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INTERGRANULAR CRACKING OF INOR-8 IN THE MSRE

H. E. McCoy and B. McNabb

ABSTRACT

The INCR-8 surveillance specimens and components from the MSRE that
had been exposed to fuel salt formed shallow intergranular cracks (2 to
10 mils deep in exposures to greater than 20,000 hr). Some of these
cracks were visible in polished sections of as-removed materials, but
many others were visible after the samples had been deformed. Consider-
able evidence iniicates that the cracks were due to the inward diffusion
of fission products.

The fission product cracking mechanism was further substantiated
by laboratory tests which clearly demonstrated that tellurir=z causes
intergranular cracking in INOR-8. These tests have included other
materials, and important variations exist in their respectiv~ suscepti-
bilities to cracking by tellurium. Several materials, including types
300 and 400 stainless steels, nickel- and cobalt-base alloys containing
greater than 15Z Cr, copper, monel, and INOR-8 containing 2Z Nb, com-

pletely resisted cracking in the tests run thus . ar.
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INTRODUCTION

The Molten-Salt Reactor Experiment was a unique fluid-fuel reacto~.!
it operated at temperatures arvund 650°C for more than 20,000 hr between
1965 and December, 1969. The fuel was a mixture of flucride salts, cir-
culated thr<ugh a core of graphite bars and an external heat exchanger.
Except for the graphite, all parts contacting the salt were of a nickel-
base alloy known as INJR-8 and now available commercially under the
trade names of Hastelloy N and Allvac N. This alloy, developed at Oak
Ridge National Laboratory specifically for use in fluoride salts at
high temperature, has the nominal composition of Ni-162 Mo-7% Cr-5%
Fe-0.05% C.

INOR-8 in the MSRE bzhaved as expec’:ed with regard to corrosion by
the fluoride salts and the containment atmosphere (very little by either).
Two problems with INOR-8 did appear, hciaver. The first was a drastic
reduction in Ligh-temperature creep-rupture life and fracture strain
under cre~p conditions. The second was the appearance of grain-boundary
cracks at INOR-3 surfaces exposed to the fuel salt.

Embrittlement pheromena have been studied extensively for the past
several years in counnection with various iron— and anickel-base alloys3
and specifically with regard to INOR-8 by ORNL. The embrittlement of
INOR-8 in the MSRE has been attributed mainly to the helium that is
generated by thermal neutron interaction with iip present in the alioy
as an impurity. We have found that small changes in chemical composition
are quite effective in reducing the effects of helium production, and
our work is well along toward developing a modified INOR-8 with improved
resistance to embrittlement by reutron frradiation. This work has Lzen
reported extensively""'11 and will bhe discussed in this document only
insofar as it relates to the finuing and interpretation of evidence on
the surface cracking probleum.

The cause of the suriace cracking has not yet been precisely defined,
nor can its very long-term behavior be predicted with conifdence. The
cause must be associated with fuel system conditions after the beginaning

of power operation: numerous cracks or incipient c:acks were found on
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every INOR-8 surface that was examined after prolonged contact with the
radioactive fuel salt; few or none could be found on INOR-8 surfaces
(sometimes on the same pi.~ce) that had been exposed to the fluoride salt
in the coolant system or to the containment cell atmosphere. The cracks
were observed to open up when affected surfaces were strained in teasion,
but some grain boundary cracks were detectable in polished sectiomns of
unstrained specimens. The depth of cracking was 2 to 10 mils, and some
sectioned specimens showed as many as 300 cracks per inch of edge. A
general trend to more and deeper cracks with increasing exposure time

was evident, but the statistical significance of the changes after the
first several thousand hours was poor. Obviously the determination of
cause and long-term progression is essential in the development of molten-
salt reactorc that must operate reliably for many years.

An intensive effort has been mounted within the Molten-Salt Reactor
Program to investigate the INOR-8 cracking phenomenon and to develop
remedies or ways to circumvent the problem. More or less similar effects
can be produced in out-of-reactor experiments. Fluoride salts with added
FeF, oxidant cause inter-granular corrosion. Tellurium deposited on
INOR-8 and allowed to diffuse at high temperature produces brittle grain
boundaries. Tellurium also affects nickel and stainless steel, but to
lesser degrees. However, some of the other agents that were suspected
of causing the cracking in the MSRE fuel system have given negative
results. This work is currently in progress, and few firm conclusions
can yet be. drawn.

The present document has been prepared to report and summarize all
the currently known information obtained from the MSRE, which is the
starting point of the investigation. It also includes pertinent observa-

tions from other molten-salt systems, brief accounts of current experi-

ments, and some tentative conclusions.
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THE MSRE AND ITS OPERATION

A gori, gereral description of the MSRE and an account of most of
its history appear in reference 1. Reference 12 is a detailed description
of all components and systems. Because these references are widely avail-
able, the description here is confined to those portions that are germane

to the discussion of the INOR-8 cracking.

Description

The parts of the MSRE with which we will be concerned are included
in ‘he simplified flowsheet in Fig. 1. The cracking phenomenon was ob-
served on pieces of INOR-8 from the reactor vessel, the heat exchanger,
the fuel pump and a freeze valve near fuel drain tank No. 2. INOR-8
specimens exposed to the containment cell atmosphere cutside the reactor
vessel and surfaces exposed to the coolant salt were examined but did
not show the cracking.

The fuel salt composition was LiF~-BeF,-ZrF,-UF, (65-390-5-<1 mole %);
the coolant, LiF-BeF,; (66-34 mole %). At full power the 12C0-gpm fuel
stream normally entered the reactor vessel at 632°C and left at 654°C;
the maximum outlet temperature at which the reactor operated for any
substantial period of time was 663°C (1225°F). When the reactor was at
low power, the salt systems were usually nearly isothermal at about 650°C.
During extended shutdowns the salt was drained into tanks, where it was
kept molten whiie the circulating loops were allowed to cool. Plugs of
salt frozen in flattened sections of pipe ("freeze valves") were used to
isolate the drain tanks from the loop. The liquidus temperature of the
fuel salt was about 440°C and that of the coolant salt was 459°C, so the
loops were heated to 600-650°C with external electric heaters before the
salt was transferred from the storage tanks, Helium (sometimes argon)
was the cover gas over the fuel and coolant salts.

During operation, samples of fuel salt were obtained by lowering

small copper buckets (capsules) into the pool of salt in the pump bowl.
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The pump bowl served as the surge space for the loop and also for sepa-
ration of gaseous fission products from a 50-gpm  :ream of salt sprayed
out into the gas spazc above the salt pool. To r o>tect the sample bucket
from the =alt spray in the pump bowl. a spiral baffle of INOR-8 extended
from vhe top of the bowl down into the salt pool. A cage of INOR-8 rods
inside the spiral baffle guidad the sample capsule in the pump bowl.

The reactior core was composed of vertical graphite bars with flow
passages between them. 1n the lattice near the center of the core three
thimhles of INOR-8 housed comtrol rods. WNearby, and accessibie during
shutdowns through a flanged nozzle, was an array of graphite and metal
specimens, which was exposed to the fuel flowing up through the core.
Throughout most of the MSRE operation the core array was as shown in
Fig. 2. This array was decigned to expose surveillance specimens of
graphite and INOR-8 identical to the material used in the MSRE core and
reactor vesseli. Later, speciiens of modified INOR-8 were included. The
assembly was composed of three scparable stringers designated RL, RR,
and RS. Each stringer included a column of graphite specimens and two
rods of INOR-8. (Stringer RS also included a fiux monitor tube.)

Not shown in Fig. 1, but located ir the reactor building, was a
vessel in which specimen stringers identical to those in the core could
be exposed to fluoride salt having the same nowinal composition as the
fuel salt. (The stringers in the control faciiity were designated CL,
CR, and CS.) Electric heaters on the vessel were controlled to produce
a tempersture profile along the stringers like the profile in the core.
The salt ir this control facility <id not circulate.

The fuel system was contained in a cell in which an atmosphere of
nitrogen containing from 2 to 5% O was maintained. This containment
atmosphere was recirculated through a system that provided cooling for
the control rods and the freeze valves. Arrays of INOX-8 specimens
were exposed to the cell atmoephere as shown in Fig. 3. Suspended just
outside the reactor vessel but inside the vessel furnace, the specimens
were expcsed to practically the same neutron flux and temperature as the

vessel walls.
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Histogz

The history of the MSRE during the four years in which it operated
at significant power is cutlired in Fig. 4. Construction nad been fin-
ished and salt charged into the tanks late ir 1964. Prenuclear testirg,
including 1100 hr of salt circulation, occupied January-May, 17a5.

During nuclear startup experiments ic May-July, 1955, fuel salt was cir-
culated for 800 nr. Thc salt was drained and final preparations for
power operations were made in tte fall of 1965. Low-power experiments

in December led into the history covered in Fig. 4. {See ref. 1 and
MSRP semiannual progress reports for more detail.) About a year after
the conciusion of operation, a limited program cf examination was carried
out. This included INOR-8 pieces from a control rod thimble, the heat
exchanger shell and tubes, the cump bowl cage and baffle, ana a freeze
valve.

The nuclear fuel was 33%-enriched 23y, and the UF, concentration in
the fuel salt was 0.8 mole % untii 1968. Ther the uranium was removed
by fluorination and 233UF9 was substituted. The UF, concentration re-
quired with 233U was only 0.13 mole Z. The composition of the fuel salt
was observed by frequent sampling from the pump bowl.l3 Aside from the
2329 loading and periodic additions of small incrcements of uranium or
plutonium to sustain the nuclear reactivity, the only other additionms
to the fuel salt were more or less routine small (v10 g) cuantities of
beryllium, and, in two or three experiments, a few grams of zirconium
and FeF,. The purpose of these additions was to adjust the U(III)/U(IV)
ratio, which affects the corrosion potential and the oxidation state of
corrosion-product iron and nickel and fission-product niobium.

The primary corrosion mechanism in the fuel salt system was selective

removal of chromium by
2UF, + Cr(in alloy) * 2UF3 + CrFy(in salt) ,

aud the concentration >r chromium in salt samples was the primary indi-

cator of corrosion. Figure 5 shows chromium concentrations observed in
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the MSRE fuel over the years of power operation. The step down in chro-
miuz concentration in the salt in 1968 was effected by processing tie
salt in 1968 was effected by nrocessing the salt after the 233G filuori-
uation. The total increase in chromium in the 47(G0-kg charge of fuel
sait is equivalent to leaching all of the chromium from the 852 ft? of
INCR-& exposed to fuel salt to a depth of about (.4 wil.

