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FOREWORD
1. ANALYSIS AND EVALUATION STUDIES

1.1 Materials Handbook for Fusion Energy Systems ) o
(McDonnell Douglas Astronautics Company = St. Louis Division)

Work is progressing smoothly on tke handbook and the backiog of data sheets, which
numbers approximately 200, is steadily decreasing. In addition a number of new contributions
on magnet case materials and high heat flux materials (copper alloys) have been received and
are out for review prior to release. Work in progress includes V=15Cr-5Ti, ceramic insu-
lators, and a special appendix to the handbook on Damags Correlations which is being pre-
pared by the DFAS working group.

2. TEST MATRICES, EXPERIMENT DESCRIPTIONS, AND MICROSTRUCTURAL DEVELOPMENT .

2.1 Status of U.S./Japan Colloborative Testing in HFIR AND ORR
(Japan Atomic Energy Research Institute). . .

Examination is almost completed on capsules JPI and JP3. Irradiation was completed
for capsules JPS, JP7, and JPZ and specimen testing is underway. Irradiation of samples
JP4, JP5, and JP8 comtinues. Results to date on 7.5. and Japanese PCA #lloys have shown
low swelling when irradiated to about 30 dpa and about 2000 ppm He.

2.2 Operation of the U.5./Japan ORR Spectral Tallorlng Experlments
(Oak Ridge National Laboratory) .

The ORR MFE-&J and -7J experiments continued irradiation during this reporting period
ending on March 31, 1986. The total accumulated time is 200.2 Full Power Pays (FFD) at

30 M¥.

2.3 Design of the HFIR (JP Type) Instrumented Target Temperature Test (TTT) Capsule
(Oak Ridge National Laboratory) .

The JP-TTT experiment iS scheduled to he inserted as scon as the HFIR Instrumented
Target facility is completed. The conceptual design is complete. The mechanical design of
the JP-TTT capsule is in progress, and some components are on order.

2.4 Neutronics Analysis in Support of the U.S.-Japan Spectral Tailoring Capsules
(Oak Ridge National Laboratory) . . . . . . v« v v v v v v v v v o .

Scale factors obtained previously are being used to scale the neutron fluences
obtained from three-dimensional neutronics calculations. As of March 31, 1986, this proce-
dure yields 17.81 at. ppm He (not including 2.0 at. ppm He from E-10) and 3.57 dps for type
316 stainless steel in ORR-WE-63 and 31.23 at. ppm He and 3.71 dpa in QORR-MFE-7J. The
calculated and measured fluxes in the HFIR 8 MFE Hafnium Dosimetry Experiment have been
compared. This comparison allowed the calculation of Rf and Cd shield thicknesses required
for spectral tailoring when the MFZ-6J and -7J experiments are moved to HFIR RE positions.

2.5 Neutron Dosimetry and Damage Calculations (Argonne National Laboratory)

A one-cycle (22 day) test of the Hf liner was conducted in the B3 position of HFIR at
100 M¥. The Hf reduces the termal flux about an order of magnitude. Estimated damage and
gas production rates are included.

Results are reported for the JPI, JP3 U.S./Japanese experiments in HFIR. Both experi-
ments had an identical exposure history with a fast fluence ¢>¢.1 Mev) of about
3.9x10%%*n/em® producing about 32 dpa and 2147 appm helium in 316 stainless steels.

Results are reported for several short experiments in the Omega West Reactor (LANL)
designed for comparison with similar 14 M irradiations at RTNS 11 (LLNL) . The measured
fluences ranged from 5-54x10'°ntcm/?.

A new computer code, SPECOMP, tsas been developed to calculate displacement damage for
alloys, insulators, and breeder materials. Examples are given for L1470, where we find 20740
more damage in the compound than would he expected from a linear combination of the elemen-
tal calculations in SPECTER. 0Other compounds zre now being studied.

The status of &1l dosimetry experiments i S summarized in Table Z.5.1,
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4.
5.

