this attack is 'shown in Figures 208 and 209. There are many
surface "pot-holes" with fine hair-line or crack-like grain boundaries leading down from the
surface, or laterally away from corrosion "caverns" well within the tube wall. The surface
attack is morphologically similar in many respects to that of Type 310, however, the
increased development of holes is very evident. Although the initial Ni content was almost
twice that of Type 310 (36 vs. 19%), selective removal of this element in particular reduced
its concentration to about 10% after 6,000 hours exposure in WHIRL-1. An even more severe
depletion was noted after only 4,000 hours exposure in the high dT/dlL environment of ITF
(Figure 210) where Ni was estimated to be at about the 2% level.

Undoubtedly, the formation of a labyrinthian surface structure enhances the mass

transfer process since the sodium-wetted surface is increased and small, partially isolated,
volumes of metal are more readily depleted of their alloy constituents.

The reason for the development of such holes in a given material is unclear, but
when they do form, metal loss occurs largely from below the surface and is not reflected as
wall thinning. Dimensional measurements made on ihe specimen exposed for 6,000 hours in
WHIRL-1, for example, provided the surprising result of a corrosion rate equivalent to only
8.9 um/y, as compared with 35 um/y calculated from weight change measurements at this
specimen location of L/D = 66. Almost 75% of the weight loss has therefore occurred below
the tube surface.

4.3.4 Discussion

m
different transformation sequence from that observed in the advanced alloy tubing. In
annealed material, containing 0.11C and 0.75Si, they noted sluggish grain boundary carbide
formation at 650°C with very little sigma identified after 900 hours. At 750°C, inter-
granular carbide precipitation was heavier, and some intragranular sigma was observed, but

In earlier aging studies of Type 310 SS, White and LeMay observed an entirely

up to 900 hours, there was no evidence of widespread intermetallic formation.

A comprehensive mechanical property/aging program of a low carbon heat of Type
310 SS very similar to the advanced cladding material (0.07C, 0.46Si) was conducted by
Emmanuel(z). The behavior of cold worked and annealed specimens was investigated over the

540-930°C temperature range for periods up to 1,000 hours. He found that sigma forms directly
from the austenite, that it forms more rapidly and over a wider temperature range in cold ‘; i

worked than in annealed material and that impact strength was the most sensitive indicator
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for the presence of sigma. However, the amount of sigma formation at 700°C, although
described as "heavy" and greater than 8%, was not reported to the levels of ~25% as measured
in the present advanced cladding material. No mention was made of any widespread breakdown
and transformation of austenite after 500 hours at 700°C.

Dulis and Smith(3)‘9xamined structures in a series of annealed austenitic steels,
including AISI Type 310 (0.07C, 0.58Si) and Type 314 (25Cr, 20Ni, 0.18C, 2.3Si)}. After aging
“at 700°C/3,000,hours; they measured 10% sigma in the Type 310 specimen, with a structure very
close to the-(cgldiworked) cladding material after 2,000 hours at the same temperature. The
vhigher silicon alloy produced the same amount of sigma in 1,000 hour/760°C, but the particles

’

.were in general much larger.

Foléy and“Krivobok(4) developed Cr-Ni-% sigma plots for annealed and cold worked
:commercia]'aTIOYS at 650°C, 800°C and 900°C. They also produced a companion set of triaxial
figures showing the*VHriation of Charpy impact values with composition after 100 and 3,000
'.hours aging.‘ A curve showing the effect of sigma on impact values is reproduced in Figure
211, The figure demonstrates that about 5% sigma is required to "embrittle" the steel
(impact data < 15 ft-1b). The authors point out that significant”loss of impact properties
was observed even after 100 hours aging. This could not be attributed to sigma, but was
probably due to carbide formation. Subsequent additional deterioration, however (having
given sigma time to form), was almost certainly the result of the presence of this latter

phase.

' Foley and Krivobok also indicated that silicon enhanced the formation of sigma, @
and, for their three test teﬁperatures, demonstrated the effect of changing the silicon
content from 0.2% to 0.7%.

However, sigma formation is also strongly affected by carbon concentration. Since
carbon acts in the_opposite‘sense'to silicon, some net effect of these two elements should be
taken into account. This was attempted with[the data presently available. From the results
compiled in Table 53, a plot of sigma versus the Si:C ratio was constructed (Figure 212).

With a ratio of 6 or less, the amount of sigma produced appears to be low at about 3%.