Throughout the operation of *he MSRE a sample array of ome aiad o:x
another was preseut in the core. The arrays that were evposed between
Septeuber 1965 and Juue 19G9 were of the design showm iu Fig. 2. From
the time of corstruction until August 1965 the specimen array in the
core contained similar amounts of graphite and INOR-8 (to have *he samwe
nuclear reactivity effect) but differed in internal configuration. During
the last fiwve months of operatica, an array designed to study the effucts

of salt wvelocity on fission product depositioul“

was exposed in the core.

Whenever a core specimen assembly of the type :hown in Fig. 2 was
removed from the core, it was taken to a hot cell, the stringers were
taken out of the basket, a2nd a new assembly was prepared, usuvally in-
ciuding one or two of the previously exposed strirngers. Sometimes the
old basket was reused, sometimes not. The history of exposure of INOR-8
specimens in this core facility is outlined in Fig. 6. The numbers in-
dicate the heats of INOR~8 from which the rods in each stringer were made.
Heats 5065, 5085, and 5081 were heats of standard INOR-8 used in fabri-
cation of the MSRE.* The other heats were of modified composition
designed to improve the resistance to neutron embrittlement.

Specimens exposed outside the reactor vessel were made of three of
the heats that were also exposed in csalt. J3pecimens of heats 3065 and
5085 vere exposed from August 1965 to Jume 1967 and from August 1965 tc
May 1968; specimens of modified heat 67-504 were exposed from June 1967
to June 1969.

Table 1 lists the chemical compositions of the heats of standard
INOR-8 that were used in the surveiilance specimens and in various items
that were examined after exposure to the fuel salt. The compositions of

*The reactor vessel sides were of 5085; the heads, of 5065, Hcat
vas used for some of the vessel internals.
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Table 1. Heats of Standard INOR-8 Lxamine.! After ¥xpcsure in MSRE
Specimeny . — Contant (wt %)

Jisat Exposed Mo Cr Fe Mn § (3 S P Cu Co Al v Ti W B

s083®  Ruds on Li, R), 6.7 7.3 3.3 ¢.67 0.03%2 0.58 0.004 0.0043 0,01 0.1% 0.02 0220 <0,.01 5.07 0.0038
Ll, L2, R2,
X1, X2

5081' Rods on L1, R1, 16.0 7.1 3.5 9.6 0.0%¢% 0.%2 0.002 3.012 0.01 0.10 0.08% 0.20 «,01 0.07 0.0040
sl

SOGSb Rods on L2, R2. 16.3 7.3 3.9 0.9%% 0.068 0.80 0.207 0.004 0.01 0.08 0.01 0.22 0.0} 0.04 G.0024
X1, X2

5053 Straps or R2, 16.1 7.5 .8 0.43 0.07 0.64 0.008 0.003 0.03 0.11 0.08 0.24 0.02 0.26 0.001
L2, RI, 84

5073 Poil on 85, S& 16.4 6.64 4.0 0.é% 0.07 0.58 n.006 0.003 0.01 0.06 n,02 0.26 0.02 0.09 0.001
and Sawpler
mis: ahield

5059 Sampler cage 16.9 6.62 3.9 0.35 0.9; 0.59 0.00) 0.001} 0.07 0.01 0.21 0.01 0.04

3060 ‘dod thisble 16.4 7.08 3.9 G, 43 G.06 .52 0.006 0.001 0.01 0.07 0.01 0.28 0.01 0.005
sloeve
shell

N2-510% Heat suxchanger 16.4 6.9 3.9 0.4 0.06 .60 0.0u% 0.001 0.01 0.1 0.01 0.33 0.01 0.06 0.006
tubes

5094 Preese valve 103 16.3 7.1 3.8 0.52 0.07 Q.76 0.007 0,00l 0.0} 0.08 0.02c 0.39 0.0S 0.004

.Lcuo than 0.002X 2r
Dlecs than 0.1X Ze or Hf
Al plus Ti

£T
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the modified heats that were exposed and then examined are listed in
Table 2. These alloys, beside;s; including additions of Ti. Hf, W, or Zr,
h2d substantially less Mo, only a fraction as much Fe, and less la, V,
zid Si than did the standard alloys.

In the correlation of the effects of exposure for different periods
of operation, some common index of exposure would be useful. Possible
indices are (1) the time that the specimens were exposed to salt, (2) the
total generation of nuclear heat (and fission products) during the time
tke specimens were exposed, {3) the total time that the specimens were
at high temperature, and (4) the time at high temperature after exposure
to salt containing fresh fission products. As will be discussed later,
some racionale exists for using each of these, so all are included in

the summary of exposures given in Tabie 3.

EXAMINATION OF MSRE SURVEILLANCE SPECIMENS

iNOR-8 specimens removed from the core and from the control facility
were subjected to a variety of examinations and tests. First was 2 visual
inspection for evidence of any deposition or corrosion, particularily
any nonuniform or localized corrosion. Mezallcgraphic examination of
selected specimens was used to give more informatioa on the compatibility
of INOR-€ with the salt environmment. The major part of this effort was
mechanical property testing in connecticn with th2 studies on neutsicu
embrittlement. Creep tests to determine creep rates, trupture life, and
rupture strain were conducted at 650°C and stress levels from 17,000 to
55,000 psi. Tensile tests giving yield stress, ultimate stress, and
fracture strain were made at teamperatures from 25 to 850°C. Selected
samples tiat had been tensiie tested at 25 and at 650°C were examined
metallographically. Similar inspections and tests were given the gpeci-
mens expssed to the cell atmosphere.

A tensile specimen of INO™-8 being strained at an elevated temper-
ature normally develops some fissures before the specimen fractures.
The fissur:e are intergranular and the fracture is intergranvlar - this
is normal at high temperatures. At room temperature, on the other hand,

the normal kind of fracture is mostly tramsgranular and fissures away
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Tabie 3. Extent of Exposure of iINOR-8 Specimens in MSRE

Time at high

temperature< Time Reactor
Date (hr) in fuel heat Thermal
Specimen - — 5 (Mwh . .\'eucronc
In Ouz Total With FP (hr) neutrons/cm*) Fluence
19- N
Pre-power core array 1964 8/65 3,306 1] 1,090 0.0 0.0
Stringers RL1, RKl, RSi 9/8/65 7/28/66 5,550 2,55¢ 2,813 7,980 1.3
Stringer RS2 9/16/66 5/15/67 5,554 5,220 4,112 253,120 3.1
Stringer RS3 5/31/'67 4/2/68 6,379 6,300 5.877 32,990 5.3
Strirger RR2 9/16/66 4/2/68 11,933 11,600 9,589 58,110 9.5
Stringer RR3, BS4 47/18/¢8  6/6/69 7,203 3,210 4,868 18,720 5-1
Striager RL2 9/16i66 6/6/69 19,126 12,800 14,957 76,830 146
Final core array 7/31165 12/18/69 2,815 2,360 2.2% 11,870 3.2
Cowponents of fuel loop 1964 1970 30,807 24,500 21,040 96,680 0-16
Striager Xl 8/24/65 6/5/67 11,104 e 0 33,100 0.13
Scrioger X2 8/24/65 5/7/68 17,583 0 66,100 0.26
Striasger X4 6/7/67 6/ /69 13,582 0 51,708 0.25

“Time logged abowe 500°C. Ali was at 650 - i0°C with the exception of iG) hr at 760°C in October, 1965,
about 750 br at 500-600°C in Pebruary-March, 1966, and 500 hr at 630°C in Decesber, 1967-February, 1968.

“Time above S00°C after exposure of specimen to fuel salt containing fresh fission >roducts.

“Fluence of neutrons with -<J.876 eV, based 0 flux monitor measuremmits made during - 53¢ operatiom,
vith calculated correction for higher flux duriag Z3°C operation.



17

from the fracture are abnormal. Thus a high incidence of intergranular
cracking in samples deformed at 25°C is a definite indicaticn or grain
boundary embrittlement or weakness. For this reason, in the descriptions
that follow, attention will be focussed primarily on the metallography of
unstrained specimens or those straired at 25°C. The results of the me-
cnanical property testing have been fully reported“-7, and only those
rasuits that are relevant to the surface cracking phenomenon will be

mantioned here.

Spccizens Exposed Refore Power Operation

The specimen array that was in the core during the prenuclear testing
and nuclear startup experiments was there primarily as a neutronic stand-
in for the liter surveillance assemblies. Althcugh it contained similar
amounts of graphite and metal, its design was diffecrent from that of
iater assemblies, and the INOR-8 used was from unidentified heats of
standard alloy. The post-exposure examinations were also limited. How-
ever, the results arc of some interest, because the array had been at
high temperature and exposed to salt for reasomably long times: at high
temperature for 3306 hr, exposed to fiush salt for 990 hr, and exposed
to uranium-bearing salt for 1090 hr (see Table 3).

The cnly visible change in the specimens as a resul! of their ex-
posure was that the originally shiny specimens of INOR-8 Lad developed
a bright gray-white matte surface.!® The microstructure of oue of the
specimens after it was fractured at 25°C is showm in Fig. 7. No grain-
boundary cracks are visible. The l-mil surface layer that etched more
darkly caused some concerm at first. However, as will be brought out
later, the modified surface layer was present on contrc: specimens as
well as on those exposed in the core and, on 2 series of specimens,
showed no systematic variation with exposure time. Further work showed
that it was likely cold-work from machining causing carbides to precipi-
tate more readily near the surface. (See later discussion of nossible

connection to surface cracking.)
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rig. 7. Microstructure of INOR-8 Sample Held Above 500°C for 3306
hr During the 'Zero-poweir” Run of the MSRE. (Fuel was in system %090
hr.) (a) As polished. (b) Etched with glyceria regia. The material is
cold worked, and the grains are not delineated by etching.
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The important point to be noted here is that INOR-8 specimens exposed
to fuel salt for a considerable period of time before the gemeration of
substantial nuclear power (and fission-product inventories) showed no in-

intergranular surface cracks upon testing at 25°C.

First Group of Surveillance Specimens
(Stringers RL1, RR1l, and RS1)

W.en the first standaru specimen array was taken out in July, 1966,
portions were found to have been damaged.* Because of the damage, none
of the three stringers could be put back into the core, but less that
one third of the INOR-8 specimens were affected, so there were plenty
of each heat (5085 and 5081) that could »e tested. Corresponding speci-
mens from the control facility were also tested. The extensive results
are reported in detail."

Corrosion of the core specimens appeared to be very minor. By
visual inspection the metal surfaces were a uniform dull gray, with no
sign of localized corrosion. Metallography also revs .led little or mno
ferceptible corrosion.