AUSTENIIC STAINLESS STEELS

3.1 Microstrucutral Oevelopment in the PCAs Irradiated to 34 dpa in HFIR at 300 and 400°C

3.2

3.3

3.4

3.5

(Oak Ridge National Laboratory)

Microstructural observation on both ¢.5. and Japan PCAs indicated that all specimens
developed a high concentration of fine bubbles and MC precipitates, as wel! as Frank
faulted loops. Mutual stability of the MC particles and associated fine 5subblss contrib-
uted to the extension of the transient regime of swelling to higher fluence. The irra-
diation response of JPCA and ¢.5.-724 were similar in this HFIR irradiation condition,
despite of the minor compositional difference (7,8} between the two materials. These
data suggest useful fusion application of solution-annealed (SA)-PCA as well #s cold-
worked ¢¢wy-#CA In the 300 to 400°C temperature range.

The Tensile Properties of Solution-Annealed (SA) JPCA Irradiated in HFIR
(Oak Ridge National Laboratory) . . . . . . . v v v v v v v v v v u

The tensile properties of HFIR irradiated SA-JPCA were determined from 300 to 50¢°¢C,
Comparison with microstructural observations shows that the major source of hardening at 300
and 40¢°c is a high concentration of cavities; MC-precipitate which formed during HFIR irra-
diation will be the additional source for hardening at 42¢°c. Total elongation of the JPCA

remains above 6% in all test-temperature ranges.
This data shows the useful application of solution-annealed JPCA in the temperature range

300 to sp0°c at 16 to 25 dpa damage levels.

Microchemical Compositions of Precipitates in JPCA Irradiated to 34 dpa in HFIR
(Oak Ridge National Laboratory) e e e e e e e e e e e

Control specimens (SA, CW, and aged) contain only MC-type precipitates. The com-
positions of MC particles have a strong size dependence. Smaj/er MC particles contain less
titanium and more chromium and molybdenum. After HFIR irradiation at ¢00°c to 34 dpa, the
specimens contain small smounes of M,,C. end ¥,o precipitates as well as M precipitates.
The size dependence becomes more appreciable compared to that found in control specimens.

Modification of the Grain Boundary Microstructure of the Austenitic PCA Stainless Steel to
Improve Helium Embrittlement Resistance (Oak Ridge National Laboratory)

Grain boundary MC precipitation »ss produced by a modified thermal mechanical pretreat-
ment in 25% cold worked ¢¢¥) austenitic prime candidate alloy (Pc4) stainless steel prior
to HFIR irradiation. Postirradiation tensile results and fracture analysis showed that the
modified material (383) resisted helium embrittlement better than either solution annealed
(54) or 257 c¥ PCA irradiated at 502 to &¢0° to -21 dpa and 1370 at. ppm Fe. PCA was not
embrittled at 300 to £00°C. Grain boundary MC survives in 2¢4-25 during HFIR irradiation
at so0°c put dissolves at 520°¢; it does not form in either SA or z5¢ CW PCA during similar
irradiation. The grain boundary MC appears to play an important role in the embrittlement
resistance of PCA-83.

Microstructures of Type 316 Stainless Steel Irradiated to 30 dpa at 300 and 400°C in HFIR
(Oak Ridge National Laboratory) . .. . . .

Type 316 stainless steel solution snnesled (SA) and 20% cold-worked (227 <W; specimens
were irradiated in HFIR at 300 sng 400°C to fluences of -33 dpa and 2250 at. ppm He. The
swelling by bubbles was 0.3% at 2¢¢0°c and #, 57 at 406°c, and was similar in SA and 20% c¥
material, respectively. A few fine and large precipitates with Moire fringes were observed
in the trains and #/ong train boundaries, but »o 7  precipitates were observed.

HIGHER STRENGTH Fe-Ni-Cr ALLOYS .