TABLE 53
SIGMA, CARBON AND SILICON DATA FOR 25Cr-20Ni STEELS
Carbon | Silicon] Si:C | Initial Alloy Aging

Reference w/o w/o Ratio Condition Time (hr) | Temp. (°C) | % Sigma
This Program 0.068 0.47 6.91 cw 2000 700 25

(1) 0.110 0.70 6.36 A 900 750 3-6% -
(2) 0.070 0.46 6.57 CW 1000 700 ~10

(3) 0.070 0.58 8.28 A 3000 700 10+

(3) 0.180 2.30 12.70 A 1000 760 10+

(4) 0.050 0.20 4.00 CW 3000 675 3

(4) 0.050 0.70 14.00 CW 3000 675 10
* Estimated

The foregoing discussion and review of Titerature data suggests that with Q

suitable compositional adjustments, the amount of sigma phase formed at 700°C could be

controlled to a tolerable level in Type 310 SS.
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Althou@h sigma formation is not normally anticipated in alloy 330, Foley and
Krivobok(4) showed that this was also dependent on silicon content. If the silicon level is
high enough (~3%), the sigma will form in this alloy also, to about 3 or 4%, within a very
limited temperature range (600-675°C).

The presence of, or tendency to form sigma in either alloy is not, however, the
major issue far consideration for reactor application of these two alloys. The edge alloy
330 holds over Type 310 SS in view of its superior swelling properties, is clearly lost when
sodium corrosion behavior is taken into account. Both alloys are corroding at a prohibitively
high level at 700°C; this would not only affect the mechanical integrity of a component, but
it also gives rise to concern for the volume of radioactive corrosion product released to

the sodium system.

Corrosion studies are continuing at W-RL on alloy 330 at 600°C in the hope that
the corrosion rate will fall to a tolerable level at this Tower temperature.

4.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPCRTING PERIOD
{Not provided)
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CHAPTER 1V.

STATUS OF EBR-II IRRADIATION TESTS
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1. STATUS OF EBR-ii IRRADIATION TESTS

The status of advanced alloy irradiation tests in EBR-II, as of the end of
December, 1976, is shown in Table 54.
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TABLE 54
STATUS OF EBR-II IRRADIATION TESTS
Status: 12/30/76* _
Subassembly Reactor [Accumulated Est. Peak Fluence,

Experiment General Description Designation | Position MWD 1022 n/cm? (E>0.1 MeV) Remarks
AA-Ta Swelling in Commercial Alloys X-157C 4p2 21,398 5.28 Irradiation completed
AA-1 Swelling in Candidate .

Commercial Alloys X-223C 2F1 26,297 7.41 Next discharge end of Run 87
AA-T1a X-260B 4D3 17,078 4.22 Discharge at end of Run 87
AA-11b Mechanical Properties of X-269 4c2 8,324 2.06 1st discharge end of Run 89
- Candidate Commercial Alloys
AA-TIc X-263 4E2 19,737 4.87 1st discharge end of Run 87
AA-IIT In-Reactor Stress-Rupture, _ _ 0 0 Planned for INCOT position,

Candidate Alloys . Run 89
AA-TV AA-T1 Backup - - 0 0 Backup test
AA-V AA-VIII Backup - - 0 i} Backup test
AA-VI Swelling in Modified . .

(Series C) Alloys - - 0 0 Run 89 insertion scheduled
AA-VII Swelling in Candidate :

Developmental Alloys X-223C 2F1 16,863 4.75 Next discharge end of Run 87
AA-VIIIa X-295 - 0 0 Run 878 insertion scheduled

Mechanical Properties of _ - R
AA-VIIIb Candidate Developmental X-2618 0 0 Run 89 insertion scheduled
m-vire  |A11oys X-296 - 0 0 Run 87B insertion scheduled
AA-IX Fundamental Studies on Void fatd

Nucleation and Alloy Stability X-2168 201 9,550 2.68 Irradiation completed
AA-X Mechanical Properties of Solid ; ;

Solution Developmental Alloys X-287 - 0 0 Run 87A insertion scheduled
AA-XI Swelling Suppression Through ;

Compositional Synergisms X-216D 2D1 13,934 3.93 1st discharge end of Run 92
AA-XTT Swelling in Mcdified (Series B) ' - :

Developmental Alloys X-223C 2F1 5,440 1.55 1st discharge end of Run 87

* End of Run 86A
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