Tensile tests showed a small decrease in the yield strength of the
control specimens compared with the unexposed specimens and those exposed
fu the core. Ultimate tensile stresses decreased significantly from
the unexposed specimens to the control specimens to the core specimens,
as shown in Table 4. The variation irn the ultimate tensile strese is
associated with decreases in fracture strain. (INOR-8 tensile specimens
tested at 25°C continue to strain-harden to near fracture, so any reduc-
tion in fracture strain would cause failure at a lower ultimate stress.)
Examination of these and later specimens indicated that the reduction in
fracture strain at 25°C was not connected with the surface-cracking
phenomenon, but was due to carbide precipitation that occurred upon aging

and was enhanced by irradiation.

*The damage occurred because, when the core 7as drained, some salt
was trapped between the specimens, where it froze and interfered with the
diiferential contraction of the graphite-metal assembly during cooldown. 16
This problem was avoided in subsequent assemblies by 2 slight:design change.
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Table 4. Tensile Properties of Surveillance Samples From
first Group at 25°C and a Strain Rate of 0.05/min

Heat Condition® Yield Ultimate Uniform Total Reduction
Stress Tensile Stress Elongation Elongation In Area
(psi) (psi) 4 A Y
5081 Annealed 52,600 125,300 56.7 59.5 50.5
508 Control 47,700 118,700 55.9 57.6 48.8
5081 Irradiatead 51,100 105,500 38.5 38.7 31.3
5081 Irradiated 54,100 109,000 42.6 42.6 25.9
5085 Annealed 51,500 120,800 52.3 53.1 42.2
SO08&, Control 46,200 169,200 40.0 40.0 28.R
5085 Control 45,500 111,200 46.8 46.8 31.5
5085 Irradiated 48,100 100,300 346.3 34.5 26.0

®snnealed — Annealed 2 hr at 900°C. Control — Annecaled 2 hr at 900°C, annealed 4800 hr at
650°C in static salt. Irradiated — Anneaied 2 hr at 900°C. irradiated to a thermal fluence
of 1.3 x 1020 neutrons/cm? over 5550 hr at 650°C in the MSRE.

0¢



Effects of Carbide Precipitation

Ar: observation that connected the decrease in 25°C fracture strain
with carbide precipitation was the following. The fracture strain at
room temperature of irradiated specimens could be improved by an anneal
of 8 hr at 870°C {(p. 17, ref. 5). This is a carbide agglomeration anneal,
and the recovery of ductility by such an anneal suggestied that the em—
brittlement was due to the precipitation of ccpious amounts of carbide.
The precipitate was observed and identifisd as MgC, which is brittle at
room temperature. Extraction replicas showed more precipitate in core
specimens than in coatrol specimens. Thus It appeared that, at least in
the standard alloy, irradiation enhanced the nucleation and growth of the
precipitate that occurs to some extent at high temperature without irra-
diation.

Metallography of specimens broken in teunsion at 25°C revealed differ-
ences in the nature of the fractures in core and control specimens. These
Jdifferences are believed to be znutaer manifestatiom of carbide precipita-
tion. Figures 8 and 9 show specimens of heat 5081 from the comntrol
facility and from the core. The fracture in the coantrol specimen (Fig. 8)
is typical of transgranular shear-type failure (cup—cone appearance}. In
contrast, the fracture of the core specimen (Fig. 9) is largely inter-
granular. Heat 5085 specimens are shown in Figs. 10 and 11. The fracture
ir the 5085 control specimen is mixed transgranular and intergranular, wvith
the elongated grains attesting to the large amount of strain. The frac-
ture in the 5085 core specimen is largely intergranular with numerous

intergranular cracks in the microstructure.

Surface Cruacking

Specimens of b)th heats exposed in the control facility and tested
in tension showed no cracks except very near the fractures. The core
specimens of both heats, on the other hand, showed several intergranular
cracks along the gage lengths. The difference is clearly shown in Fig.
12, which is a composite of photomicrographs of longitudinal sections
of stiained control and core specimens of heat 5085. Pictures of

the sections along “he entire gage lengths were examined to determine
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Fig. 8. Photomicrographs of Control Specimen AC-8 from Heat 5081
Tested at 25°C and at a Strain Rate c¢f 0.05/min. (e) Fracture. (b) Edge
of specimen atout 1/4 in. from fracture. Etchant: glyceria regia. \
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Fig. 10. Photomicrographs of Control Specinen: DC-24 from Heat 5085
Tested at 25°C and at a Strain Rate of 0.05/min. (a) Fractuve. (b) Edge
of specimen apbout 1/4 in. from fracture. Etchant: glyceria regia.
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Fig. 11. Photomicrographs of Surveillrnce Specimen A-16 from Heat 5085
Tested at 25°C and at a Strain Rate of 9.0%/min. (a) Fracture. (b) Edge
of Specimen about 1/4 in. from fracture. Ztchant: glyceria regia.
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Fig. 12.
top specimen was in static fuel salt containing depleted cvraniusm, and the lower specimen was irn

the MSRE core.

Photomicrographs of Heat 5035 strained at 25°C After 5350 hr Above 500°C.

The true specimen diameters are 0.070 and 0.090 in., respectivelv.

The
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frequency and depth of cracks. In the section of the contrcl specimen,
oniy one surface crack was found (a frequency of about 1 per inch). Its
dep.h was 5.7 mils. The section of the core specimen skowed 19 cracks
per inch with an aversge depth of 2.5 mils and a maximum depth of 8.8
mils. The r~ore specimen has more surface cracks than the control speci-

men (and the pre-power core specimen).

Secoud Group of Surveillance Specimens
(Stringer RS2)

In May 1967 stringer RS2, with specimens of two modified heats, was
removed, and a stringer containing specimens of two other modified heats
was installea. At the time it was removed, stringer RS2 had been at higu
temperature for nractically the same length of time as the first group,
put had seen 3 times the neutron dose and fission product concentration.
The core specimens from RS2 and corresponding control specimens (stringer
CS52) were intensively examined and tested.”

Visual inspection showed the core specimens tc be very slightiy dis~
colored but otherwise apparently unaffected. Photomicrographs of speci-
mens (unstrained) after exposure are show= in Figs. 13 and 14. (The
unusually fine grain size is due to the fabrication history of the
specimens, which included 100-hr anneals at 870°C.) The as-polished
views of specimens of both heats show some evideace of grain boundary
modifications to a depth of 1 to 2 mils, and both show some tendency
to etch more rcadily near the surface.

Core specimens of both heats tested to failure in temsion developed
numerous intergranular cracks along the surfaces, while control specimens
tested similarly showed few or no surface cracks. The difference is
iliustrated in Figs. 15-18. Figure 15 and 16 are control and core speci-
mens respectively of heat 21554. In the core specimen surfaces nearly
every grain boundary is cracked to a consistent depth of about 2 mils.
in the control specimen there is no evidence of inteigranular edge

crocking. Figures 17 and 18 show the same thing for heat 21i345.

o
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Fig. 13. Photomicrographs of Zirconiun-Modified INOR-8 (Heat 21554)

Removed from the MSRE after 5554 hr above 500°C.

Edge exposed to floviug

salt. (a) As polished. 500x. (b) Etchant: aqua regia. 100x. (c) Etchant:

aqua regia. 500x. Reduced 30%.
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Fig. 1l4. Photomicrographs of Titanium--Modified INOR-8 (Heat 21545)
Removed irom the MSRE After 5554 hr above 500°C. Edge exposed to flowing
salt. (a) As polished. 500x. (b) Etchant: aqua regia. 100x. (c)
Etchant: aqua regia. 500x. Reduced 33Z. ‘
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Fig. 15. TFLkotomicrograph of the Fracture of a Zirconium-Modified
INOR-8 Sample (Heat 21554) Tested at 25°C at a Strain Rate of 0.CS/min.

Exposed to a static fluoride salt for 5554 hr above 500°C befcre
Note the shesr fracture and the absence of edge cracking. 1C0x.
glyceria regia.
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Sample (Heat 21554) Tested at 25°C at a Strain Rate of 0.05/min.

Fig. 16.
in the MSRE core for 5554 hr above 500°C to a thermal fluence of 4.

neutrons/cm?.
about 1/2 in. from fracture.

Reduced 31.5%.

500x.
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Fig. 17. Photomicrograph of the Fracture of a Titaaium-Modified INOR-8
Surveillance Sample (Heat 21545) Tested at 25°C at a Strain Rate of 0.05/min.
Exposed to a static fluoride salt for 5554 hr above 500°C before testing.
Note the shear fracture and the chsence of edge cracking. 100x. Etchant:
glyceria regia.
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Fig. 18. Photomicrographs of a Titanium-Modified INOR-8 Surveillance
Sample (Heat 21545) Tested at 25°C at a Strain Rate of 0.05/min. Exposed
in the MSRE core for 5554 hr above 50(°C to a thermal fluence of 4.1 x 1020
‘neutrons/cm?. Etchant: aqua regia. (a) Practure. 100x. {b) Edge of
‘'sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge

1c;acking. 500«x. Reduced 32%.



Vield and ultimate strengths at 25°C were not appreciably different
for the contrcl and core specimens.® Furthermore, although the edges of
core specimens cracked intergranularly, the fractures were predominantly
or entirely transgranular, as seen in Figs. 16 and 18. The fact that at
25°C the ultimate stresses were not diminished by exposure and that the
frac:ures were not intergrauular in these modified alloys (in contrast
to th: observations on the standard heats) is attributed vo the grain-
boundary carbide precipitatior being less embrittling in the modified
alloy.

The most iImportant cbservation relative to the cracking phenomenon
is that the two modified alloys (heats 21554 and 21545) with much smaller
grain sizes exhibited intergranular cracking when deformed after exposure
to the fuel salt. Although the depths of the cracks are less in the two
modified alloys the same types of cracks are formed in Loth the standard
and wodified samples. ‘The alloys involved had significant variations in
Fe (42 to <0.1Z), Mo (16.7% to 12.02), Si (0.54 to 0.127), Zr (<0.1Z to
0.35%), and T1 (<0.01Z to 0.49%), and the fact that all formed intergran-
ular cracks indicates that these compositional varistions are not impor-

tart in the cracking process.