REACTIVE AND REFRACTORY ALLOYS

5.1 The Tensile Properties and Swelling of Several Vanadium Alloys after Irradiation to 40 dpa

in FFTF (Oak Ridge National Laboratory) . . . . . . . « ¢ v v v v v v v v v o v s

The v-277-157 alloy exhibited better resistance to irradiation hardening ss¢ helium
embrittlement than V-:5¢--5Ti or VANSTAR-7 after irradiation in the Fast Flux Test Facility
(FFTF) to 40 dpa at 420, 520, and s00°¢. 411 three alloys were low swelling except
VANSTAR-7 which showed high swelling at 520°C. In all cases, the preimplanted helium
enhanced swelling. The v-37i-i5; alloy clearly outperformed the other two alloys and
should be investigated end developed further.
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5.2

5.3

5.4

Microstructural Evolutton and Computed Yield Stress Increase for lon-Irradiated ¥-15Cr-5Ti
Alloy (Argonne National Laboratory)

The effect of 4-MeV **ws** ion irradiation on the microstructure of the V«i150r-577
alloy was determined for irradiation temperatures ranging from 552°¢ to 75¢°¢ dnd for
damage levels of 50 to 260 dpa. The swelling of the alloy that could be attributed to
voids was negligible (<¢.1Z). The principle effect of the irradiation was to induce the
formation of disc-shape precipitates in the alloy microstructure. The increase of the
yield stress for the ¢!//oy resulting from the irradiations was evaluated from the
irradiation-produced dislocation density and the number density end size of irradiation-
produced precipitates. These evaluations showed that the increase of yield stress for the
alloy on irradiation 4ss a maximum value at -50 dpa, and the increase of yield stress
decreases for irradiation temperatures above £20°C.

Environmental and Chemical Effects on the Properties of Vanadium-Base Alloys
(Argonne National Laboratory) e e e e e e e e

The susceptibility of ¥-:50r-571 to stress corrosion cracking in high-purity water at
288% is being evaluated by mezans of constant extension rate tensile (CERT) tests. No
stress corrosion cracking was observed in tests conducted at a strain rate of I x 17° s
and dissolved oxygen levels in the range <¢.205 to 7.7 wppm.

-1

Preparation and Fabrication of Vanadium Base Alloys (Argonne National Laboratory)

Fabrication of v-:50r--577 alloy has begun to replenish the inventory of vanadium ter-
nary alloy for Path C Scoping Studies. A process flowsheet has been devised to generate
alloy material hsving optimum properties. Process operations are designed to minimize the
pickup of interstitial elements O, N, # and C for R&2 requirements.

Pure vanadium, chromium and titanium feedstock materials have been prepared for alloy
consolidation melting. Premary and secondary plasma arc melting of 350 g ingots has begun.
Two Flat stock ro//ing experiments were conducted on ss-cast material. Alloy sheet deliv-
ery is planned to begin early in the third quarter.

6. INNOVATIVE MATERIAL CONCEPTS

6.1

The Effect of Strain Rate and Long -Term Aglng on the Properties of Iron-Base LRO Alloys
(Auburn University) . .

Tensile tests covering strain rates from 107% to 10"/s were performed on the ordered
alloys at room temperature. The results indicate that there is little or no effect
of strein rate on the tensile strength and ductility. The long-term thermal exposure at
600°c does not cause any significant change in tensile properties. The deformation and
fracture characteristics along with controlling mechanisms <#sitgz2 as a function of strsin
rate and aging time.