Third Group of Surveillance Specimens
(Stringers RR2 and RS3)

At the conclusion of operation with 235y fuel, the core array was
removed and specimens from two of (he three stiingers were tested. The
remaining stringer, containing specimens of vessel heats, was put back
into the core for more exposure along with two new stringers containing
specimens of modified heats. The stringers from the core and the cor-
responding stringers from the control facility included two heats (5065
and 5085) of standard INOR-8 and two different wvdified cllovs. Complete
results of testing of these specimens are repovted.®

Visual examination shoved the INOR-8 to be slightly discolored but
otherwise in very good condition.!?
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Standard Allcys

Stringers RR2, with the standard heats, had been exposed 2 to 4
times as long as the standard alloy specimens in the first group. (The
factor depends upon which exposure index is used; see Table 3.) Effects
of the longer exposure were evident in metallographic examinations of
unstrained specimens. Figures 19 and 20 are of specimens of heats 5065
and 5085 esposed on stringer RR2 in the core. Some of the grain bound-
aries near the surface are visible in the as-polisned condition, and a
few appear tc be opened as small cracks with a maximma visible depth of
about 1 mil. The etch:d views show the large amounts of carbide pre-
cipitate that formed along the grain boundaries and the modified struc-
ture near the surface, which is thought to be due to working from
machinirg. In samples of these heats exposed in the control facility,
grain boundaries were not visible in as-polished samples. This is shown
for heat 5065 in Fig. 21. As in the core specimer3, however, etching
brought out the carbide precipitate and the modified structure near the
surface. The microstructure of coutrol specimens of heat 50385 was quite
similar.

Cracking at the surface of unstrained material was even more evi-
dent in the examination of the straps that bound stringer RR2. These
straps and those around the control stringer CR2 were of standard INOR-8
heat 5055. As shown in Fig. 22, the strap erposed in the core had cracks
to a depth of about 1.5 mils. Cracks were distributed uniformly, both
on surfaces exposed to flowing salt and those facing rhe graphite speci-
mens. In contrast, the straps exposed in the control facility did not
show any cracks. The straps after being formed, h:d been annealed for
1 hr at 1180°C and should not have been stressed thereafter since they
expanded more at high temperature than did the graphit.: they enclosed.

Samples of heats 5065 and 5085 that had been exposed in the core and
in the control facility were tested in tension at 25°C, with the results
shown ir. Table 5. Some of these strained specimens were sectioned and

examined metallographically.
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Fig. 19.

Exposa2d to Fuel Salt for 11,933 hr above 500°C, 500x.
is seen near surface. (a) Unetched.

Photomicrographs of INOR-8 (Heat 5065) Surveillance Specimens

Shallow reaction layer
(b) Etched (glyceria regia).
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(a)

_ Fig. 20. Photomicrographs of INOR-8 (Heat 5083) Surveillamce Specimens
Exposed to Fuel Salt for 11,933 hr abeove 500°C. 500x. Shallow »eaction layer
is seen near surface. (a) Unetihe! (b) Etched (glvceria regis).
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Fig. 21. Photomicrographs of INOR-8 (Heat 5065) Surveillance Cecatrol
Specimens Exposed to Static Barren Puel Salt for 11,933 hr above 900°C.
Note the shallow reaction iayer near the surface. (a) Etched. 100x. (b)
As polished. 500x. (c) Etched. 500x. Etchamnt: glyceria regia.
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Fig. 22. Photomicrographs of INOR-8 (Heat 5055) after Expcsure to (a)
the MSRE Core and (b) the MSRE Coutrol Facility for 11,933 hr above 500°C.

This material was used for strrps for the surveillance assembly. As polished.
500x.
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Table 5. Tensile Propurties of Surveillance Samples From
Third Group at 25“C and a Strain Rate ¢t 0.05/min

Heat: Condition® Yield Ultimate Un'form Total Reduction
Stress Tensile Stress Elongation Elongation In Area,
(psi) (pei) % % %
5085 Annealed 51,500 120,800 52.3 3.1 42.2
5085 Outside 4%,500 99,100 32.8 32.8 24.5
5085 Control 53,900 115,906 38.4 38.6 29.7
5085 Core 52,300 95,000 28.7 28.9 20.0
3065 Annealed 56,700 126,400 52.9 55.3 5C.0
5063 Cutside 49,000 118,800 57.8 56.7 3R.4
5065 Control 60,900 126,700 46.5 47.4 39.3
5065 Core 51,700 109,300 41.4 41.5 34,1

®Annealed — Annealed 2 iir at 900°C. Outside - Annealed, irradiated to a thermal fluence
of 2.6 x 1019 neutrons/cm® over a period of 17,483 hr at 650°C. Control — Annealed, ex-
posed to depleted fuel salt for 11,933 hr at 650°C. Core — Annesled, irradiated to a
thermal fluence of 9.4 x 1020 neutrons/cm? over a period oi 11,933 hr at 650°C.
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Microstructures of stressed samples of ieat 5065 from the zontrol
facility and from the c&re are shown in Fige. 23 and 24, respectively.
Numerous intergrarular edge cracks are found in the sample from the core
(Fig. 24) and very few in the sample from the control facility (Fig. 23).
The fractures of both of these samples are largely intergranular at all
locations and not just near the edge, which is fu-ther evidence that the
reduction in fraciure strain (Table 5) is due to carbide precipitation
along the grain boundaries and not related to the intergranular cracking
near the surface. Tested samples of heat 5085 from the control facility
and the core are shown in Figs. 25 and 26, respectively. The as-polished
views in the latter figure show some of the large carbide particles that
fractured during testing.

The samples that were fractured at 25°C were repolished at a later
date, one-half of each fractured sample was photographed. The composite
microstructures for heat 5065 are shown in Fig. 27. Ti.ere are obviously
more ictergranular cracks in the sample exposed to the core than in the
sample exposed in the control facility. There were 3 cracks per inch
withk an average depth of 1.0 mil in the control sample and 230 cracks
per iach with an average depth of 1.8 mils in the sample from the core.
A couposite .photograph of the tested portioms of the hest 5085 sample
is shown in Fig. 28. There were 134 cracks per inch along the edge of
the sample from the core with an average depth of 1.9 mils. HNone were
vigsible along the edge of the control specimen.

Modified Alloys

Stringer RS3 with the specimens of modified alloy had b-~ exposed
about half as lnong as stringer RR2 with heats 5065 and 5085. The modified
allcy specimens deformed more before fracturing tham did the standard
alloy specimens, but they also developed nmerous intergranular edge
cracks. As with the standard alloys, the samples from the comtrol fa-
cility did not show edge cracks.

Figures 29 and 30 are phctomicrographs of strained specimens of heat
67-502 (modified with 0.49% Ti and 2.15% W and containing 0.04Z Fe).
The specimen exposed in the coantrol facility (Fig. 29) has its edges
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Pig. 23. Phoeomicrographs of a LAOR-8 (He~t 5065) Sample £xposed to
Static Barren Fuel Salt for 11,933 L¢ sbove S00°C and Then Tesiad at 25°C
and a strain Rate of 0.05/min. 100x., (a) FPracture, as polisiwd. (%)

Practure, etched. (c) Edge of stressed portion, etclied. Ectchant: glyceria
regla.
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Fig. 24. 7hotomizrograviss of INOR-8 (Heat 35065) Sample Expused to
Fluoride Salt io the E3RE r'or 11,933 hr sbove 500°C and Then Tested at
25°C and a Strain Rate of ).05/r7’a. Thermsl fluence wes 9.4 x 1020 peu-
trons/ca?. 100x. (a) Practure, as polished. (b) Practure, etched. ’c
Eay- of stressed portion. Etzhant: agus regla.
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Pig. 25. Photouicrographs of INOR-8 (Heat 5085, Specimen Exposed to
Depleted Static Puel Salt for 11,333 hr at 650° and Strained at 25°C. (a)
Fracture, ac polished, (b) typical edge of gage section, as polished, (c)
typical umstresser edge, etched with glyceria regia.
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Fig. 26. Photomicrographs of INOR-8 (Heat 5085) Sample Exposed to Fluoride
Salt in the MSRE for 11,933 hr above 500°C and tlien Tested at 25°C. Thermal
fluence was 9.4 x 1020 neutrons/cm?. (a) Fracture, as polished. 100x. (b)
Fracture, as polished. 500x. (c) Fracture, etched. 100x. (d) Edge of stressed
portion, etched. 100x. Etchant: aqua regia.
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Fig. 27.
above 500°C.
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PHOTO 2695-71

IRRADIATED

Heat 5065 Tested at 25°C After Exposure to Fuel Salt for 11,933 hr
specimens are about 0.1 in. The fractures are on .he left end.
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Fig. 28. Photomicrographs of INOR-8 Specimens Strained to Fracture After 11,933 h) above
500°C. The upper sample was in the control facility and the lower samwle was in the MSRE core.
The sample diameter is about 0.1 in.
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Fig. 29. Photomicrographs of Alloy 67-502 (see Table 1) Exprsed to
Depleted Fuel Salt for 6379 Lr Above 500°C and Tested at 25°C. (a‘ FEdge
of unstressed portion, (b) Fracture, (c) Edge of stressed portion. Tigs

(a) and (c) etched lightly. Fig. (b) etched more heavily with glyceri.:
regia. \

- gy T
»

Nkl



49

Fig. 30. Photomicrographs of Alloy 67-502 Sample Exposed to Fluoride
Salt in the MSRE for 6379 hr Above 500°C and then Tested at 25°C. 100x.
(a) Fracture, as polished. (b) PFracture, etched. (c) Edge of stressed
portion, etched. Etchant: aqua regia. Reduced 33%.
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coated with smali crystals of almost pur: iron. (The coutrol facility
was constructed of materiai containing 4 to 52 Fe, so the t-ansier of Fe
to an alloy that contained only 0.04Z Fe is quite reasonabie.) The sample
strained 55% before fracture, and the fracture was mixed transgranular
and intergranular. The edge was uneven from the large deformatioa, but
there vere very few intergranular separations. The sample from the core
(Fig. 30) deformed almost as much (52%) before fiacturing. In contrast
to the control specimen, edge cracking occurred at almost every grain
boundary. The cracks generally extended to a depth of about 5 mils,

with the maximum depth being about 7 mils. However, as sbown in the view
of the fracture, this material temded to crack intergranularly aand these
intermal cracks may have in some cases linked tcgether with the surface
cracks to make them extend deeper.

Photomicrographs of samples of heat 67-504 tested at 25°C after
exposure in the control faciljity and in the core are shown in Figs. 3i
and 32. This heat modified with (.507 Hf, contained 0.972 Fe. As shown
in Fig. 31, iron deposited on the surface of this heat as i: did om
07-502. This sample, from the control facility, deformed 55Z before
failing with a mixed inter- and transgranular fracture. There were no
intergranular edge cracks. The sample exposed in the core deformed
527 before fracture. The fracture was primarily transgranular but there
were frequent edge cracks (Fig. 32). Most boundaries were cracked, but
the cracks extended only to a depth of about 2 mila in the fields that

were photographea.

Fourth Group of Surveillance Specimens
(Stringers RL2, RR3, and RS4)

The last regular core surveillance assembly was removed in June,
1969 to make way for a special experimental array.l" Scringer RL2,
with specimens of standard INOR-8 (heats 5065 and 5085), had been in
the core at nigh temparature almost 12,000 hr during the 235U cperaticn

o Rl B A L

"
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Fig. 31. Photomicrcgraphs of Alloy 67-504 (see Table 1) Exposed to
Depleted Fuel Salt for 6279 hr Above 500°C and Tested at 25°C. (a) Edge

of uns:ressed portion, (b) Fracture, (c) Edge of stressed portion.
(a) and (c) as-poiished and Fig. (b) etched with glyceria regia.
33.5%.
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(a)

(c)

Fig. 32.

Fluoride Salt in the MSRE for 6379 hr Above 500°C and Tested a: 25°C.
(a) Fracture, zs polished.

tion, etched.

Phoromicrographs of INOR-8 (Heat 67-504) Sample E-pcsed to

Etchant:

(b) Fracture, etched.
aqua regia. Reduced 14X.

(c)

Edze

ox

[
~

100x.
tressed por-
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and 7200 hr during 233U operation. The other stringers, with two modi-
fied alloys, had beer exposed only during the 2337 operation. Results
of examinations of these specimens and corvesponding specimens frcm the
control facility are reported.7

Visual examination showed all of the INOR-8 specimens from the core
to be noticeably more discslored than those in previous arrays, with sur-
face films thick enough to be seen in cross section by light microscopy.
Tnere were also slight changes in the appearance of the graphita.ls Zoth
of these observations indicate some difference in the exposure conditioms
during the most recent operation. (From other observaiions it was known
that the fuel salt was relatively more oxidizing during at least part of
the 233y operation. See pp. 85-98 of ref. 13.)

Standard Alloys (RL2)

Photomicrographs of unstrained specimens of heats 5065 and 5085 from
RL2 revealed many grain boundarics near the surfaces that were visible in
the as-polished condition. ‘he view of a specimen of hest 5065 in the
as-polisb~d condition, (Fig. 33) shows a thin surface layer (believed to

be the cause of the visible diccoloration) and some grain boundaries
visible to a depth of about 2 mils. Etching this particular sample re-
vealed the typical carbide structure plus a narrow baud near the surface
that seems to have a high d«nsity of carbide. Photomicrographs of heat
5085 after removal from the core are shown in ¥ig. 34. Many of the
grain boundaries are visible in the as-polished conditioun to a depth of
about 2 mils. Etching reveals tne typical microstructure with very ex-
tensive carbide precipitation. In the as-polished view of the heat 5065
control specimen (Fig. 35), grain hovndaries are also visible, but in
this case the appearance is uniform across the sample and is due to

poli shing long enough that the different grains are st different eleva-
tions. Etching reveals the shallow surface modification and the typical
carbide structure. The heat 5085 specimen from the cont.nl €acility,
shown in Fig. 36, was also slightly overpolishe.d so that the grains are
visible in the as-polished conditioua. Etching revealed the ¢ pical

microstructure and the shallow surface modification.
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Fig. 33. Typical Photomicrographs of INOR-8 (Heat 5065

MSRE Core for 19,136 hr Above 500°C.
aqua regia. 500x.

(a) As polished.
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(b) Etchant:
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Fig. 34. Typical Photomicrographs of INOR-8 (Heat 5085) Exposed to
the MSRE Core for 19,136 hr Above 500°C. (a) As polished. (b) Etchant:
glyceria regia. 500x.
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: Fig. 135.
: Unenriched Fuel Salt for 19,136 hr Above 50C°C.

Etchant:

glyceria regia.
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500x.

¥-98169

Typical Photomicrographs of Heat 5065 After Exposure to Static

(a) As polished. (b)
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Fig. 36. Typical Photomicrographs of H~2at 5085 After Exposure to Static
Unenriched Fuel Sualt for 19,136 hr above 500°C. 500<. (&) As polished. (L)
Etchant: glyceria regia. |
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As in the previous set of core specimens, the straps of heat 5055
showed more cracks in the nominally unstrained condition than did the
tensile specimens on the same stringsr. A section of a strap from
stringer RL2 that had been exposed, along with the specimens shown in
Figures 33 and 34, is shown in Fig. 37. The cracks in this as-polished
view are visible to a depth of about 3 mils, cbout twice as deep as in
the strap expcsed 12,000 hr during 233U operation (Fig. 22). Heat 5055 ?
straps were also used on the stringers exposed only during the 233y
operation (7200 hr). A speciwen of one of these straps is shown in
Fig. 38. In the as-polished ccndition, cracks were visible teo a depth
of about 1 mil; etching made them visible to a depth of about 3 mils.
The cracking was quite uniform along all surfaces of the straps, indi-
cating that the deformation of the 2)-mil straps during removal was not
a factor in the appearance of the cracks. Examination of unirradiated
control straps failed to reveal a similar rype of cracking.

Cne other interesting specimen that showed extensive cracking was
a piece of thin INOR-8 sheet (heat 5075) that had been attached to the
strap shown in Fig. 38. The sheet had been rollied to 4 mils and annealed
0.5 hr at 1180°C. The edges of the foil were wrapped around the strap
to hold the material in place. Thus the outside surface of the fail
would have been exposed to flowing salt and the underside and the folded
ends to salt that flowed less rezpidly. The foil was extremely brittle
and broke while it was Deing remxoved from the strap. The photomicrograpi:s
in Fig. 39 show that the f>il had extensive grain bouncarr cracks, with
many appearing to extend throughout the 4 mil thiclness. In some areas
the cracks were more numerous on the outside where the material was curved
and was in contact witn rapidly flowing salt. Photomizrographs of a
strap and foil that were exposed to static salt in the control facility
are shown in Figs. 40 and 41. The samples showed no evidence of inter-
granular cracking.

A fracture surface of the fcil from the !ISRF was examined by the
scanning electron micruscope (SEM) and Auger spectroscopy. The fracture
is shown in Fig. 42 and is intergranular. The SEM with a dispersive x-ray

analytical system indicated the presence only of the elements normally
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Fig. 27. Typical Microstructure of INOR-8 (Heat 5055) After Exposure

to the MSRE Core for 19,136 hr Above 500°C.

This material was used for

straps for the surveillance assembly. As polished. 500x.
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Fig. 38. Fnotomicrographs of INOR-8 (Heat 5055) Strap Exposed to the MSRFE Core 7203 hr
above 500°C. (a) As-polished wview near cut (b) Etched view near cut (c) As polished view of
outside edge (d) Etched view of outside edge.

Etchant:

Lactic &.:id, HNO3, HC1.

Reduced 32%.
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Fig. 39. Photomicrographs of Two Specimens From a Thin INOR-8'(Heat 5075) Foil that was
Attached to the Strap Shown iau the Previous Figure. The curvature was caused by forming before

being inserted into the MSRE. (a) As polished (b) Etched (c¢) As polished (d) Etched. Etchant:
Lactic acid, HNO3, HCl. Reduced 32X%.
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Fig. 40. Photomicrographs of INOR-8 (Heat 5055) Straps Exposed to
Static Unenriched Fuel Salt 7203 hr Above 500°C. (a) As-Polished 33x,
(b) As Polished, 500x, cracked regions are carbide that fractured during
initial forming, (c¢) Etched with glyceria regia, 500x. Reduced 33%. |
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Fig. 41. Photomicrographs of a Thin INOR-8 (Heat 5075) Foil that
was attached to the strap shown in the Frevious Figure. (a) As Pslished,
(b) Etched with glyceria regia. 500x.
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Fig. 42. Scanning Electron Micrograph of INOR-8 (Hea: 5075) Foil
£xposed to the MSRE Core for 7203 hr Above 500°C. (a) Topographical view

of fracture showing the surfaces nf the fractured grain toundaries. 500x.
(b) 1000x. I
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found in INCR-G. Auger electrcr spectroscopy indicated that Te, S, and
Mo were concentrated in the boundaries. Definite confirmation of the
presence of these elements was difficult because many of the spectra
overlapped.

Samples of heats 5065 and 5085 that were removed from the control
and the surveiilance facility after 19,000 hr were subjected to numerous
mechanical property tests, and sone specimens were examined metallo-
graphically after having been strained to fracture. The tensile properties
measured at 25°C are summerized in Table 6. The changes in the yield
stress are small and probably within experimental accuracy. The reduc-
tions in the ultimate tensile stress are due primarily to the reduced
fracture strain, which, as explained before, is believed tc be due to
carbide precipitation that is dependent upon time at temperature,
irradiation, and the particular heat involved.

The control sample of heat 5065, whose microstructure is shown in
Fig. 43, deformed 50Z before fracture. The fracture is mixed intergranu-
lar and transgranuliar and no cracks formed along the edge away from the
imwediate vicinity of the fractvre. The microstructure of a heat 5065
sample from the core is shown in Fig. 44. This sample deformed 43Z and
had a mixed fracture. Numerous intergranular cracks to a depth of atout
5 rils formed along the gage length. Samples of heat 5085 from the con-
trol facility and the core are shown in Figures 45 and 46. The control
sample failed after 41% strain with a mixed fracture. No intergranular
criacks were visible in the field shown in Fig. 45. The sample c¢f heat
5085 from the core that was tested at 25°C failed after much less strain
(22%Z). As shown in Fig. 46, the fracture is mixed, and numerous inter-
granular cracks formed along the surfaces to a depth of 5 mils.

Composite photographs of sections of the broken control and sur-
veillance samples of heats 5065 and 5085 were made for overall viewing.
These are Figures 47 and 48. These pictures show very clearly that the
intergranular cracks are more frequent and deeper in the specimens
exposed in the core than in the control samples. The photograph of the
heat 5085 core sample also shows that very small strains are sufficient

to make the cracks visible. The sample had a 3/16-in. radius at the



Table 6. Tensile Properties of Surveillance Samples From
Fourth Group at 25°C and a Strain Rate of 0.05 min-!