7. FERRITIC STEELS

7.1

Helium Effects on Void Formation in 9Cr-1MoVNb and 12 Cr-1MoVW Irradiated in HFIR
(Oak Ridge National Laboratory) . . . . . . . . . . . . o o i i i i e e e e e

Up to 2 wt ¥ Ni was added to 9Cr-iMoVNb and 12Cr-IMoV¥W ferritic steels to increase
helium production by transmutation during HFIR irradiation. The various steels were irra-
diated to -39 dpa. Voids were found in s/ the undoped and nickel-doped steels irradiated
at 420°¢, Voids developed in most of the steels at 5¢2°¢, but not in sny of them at 300 or
600°C. Bubble formation, however, w»as increased at all temperatures in the nickel-doped
steels. Maximum void formation »2s found at 400°c, but swelling remained Iess than 0.5%
even with up to 440 appm X. Irradiation at 300 to 500°C caused dissolution of as-tempered
M,,Cs precipitates and coarsening of the lath/sudgzrain structure in the 9-Cr steels,
whereas the microstructure generally remained stable in the 12-Cr steels. Irradiation in
this temperature range also caused compositiona! changes in the as-tempered MC phase in all
the steels, and produced combinations of fine ¥:¢, G, and ¥,X precipitates in various
steels. The subgrain boundaries appear to be strong sinks that enhance resistance to void
formation. Nigher helium production during irradiation appears to shorten the incubation
period for void formation. The effects of helium on steady state void swelling behavior,
however, remain unknown.
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7.2

7.3

7.4

7.5

7.6

On the Saturation of the OBTT Shift of Irradiated 12Cr-1MoVW with Increasmg Fluence
(Oak Ridge National Laboratory) . . . . . .. e e e e e e C e e

Identical subsize Charpy specimen of 20r-:Halw steel were irradiated at 32¢0°c to a
fluence of 0.86 x 10%* n/x* (E > 0.1 MeV) and at 300 to 46¢°c to a fluence of -1 x (9%* n/p?
(£ > 0.1 MV). Impact testing indicated the 5577 was increased by irradiation at 372° by 36
and 164°C, respectively, for the low and high fluences. Irradiation at ¢o2°c led to an
increase in the D&7T of 2/7°¢. Aging alone has an insignificant effect on the impact
properties. The major portion of the irradiation emhrittlement at 30¢°c occurs for fluences
beyond 1 = 10%% nja?.

The Development of Ferritic Steels for Fast Induced-Radioactivity Decay
(Oak Ridge National Laboratory) . . . « & & v v v v v v v v v v 0 e

Tensile studies were continued on eight heats of normelized-end-tempered chromium-
tungsten steel that contained variations in the composition of chromium, tungsten, vana-
dium, and tantalum. The results were compared to results for analogous chromium-molybdenum
steels.

Fatigue Behavior of Irradiated Helium-Containing Ferritic Steels for Fusion Reactor
Applications (Oak Ridge National Laboratory)

The martensitic alloys :z2cr-1MolW and 9Cr-I1doVih have been irradiated in the High Flux
Isotope Reactor (HFIR) and subsequently tested in fatigue. In order to achieve helium
levels characteristic of fusion reactors, the iz2cr-1#ol was doped with | and 2%Ni,
resulting in helium levels of 270 and 410 at. ppm at damage levels of 25 dpa. The
FCr-1MoV¥b was irradiated to s damage 7sve; OF 3 dpa and contained <5 at. ppm He.
Irradiations were carried out at 53°C and testing at 22°. No significant changes were
found in 9¢r-1Mov¥s upon irradiation at this damage level, hut possible effects of helium
were found in 12Cr-7iov,  Alloys with 210 and /¢ at. ppm He showed cyclic strengthening
of 29 and 34% over unirradiated, helium-free nickel-doped materials, respectively. This
cyclic hardening, which may be caused &y helium, resulted in sz degradation of the cyclic
life. However, the fatigue life rsamain=d comparable to or better than that of unirradisted
20%-cold-worked 316 stainless steel

Effects of Irradiation on Ferritic Alloys and Implications for Fusion Reactor Applications
(Westinghouse Hanford Company) e e e e e e e e e e e e e e

The ADIP irradiation effects data sase on ferritic (martensitic) alloys is reviewed in
order to provide reactor design teams with an understanding of how such alloys will »e4sve
for fusion reactor first xs77 applications. Irradiation affects dimensional stability,
strength and toughness. Dimensional stability is altered by precipitation and void
swelling. Swelling as high as 25%may occur in some ferritic alloys at 50¢ dpa.