Heat Condition® Yield Ultimate Uniform Total Reduction
Stress Tensile Stress Elongation Elongation In Area
(psi) (psi) % % yA
5085 Annealed 51,500 120,800 52.3 53.1 42 .2
5085 Contxol 48,100 108,500 40.5 40.6 32.8
5085 Irradiated 53,900 85,000 22.0 22.1 19.6
5065 Annealed 56,700 126,400 52.9 55.3 50.0
5065 Control 61,200 126,500 48.5 49.8 36.8
5065 Irradiated 56,700 109,500 42.5 42.8 33.2

%pnnealed — Annealed 2 hr at 900°C. Control — Annc.aled, exposed to depleted fuel salt for
19,136 hr at 650°C. Irradiated — Annealed, irradiated in core to a thermal fluence of
1.5 x 102! neutrons/cm? over a period of 19,136 hr at 650°C.

et ool MM e

99



Cme A 8N o m . e eae e e A ——— e . - S8 e Ve T

e o e

S

. g ey - S TA K

:' [ o
, 00 O'.' "

¥ \? . ’Y-98213

Fig. 43. Typical Photomicrographs of TNOR-8 (Heat 5055) Sample Tested
at 25°C After Being Exposed to Static Unenciched Fuel Salt for i9,13€ hr
above 500°C. Etchant: rlyceria regia. (a) Fracture. 1J0Cx. (b) Edge
near fracture. 100x. (c) Rupreseatutive unstressed structure. 500~.
Reduced 22%. \
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Fig. 44, Photomiirographs of INOR-8 (Heat 5065) Sample Tested at 25°C After Being Exposed
to the MSRE Core for 19,136 hr Above 500°C and Irradiated to a Thermal Fluence of 1.5 x 104!
neutrons/cm?., (a) Fracture, etched. 100x. (b) Edge, as polished. 100x. (c) kdge, a: polished.
500x. (d) Edge, etched. 100x. Etchant: glyceria regia. Reduced 26%.
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Fig. 45. Typical Photomicrographs of INOR % (Heat 5085) Sample Tested
at 25°C After Being Exposed to Sftati~ Unenrichcu Fuel Salt for 19,136 hr
Above 500°C. (a) Fracture, etched. 100x. (b) Edge near frecture, etched.
100x. (c) Representative unstressed structuce, etched. 500x. Etchant:
glyceria regia. Reduced 24,5%.
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ig. 46. Photomicrographs of INOR-8 (Heat 5M85) Sample Tested at 25°C After Being
Exposed to the MSRE Core for 19,136 hr Above 500°C and Irradiated to a Thermal Fluence of
1.5 x 10%} neutrons/cm?. (a) Fracture, etched. 100x. (b) Edge, as polished. 100x. (c)
Cdge, as polished. 500x. (d) Edge, etched. 100x, Etchant: glyceria regia. Reduced
27%.
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PHOTO 2645-71
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Fig. 47. Photomicrographs of INOR-8 (Hcat 5065) Strained to Fracture at 25°C. Top
specimen was exposed to static unenriched fuel salt for 19,136 hr above 500°C and the
lower specimen was exposed to the MSRE core for the same time. The diameters are about

0.1 in.
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Fig. 48. Photomicrographs of INOR-8 (Heat 5085) Strained to Fracture at 25°C. The
top specimen was exposed to static unenricned fuel salt for 19,136 hr above 500°C and th~
lower specimen was exposed to the MSRE core for the same time. The diameters ave about
U.l in.
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end of the gage section and the diameter increased rapidly from 1/8 in.
to 1/4 in. Thus the stress, and hence the strain, decreased rapidly
along this radius. Note in rig. 48 that the cracks continue a large
distance along the radius, into the region of low strain.

An additicnal experiment was made with a core sample of heat 5085
that had been cut too short for mechanical property testing. Tue re-
maining segment was bent about 30° in a vise, then was sectioned and
examined metallographicallv. The resulting photomicrographs are shown
in Fig. 49. The tension side had intergranular cracks to a depth of
about 4 mils, but no cracks were evident on the coicpression side. Both
the tension and compression sides etched abnormally acar the surface

because of the modification thought to be due to cold working.

Modified Alloys (RR3 and RS4)
The specimens on stringers RR3 and RS4 were of two different heats

of titanium-modified alloy: heat 7320, containing 0.65Z Ti, and heat
67-551, containing 1.1% Ti. The 7200-hr exposure of these specimens had
been entirely during the 233U operation, in which the initial cxidation
state was relatively high. The specimens were discolored and had much
the same appearance as the standard heats. The samples were subjected
to various mechanical property tests and some were examined metallograph-
ically. The microstructure of heat 7320 after exposure in the control
facility and testing at 25°C is shown in Fig. 50. The sampie deformed
50Z before fracturing in a mixed mode. No edge cracks were visible. A
similar sample that was exposed to the fuel salt is shown in Fig. 51.

It failed after deforming 45Z. Edge cracks were present along almost
every grain boundary to a depth of 3 to 5 mils. Note that many of these
cracks proceed to where the cracking grain boundary intersects another
boundary. Note also that the crack tips are quite blunt indicating that
they formed early during deformation and were simply spread by further
deformation and did not propagate. Similar metallographic observations
were made on heat 67-551. Control and core specimens deformed almost
equal amounts before fracturing (527 and 51%). No edge cracks were ob-
served in the sample from the control facility (Fig. 52), but numerous

intergranular cracks were evident in the sample from the core (Fig. 53).
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Fig. 49. Typical Photomicrographs of INOR-8 (Heat 5085) Sample Exposed to the MSRE
Core for 19,136 hr Above 500°C. The sample was bent in a vise. (a) As polished, tension
side. 100x. (b) As polished, tension side. 500x. (c) Etched, tension side. 500x. (d)
Etched, comprezssion side. 500x. Etchant: aqua regia. Reduced 27%.
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Fig. 50. Photomicrographs of a Modififed INOR-8 (Heat 7320) Sample
Tested at 25°C After Being Exposed to Static Unenriched Puel Salt for
7203 hr Above 500°C. (a) Fracture. 100x. (b) Edge. 100x. (c) Typical |
unstressed microstructure. 500x. Etchant: glyceria regia. Reducea 22.5Z. |
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(b)
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Fig. 51. Photomicrographs of a Modified INOR-8 (Heat 7320) Sample
Tested at 25°C After Being Exposed tc the MSRE Core for 7203 hr Above
500°C and Irradiated to a Fluence of 5.1 x 1029 neutrons/cm?. (a) Fracture,

etched, 100x. (b) Edge, as polished. 100x. (c) Edge, Etched. 100x.
Etchant: glyceria regia. r.educed 227%.
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Fig. 52. Photomicrographs of a Modified INOR-8 (Heat 67-551) Sauple
Tested at 25°C After Being Exposed to Static Unenriched Fuel Salt for 7203
hr Above 500°C. (a) Fracture. 100x. (b) Edge. 100x. (c) Typical un-~
stressa2a microstructure. 500x. Etchant: glyceria regia. Reduced 20.5%."
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Fig. 53. Photomicrographs of a Modified INOR-8 (Heat 67-551) Sample
Tested at 25°C After Being Exposed to the MSRE Core for 7203 hr Above 500°C
and Irradiated to a Fluence of 5.1 x 1020 neutrons/cm?. (a) Fracture, etched.

100x. (b) Edge, as polished. 100x. (c)} Edge. etched. 100x. Etchant:
Glycevia regia. Reduced 17%.
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Spicimens Exposed te Cell Aimosphere

Ali of the INOR-8 speciusens exposed to the cell atmosphere outside
the reactor vessel (N; with 2-5X 0;) developed a dark gray-green, tena-
cious surface film. CExamination indicated that the film was oxide, and
there was indication of nitriding.

Figure 54 is a photouicrograph of cne of the cell specimens exposed

\
21

e
1]

longest (17,483

nge , hr at high teaperature). It shows a very thin, uni-

[}

oiz layer of oxide on the surface, with internal oxidation extending
to a depth of 1 to 2 mils. Also evident is the usual MgC-type carbide
formed curing the primary working and the long thermal aging.

Results of 25°C temsile tests on the standard INOR-8 specimens
(heats 5065 and 5085) showed reductions (relative to unexposed material)
in ultimate stress and fracture strain consistent with expectations from
the results on control and core specimens. (See Table 5.)

Figure 55 shows a sample of heat 5065 exposed to the cell environment
and fractured at 25°C. The elongated grains attest to the large fracture
strain (597), and the fracture is mixed transgranular and intergranular.
A heat 5085 specimen exposed the same length of time failed with only 33%
fracture strain, in a primarily intergranula:r mode as shown in Fig. 56.
Both specimens showed a few shallow surface cracks, but the oxide layer

did not appear to atiect the deformation of the specimens.

Studies Related to Modified Surface Microstructure

Reference was made in several instances to a modified microstructure.
Metals uite often have different microstructures near the surface than
deeper in the piece. Processing methods can account for these variations
on as-fabricated surfaces. Hot working is often accompanied by oxidation
or decarburization that can rroduce either larger or smailer grains near
the surface. Tubing is often made by alternately drawing cold and an-
nealing to soften the metal. The lubricants used in drawing are difficult

to clean from the inside surface, and residues can diffuse into the tubing

R T S AL

T ey | ——— | K o T



T

T o0 TR0 1

Q007 g ——

N LY

1

{0)

500X NON0T

peas

.
aiy
-

"T,
o
]
A
|

Fig. 54. Photomicrographe of Hasteliloy N (Heat 5065) Surveillance
Specimens Exposed to the Cell Environment of N. + 2 to 52 0, for 20,789
hr at 650°C. 500x. (a) Unetched showing surface oxidation (b) Etched
(glyceria regia) showing shallow modZ.ication of microstructure due to
reaction with cell environment, ‘ ‘
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R-47883

L] ‘ .

o 55 S ,
Fig. 55. Photomicrographs of INOR-& (Heat 5065) Sample Tested at
25°C at a Strain Rate of 0.05/min. Sample had been irradiated to a
thermal fiuence of 2.6 x 10!9 neutrons/cm? while being exposed to the
cell environment above S00°C for 17,483 hr. 100x. {a) Fracture, as ‘
polisied. (b) Practure, etcned. (c) Edge of estressed portion. Etchant:
aqua regis. |
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Fig. 56. Photomicrographs of INOR-8 (Heut 5085) Sample Tested at 25°C
at Strain Rate of 0.05/min. Sample had been irradiated to a thevmal fluence

of 2.6 x 1019 neutrons/ w2 waile being exposed to the cell environment ahove
500°C for 17,483 hr. 100x. (a) Fracture, as polished.

(b) Fracture, etchec
(c) Edge of stressed portion. Etchant: aqua regia.
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during annealing. The lubricants are usually high in silicon or carbon
and these elements can cause a layer of small grains to form near the
affected surface.

Our surveillance sarmples were machined from larger pieces of mate-
rial, so none of the explanations that we have given can apply. The
1/4-in.~diam surveillance rods were fabricated by several methods, all
involving some cold werking. The rods were annealed for 1. hr at 1180°C
(standard mill anneal) in argon and then centerless ground to the finai
dimension of about 0,245 in, The 1/8-~in.-~diam gage sectirn was machined.

The photomicrographs in Fig. 57 show typical surface modifications
noted on surveillance and control specimens after long annealing times
at 650°C. The moditication is generaily less thano 1 mil deen and is mot
detectably iufluencad by irradiation. Microprobe examination of the
first control sample indicated that thke modified region was slightly
enriched in carbon and thzt none of the other zlloying elements varied.
Thus the modification appears to be a region of fire carbides that are
dispersed along lines. We postulated that these lines were slip lines
that resulted from the surface working during the final stzges of fabri-
cation. These slip lines would provide preferred sites for carbide pre-
cipitation when the alloy was held at 650°C.

We were able to duplicate the surface modification by solution
aanealing a rcd, cevterless giinding, and annealing for a long period
at 650°C. The resulting microstructure is shown in rig. 58. It is
quite similar to the microstructures in Fig. 57 and confirms tkat the
modification is due to surface working. Thus, this modification is

unrelated to the intergranular cracking phenomenon.

Summary of Observations on Surveillance Specimens

This section is intended as a convenient summary of the observations
on the surveillance specimens that we believe gr: pertigent to the inter-
granular surface cracking phencmenon. Discussior and interpretations wili

come later, after the descriptions of the observations on MSRE components.
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Fig. 37. Photomicrographes of Unstressed INOR-8 (Heat 5085) Control
and Irradiated Samples.

Fig. 58.

1 hr at 1177°C, Centerless Ground 5.2 mils, and Annealed 4370 hr at 650°C
in Argon. 500x. Etchant: glyceria regia.

Photomicrograph of INOR-8 (Heat 5085) Rod that was Annealed
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YNOR-8 specimens exposed to fuel salt for more than 1000 hr before
the beginning of powser operation showed no intergranular surface cracking.
All specimeus exposed thereafter ia the core for periods ranging from
2500 to 19,000 hr did show intergranular surface cracks after being
strained in tension. No surface cracks were visible in wnstrained speci-
mens from the first se” of ccre s'rveillance specimers (exposed for 2500
hr after the beginning of power operation), but specimens from all arrays
removed later did show some cracks or incipient cracks in the unstrained,
as-polished condition.

in contrast to the core specimens, specimens exposed to salt in rhe
control facility for equal times at high temperature and then tested in
tension show2d onlv a few surface cracks. Specimens e.;posed to the cell
atmosphere developed an oxidized layer, which cracked upon being strained,
but few or no cracks extended deeper than the oxide layer.

The severity of surface cracking in core and control specimens of
MSRE vessel heats exposed during various periods of time was measured as
follows. Photomicrographs were made »f polished longitudin:z1 sections of
specimens of heats 5065 aad 5085 that had been fractured in Zemsion.
Cracks visible along the edges of the gage portions of the specimens were
cour.ted, and the average and maximum depths were determined. Table 7
gives the observed crack frequencies (number per inch of gage length) ard
depths.

We saw very evident differences between different heats in tae de-
gree of surface cracking. Strained specimens of heat 5065 had more cracks
than did specimens of heat 2085 exposed simultaneously, but average depths
were not very different. (See Table 7.) Statistics were not gathered
on specizens of modified heats, but the photomicrographs of strained
specisens show crack frequencies and depths comparable to those in speci-
mens of heat 5065. Strare and a foil of different standard heats showed
more cracks than were visible in unstrained specimens cf heats 5065 and
5085.

The surfaces of specimens exposed during the first part ~f the 233u
opera-ion were noticeably more discciored than the surfaces of specimens

exposed only during the 2357 operation. Presuwably this was evidence of
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Table 7. Crack Formation in Hastelloy N Surveillance Samples
Strained to Failure at 25°C

a

) Time at High Temperature” (hr) Crack Count Depth (mils)

Sample Description Total Wich FP Countad (in.°7) Av Max
Total

control, Heat 5085 5,550 2,550 1 1 5.7 5.7
Heat 5085 5,550 2,550 24 19 2.5 8.8
Controli, heat 5085 11,933 11,600 0
Heat 5085 11,933 11,600 178 134 1.9 6.3
Control, Heai 5065 11,933 11,600 3 3 1.0 2.0
Heat 5Uv)5 11,933 11,600 277 230 1.8 3.8
Control, Heat 5085 19,136 18,800 4 3 1.5 2.8 0
Heat 5085 19,136 18,800 213 176 5.0 7.0¢€ o
Heat 5085 16,126 1R, 800 140 146 3.8 8.8
Control, Heat 5065 16,136 18,800 3 3 2.5 4.0
lleat 5065 19,136 18,800 240 229 5.0 7.5

%Time loggnd above S00°C. All was at 650 t 10°C with the exception of 100 hr at 760°C
in 10/65, about 750 hr at 500-600°C in 2-3/66 and 500 hr at 630°C in 12/67-2/68.

bTime above 500°C after exposure of specimen to fuel salt containing fresh fission prod-
ucts.

Cone crack that may not be surfacc connected and probably had a different cause was 15
mils deep, next largest was 7 mils.
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the relatively more oxidizing condition of the salt followirg the pro-
cessing. It also indicates the importance of recognizing that corrosiom
(and possibly the surface ciacking) was not proportional to time. The
fluctuation in the concentration of chromium in the fuel salt (Fig. 5)
is further evidence of this fact.

Aging at high temperature caused MgC-type carbide to pre:ipitate
throughout specimens of heats 5065 and 5085. Irradiation enhanced this

process. The incresased amommts of

(2]

ntergraaniar Hg T (which is brittle
at room temperature) were attended by reductions in the fracture strains
and ultimate stresses at 25°C and a shift in the nature of the fractures
at 25°C irom largely transgranular to more nearly intergranular. These
changes were observed in the surveillance ~~ecimens from the core and the
cell and in the coatrol specimeas, although the charges were greater in
the surveillance specimens. Little or no coarse MgC precipitate formed
in specimens of wmodified compositions, sicce the modifications were tai-
lored to produce fine carbide of the MC type.

All aged TNOR-8 specimens showed near the surface a layer that etchad
more darkly. The amcunt of this modified layer did not vary systemati-
cally with time or temperature. Experiments produced eTidence that the
effect was likely due to cold work from machining, causing carbide to

precipitate more readily nmear the surface.

EXAMTNATION OF MSRE COMPONENTS

A major objective of the postoperation examination of the MsRgl?,290
wvas to supplement the firdings on the INOR-8 surveillance specimens by
examining pieces cf INOR-8 from different parts of the fueli system. All
parts had been at high temperature for 31,000 hr and in contac. with fuel
gsalt for 21,000 hr (about 1.5 times as long as any surveillance specimen).
Otherwise the conditions of exposure were quite varied.

1. A control rod thimble (which had seen the highest newt:on fluence
of any INOR-8 ever examined) offered three kinds of suriace exposure on
the same piece: the inside exposed to N, + 2X 0, at 650°C, outside sur-
face exposed to flowing fuel salt, and outside surfacc that had been

under a loose-fitting INOR-8 sleeve.
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2. Heat exchanger tube: had been exposed ts fuel salt on the out-
side :ad coolant salt on the inside.

3. The heat exchanger shell had been exposed to fuel sait on one
side, cell atmosphere on the other.

4. The sam;ler cage and mist shield in the pump bowl exrended from
beneath the surface of the sait pool, through the surface (where certain

clesses of fission products terded to concentrate) into a gas space.

The major part cf the examination effort was cn determinations of
the amount and unature of deposits and metallograpiay to reveal evidence
of corrosion and surrace cracking. ..lthough the pieces were generally
of awkward shapes, some tensile and bend tests were run, and the exaamiza-

tion of the strained pieces proved to be most interesting.

Control Rod Thimble

The MSRE useZ three control vods?! fabricated of Gd,03 and Al,0;
canned in Inconel 600. The control rods operated inside INOR-8 thimtles
made of 2--in.~0D x 0.065~ir.-wall tubing. The assembly before insertion
in the MSRE is shown in Fig. 59. After being in service for several
years (above 500°C for 30,807 hr), the lower portion of coantrol rod
thimble 3 was severed by electric arc cutting and moved tc the hot cells
for examination. Fjigure 60 shows the electric arc cut at the left (about
at the midpoint of the core), thre spaczr sieeves, and the end closure
(located at the bctiom of the core). The thimble was made ~f heat Y-8487,
and the spacer sleeves were made of heat 5060 (sce Table 1 for chemical
compositions).

The first cu: was made through the sleeve and thimble nearest the
electric arc cut. Tbz space~ sleeve had been machined with ribs 0.1i00
in. high and 0.125 in. wide to position it relativ.. to the graphite
moderator., The sleeve had four drilled holes through which weld beads
were depsoited cu the thimble to hold the sleeve in place. According
to the shop drawings, t*2 minimum and maximum diametral clearances be-
tween the thimble and the sleeve were 0.000 and 0.015 iun., respectively.
Thus salt would likely eater this annular region and be in contact with

wost of the metal surfaces.
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Fig. 59. Contrcl Rod Assembly before Insertion in the MSRE.

Fig. 60. Portica cf Control Rod Thimble that was Examined After
Op~ration of MSRE was Terminated. The thimble is made of 2-i11-0D x 0.065-
in.-wall INOR-8 tubing (¥ieat Y-8487). The electric arc cut on the left
was near the center lin< of the core.
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Undeformed Samples

Samples of the comtrnl rod thimble and the spacer sleeve were cut
and examined to determine vheir condition at the end of service. Typical
paotomicrographs of the inside of the thimble tube are shown in Fig. 61.
This surface was oxidized to a depth of about 2 mils by the cell environ-
ment of nitrogen containing 2 to 54 0,. The oxidation process modified
the microstructure to a depth of 4 mils, likely due to the selective re-
moval of chromium.

Photomicrographs of one of the weld beads are shown in Fig., 62,

All of the surface shown was exposed to flowing fuel salt. Some dis-
lodged grains are near the surface, and grain boindaries are visibl- in
the as-polished condition to a depth of 1 to 1.5 mils.

Photomicrographs involving the interface between the thimblie and
sleeve are shown in Fig. €3. Figure 63(a) shows the annular region with
a separation of about 7 mils and some salt present. Few surface irregu-
larities are visible at a magnification of 100x, indicating that they
are considerably below 1 mil. Figure 63(b) is a 500x view of the thimble
and shows some surface cracks to a depth of 0.3 mil. The outside nf the
sleeve is shown in Fig. 63(c); a few grain boundaries to a depth of about
1 mil are visible. Additional photomicrographs of the sleeve are shown
in Fig. 64. The sleeve material does not appear to have received m.ch
working since the carbide is very inhomogeneously distributed. The 3rain
size is larger than usual away from the stringers. The inner and outer
surfaces both have modified structures. A higher magnification view of
the inner surface [Fig. 64(b)] shows that much of the modification is a
high density of primary carbide. The outer surface [Fig. 64(c)] has a
shallow layer of small grains, likely due to a working operation.