Irradiation siters strength both during irradiation and following irradiation.
Irradiation at low temperatures leads to hardening whereas at higher temperetures and high
exposures, precipitate coarsening can result in softening. Toughness can also he adversely
affected by irradiation. Failure can occur in fsrritics In & brittle manner and irra-
diation induced hardening causes hrittle failure at higher temperatures. Even at high test
temperatures, toughness is reduced due to reduced failure initiation stresses.

Ferritic alloys should provide an attractive material for structural applications in a
fusion reactor hut the temperature regime over which they are used must e limited.

Effects of Irradiation on Low Activation Ferritic Alloys to 45 dpa
(Westinghouse Hanford Company) e e e

Nine low activation ferritic alloys covering the range 2 to /2Cr with alloying additions

of tungsten znd/or vanadium have been irradiated to intermediate fluences of 30 to 45 dpa
and tensile tested or examined by transmission electron microscopy in order to determine
the effect of increasing neutron dose on properties znd microstructure. Changes in proper-
ties and microstructure are for the most part completed within 2 dpa hut swelling and
disloc§tion evolution continue with increasing dose =t 420°C and subgrain coarsening occurs
at s00°C.
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7.7

7.8

7.9

Charpy Impact Behavior of Manganese Stabilized Martensitic Steels
(Westinghouse Hanford Company) . . . . & . v & & o 4 v b b bt e e e e e e e e e e e s

Tests were conducted to evaluate tie irradiation-induced shift in_ductile-to-brittle _
transition behavior of two manganese stabilized martensitic steels. Miniature Charpy speci-
mens were fabricated from two rezts of steel similar in composition to HT-9 but with 0.1%¢
end ¥n contents ranging from 3.3 to 6.62. The 3.3% Mn steel showed a transition tem-
perature similar to that of HT-9 in both the unirradiated condition and in _specimens irra-
diated to 11.3 dpa. The steel containing 6.5% in exhibited a higher transition temperature
after irradiation than the steel containing 3.3% Mn. The upper shelf energy (¥5£) after

irradiation for the manganese stabilized alloys #as much higher than for HT-9.

Fracture Toughness of Ferritic Alloys Irradiated in FFTF (Westinghouse Hanford Company)

Ferritic compact tension specimens loaded in ths Material Open Test Assembly (MOTA) for
irradiation during FFTF Cycle 4 were tested at temperatures ranging from room temperature to
428°c. The electric potential single specimen method was used to measure the fracture
toughness of the specimen. Results showed that the fracture toughness of both HT-9 and
9cr-I1Ho decreases with jncressing test temperature and that the toughness of HT-9 w&5 about
30% higher than that of $cr-i4-, In addition, increasing irradiation temperature resulted

in gan increase in tearing modulus for both alloys.

Microstructural Examination of 12%Cr Martensitic Stainless Steel After Irradiation at
Elevated Temperatures in FFTF (Westinghouse Hanford Company)

A remelted 12%€r martensitic stainless steel (HT-9) has been examined before and after
irradiation in the Materials Open Test Assembly (4¢T4) of the Fast Flux Test Facility
(FFTF), using a scanning transmission electron microscope. The irradiation temperatures
were 365°, 420°C, 520°C, and s92°C with the fluences as high as 7.3 x 10?? n/ca®
(E>0.1 Mev) or 34 dpa. The extracted precipitates from each specimen were identified using
X-~ray microanalysis and selected area diffraction. The precipitates iIn the unirrsdiated
condition were primarily M,.0¢ carbides which formed at martensite lath and prior austenite
grain boundaries. During irradiation at elevated temperatures small amounts of other phases
formed which were tentatively identified as the chromium rick «', the nickel-silicon
rich G-phase and the intermetallic Chi phase. Irradiation-induced voids were observed only
in specimens irradiated at 420°¢ to a dose of 34 dpa; no voids were found for specimens
irradiated 4t 365°C (17 dpa), 520°C ("4 dpa), and 500°C (34 dod). These results are not
in agreement with previous experiments in that voids have not been reported in this alloy
at relatively high fluence level (767 J4ps) following irradiation in other fast-spectrum
reactor (£8R-77) but this is the first observation following FFTF irradiations. The pre-
sent results indicate that csvitiss can form in HT-9 at modest fluence levels even without
significant generations of helium bubbles. Hence, the cavity formation in this class of
ferritic alloys is not simply due to helium generation but rather a more complex mschanisa.

8. COPPER AND ITS ALLOYS . . . + & v v v v v v e e e e e s

8.1 Hydrogen Embrittlement in GLIDCOP Al1-~20 Copper Alloy (Oak Ridge National Laboratory)

The MFE heat of the Al-20 dispersion-strengthened copper alloy becomes embrittled when
annealed in vacuum at temperatures greater than 40¢°c. A chemical snaiysis of this heat
has found that the alloy contains & significant arount of hydrogen. The hydrogen was
apparently introduced by the manufacturer during an attempt to deoxidize the alloy. The
MFE heat of Al-20 is therefore subject to swelling and hydrogen embrittlement effects at
elevated temperatures even when tested in a hydrogen-free environment.

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . + v v v v v v v v v v v v v v v a s

9.1

Corrosion of Fe-Cr-Mn and Fe-Cr-Mo Alloys in Thermally Convective Lithium
(Oak Ridge National Laboratory) . . « o v v v v 0 v b i e e e e e e e e e e e e e e e s

Experiments with Fe-Cr-Mo and austenitic Fe-Cr-Mn alloys exposed to nonisothsrmal
lithium environments revealed the importance of chromium reactions in the corrosion pro-
cesses. Such reactions were found to significantly affect the temperature dependence of
the corrosion of the 12cr-iMaVW steel by thermally convective lithium. For the
Fe=Cr=(12720 wt )Mn alloys, prafersntfs! depletion and mass transport of manganese were
also important corrosion reactions.
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10,

9.2 Thermal Convection Loop Corrosion Studies of Ferrous Alloys Exposed to Molten Pb-17 at.

9.3

9.4

(Oak Ridge National Laboratory)

Longer-term (>6000 4} data for type 316 stainless steel and 1z2cr-1MovW steel exposed to

thermally convective Pb-17 at. 2 Li yielded more extensive information about dissolution
rates and environmental ly-induced surface modification of these alloys. The austenitic
steel suffered greater corrosion and irregular penetration and dissolution by the /zaq-
lithium, whereas the 72cr-1MoV# steel tended to corrode uniformly at s lower rate. A
model for the nonuniform penetration of type 316 stainless steel by Pb-17 at. ¥ Li was

suggested,

Corrosion of Austenitic and Ferritic Steels in Flowing Lithium Environment
(Argonne National Laboratory) . . . . . . e e e e e e

Corrosion data are presented for ferritic HT-9 and Fe-9Cr-Ite Steels and austenitic
Type 316 stainless steel in a flowing lithium environment at temperatures between 372 and
538°. Metallic elements detected on the corrosion specimens indicate the presence of
corrosion products on the alloy surfaces. These products sre ternary nitrides of lithium
and =zajor alloy constituents.

Environmental Effects on Properties of Structural Alloys in Flowing Pb-17Li
(Argonne National Laboratory) e e e e e

Corrosion data have been obtained on ferritic HT-9 and re-2cr-1ke Steel snd austenitic

Type 3:6 stainless steel in 2z flowing Pb-17 at. ¥ Z: environment at temperatures between
371 and 482°C. The corrosion behavior is evaluated by measurements of weight loss and
depth of internal corrosion as s function of time and temperature.

STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY

10.1 Fusion Program Research Materials Inventory (Oak Ridge National Laboratory)

10

.2

Irradiation Experiment Status and Schedule (Oak Ridge National Laboratory)
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