A second cut was made away from the sleeve, and typical photomicro-
graphs are shown in Fig. 65. This part of the thimble was exposed to
flowing salt. Some of the grain boundaries are visible in the as-polished
condition to a depth of about 4 mils and there is some surface modifica-
tion [Fig. 65(a)]. Etching [Fig. 65(b)] delineates more of the grain

structure and shows the shallow surface modification.
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Fig. 61. Photomicrographs of the Inner Surfac: of the Ccntrol Thimble
in the As-removed Condition.

This surface was exposed to cel) environment
of N, containing 2 to 5% 0,.

(a) As polished. (i) Etched. {c) Etched,
typical microstructure. Etchant: Aqua vegia. Reduced 30.5Z.
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Fig. 62. Photomicrographs of Outer Surface of Control Rod Thimble
Showing the Weld Deposit Mede to Hold the Spacer Sleeve. The weld surf:ce
was exposed to flowing salt. (a) As polished. (b) Etched: Aqua regia.
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Fig. 63. Photomicrographs oi As-polished Surfaces of Control Rod
Thimble and Sleeve. (a) Annulus between thimble and sleeve. Thimble sur-
face 1s in upper part of picture. (b) Outside surface of control rod thimble,
showing presence of some salt and shallow surface cracking. (c) Outside sur-
face of sleeve. Surface exposed to flowing fuel sailt.
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Fig. 64. Photomicrographs of Control Rod Sleeve. (a) Etched view
showing general microstructure. Inrer surface is on left and outer sur-
face is on right. (b) Inner surface of sleeve. (c) Outer surface of

sleeve. Ecchant: Aqua regia. Reduced 30.5%
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Fig. 65. Photomicrographs of Control Rod Thimble where it was Exposed
Directly to Flowing Salt. (a) As polished. (b) Etched: Aqua regia.
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Microprobe scans were run on the thimble samples that were taken
from under the sleeve and outside “%hc s’eeva. In the first case the
thimble wall was exposed tc al=zost static fuel silt, and no gradients in
iron and chromium cencentratior coulé be detected within the 3~um region
of uncertainty mear the surfac:. The sample outside the sleeve taat wacs
exposed to flowing fuel salt was deplgted in chromium to a depth of almost
20 um and in iron to a dcpth of 10 ym (Fig. 66). Thus the samouni of
corrosion that occurred varied considerably in the two regions. The
aeasurements were mot actually made, tut a simiiar resuit likely occurred
for the spccez sieeve. The inside surface was exposzd to zlmost static
salt and was likely nci corroded detectably. The outside surface was

expose¢ to flowing salt 2nd likely showed iron and chromium depletion.

Deformed Samples

The next step was to defoirm suwe of the thimble and the sleeve t2

determine whether surface cracks were formed similar to those noted in
the surveillance samples. Since the product was tubular, we used &z ring
test that is relatively quick and cheap. The fixture shown in Fig. 67
was made by (1) cutting 5/8 in. through a 1l-in.-thick carbon steel plate
with a 2-in.-diam hole saw, (2) cutting out the partially cut region with
ample clearance around the hole, (3) cutting the plate in two along the
diamecer and removing 1/8 in. of material on each side of the cut, and
(4) tapping a 3/4 in. diam thread into the two pieces. Then rings 1/4
in. wide were cut from the thimble and the sleeve. They fit into the
groove and were pulled to failure with the resultant geometry shown in
Fig. 67. The initial loading cur.es include strain associated with the
ring conforming to the geometry of the grip, so we cannot tell pre-isely

how much the sample is deforming. Thus the yield strength and the elonga-

tion are only relative numbers, but the ultimate tensile strength and
reduction in area obtained from these tests are true values. Obviously,
this type of test is deficient in giving good mechanical properity data
but is sufficient for deforming the material and observing the incidence

of surface cracking.

. dmanlie sana
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Fig. 66. Electron Microprobe Scan of Sample from Control B-.a Thimble.

The thimble had been exposed to the fuel salt for 21,040 hr and had been
above 500°C for 30,807 hr.
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Fixture for Testing Rings of Control Rod Thimrle and Spacer

Sleeve. A tested sample is shown on the .eft.
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The tensile properties of the rings are shown in Table 8. The test
results show the following importamt facts:

1. All of =he unannealed specimens of heat Y-8487 tested at 25°C
have a "yield stress" of 52,000 to 61,000 psi, wich these valves appearing
to be random in the variables inwolved.

2. At 25°C the crosshead displacement was about 1.2 in. for the
unirradiated tubing and 0.4 to 0.5 in. for tne irradiated tubing. Again
the variations of 0.4 to 0.5 in. appeared random.

3. The yield stresses at 650°C were about equivalent for irradiated
ard unirradiated tubing. However, the crosshead displacement before
fracture decreased from about 0.4 in. to 0.1 in. after irradiation. This
was due to embrittlement from helium formed from the 19B(n,a)7Li transmu-
tation.

4. No material is available of heat 5060 (sleeve material) for un-
irrsdiated tests, but the vendor's certification sheet showed a yield
stress of 46,300 psi, an ultimate teneile stress of 117,000 psi, and a
fracture strain of 522Z. The values that wve obtained shiow higher strengths
and lower ductility.

Several of the specimens that had been strained wer: exanined metal-
lographically to determine the extent of cracking during straining.
Several photomicrographs of the control rod thimbie that was exposed to
flowing salt are shown in Fig. 68. The inside surface was oxidized, and
the oxide cracked as the specimen was strained. The oxide should be
brittle, but it is important that these cracks did not penetrate the
met2l. The side exposed to the salt exhibited profuse intergranular

cracking. Almost every grain boundary cracked, and the cracks generally

propagated to a depth of one grain, although there are several instances
where the crack depth exceeded a depth of one grain. Several photomicro-
graphs -ere combined and rephotographed to obtain Fig. 69. This sample
had 192 cracks per inch with average and maximum depths of 5.0 and 8.0
mils, respectively. Many cf the cracks shown in Fig. 68 and 69 have
blunt tips, indicating that they did not propazate into the metal as the

i specimen was strained.
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Table 8. Teasile Daia on Rings From Control Rod Thimble 3 (Heat Y-B487)
Specimen Condition Postirradiation Test Croashead Yicld Ultimate Crosshead Reduction
Anneal Temperature Speed Stress® Stress Travel in Area
(*C) (in./min) (psi) (psi) (in.) (%)
1 Unirradiated 25 0.GS 52,000 114,400 1.20 44.5
2 Unirradiate:! 25 0.05 56,900 117,500 1.17 46.0
3 Unirradiated 25 0.05 58,000 124,300 1.18 43,0
4 Unirradiated 650 0.05 39,100 76,700 0.37 28.7
5 Unirradiated 650 0.002 40, 70C 62,300 0.20 20.6
6 Irradiated None 25 0.05 54,400 105, 1CG 0.5% 23.2
7 Irradiated None 25 0.05 53,300 102,500 2.51 29.7
8 _Irradiated None 25 2.05 60,500 110,800 G.%2 28.5
9 lrradiated None €50 .05 38,300 51,200 0.099 12,1
10 Ircadiated None 650 0.002 34,200 38,200 0.061 9.7
11 Irradiated 8 hr at 871°C 25 0.05 49,300 100,500 0.36 34.9
12 Irradiated 141 hr at 871°C 25 0.05 48,700 104,900 0.39 34.4
13 Irtadiatedb None 25 0.05 51,700 98,600 0.45 32,9
14 Irradiated® None 25 0.05 42,,00 123,000 0.20 18.0

aBased on 0.002 in. offset of crosshzad travel.
Located under spacer sleeve.
Spacer slecve, deat 5060.
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Fig. 68. Photomicrographs of Cont

Plowing Salt and Tested at 25°C. (a) Fracture - dark edge is oxide on inner
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rol Rod Thimble Specimen Exposed to

surface of tube, and cracks formed on the cuter surface; etched. (t) Cracks

in outer surface of tubing as polished.
tubing etched. Etchant: Aqua regia.

(¢) Cracks in outer surface of
Reduced 30.5Z%.
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Fig. 69. Photomicrographs of a Deformed Section of the Control Rod
Thimble. The fracture is on the l2ft. The upper surface was in contact
with flowing salt and the lower surfaie was exposed to the cell environ-
ment of N, plus 2 to 5% 0. The sample is about 0.06 in. thick.
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A similar sample was cut from the thimble vnder the slreve, where
the salt access was restrincted. Photomicrographs of a specimen tested
at 25°C are shown in Fig. 70. The cracks are quite similar to those in
Fig. 68 for a sample that was exposed to flowing salt. The composite
photograph in Fig. 71 is quite similar to Fig. 69 of the sample exposed
to flowing salt. The sample in Fig. 71 had 257 cracks per inch, with
average and maximum depths of 4.0 and 8.0 mils, respectively. The accu-
racy of our statistics and possible sampling inhomogenities lead us to
conclude that the severity of cracking is equivalent in the samples
exposed %o flowing and almost static salt. Thus flow rate over the
range represented by these two sample locations does not appear to be
an important variable.

The spacer sleeve gave another opportunity to examine whether a
relationship existed betw:en sait wvelocity and cracking. The photowmicro-
graph in Fig. 72 shows cracks on both sides, with more being present in
the field photographed on the side where the salt was rapidly flowing.
However, the composite photograph in Fig. 73 shcws that the cracking is
about equivalent on both sides. Cracking statistics on the side exposed
to rapidly flowing salt revealed 178 cracks per inch with a maximum depth
of 7.0 mils. The side exposed to restricted salt flow had 202 cracks
per inch, with a maxinum depth of 5.C mils. The average depth was 3.0
mils on both sides. These observations again show that salt flow rat:
is rot a significant factor in intergranular cracking.

Important Obsecvaticus
The examination of the control rod thimble and the thimble spacer
revealed two important characteristics of the cracking. (1) Irradiation

of the metal is not reosponsible for the cracking. The thimble was irrad-
iated to a peak thermal fluence.of 1.9 x 102! ,eutrons/ca?. The flux
attenuation across the 0.065 in. wall of the thimble would have been very
slight, but cracks only formed in the metal on the field side (Fig. 68).
Thus, irradiation alone does not cause the cracking, but contact with the
fuel salt is required. (2) The severity of cracking is not sensitive ro
salt flow rate over the range experienced in a fuel channel and under a

spacer with restricted flow.
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Fig. 70. Photomicrographs of Control Red Thimble Exposed to Fuel
Sal: Under a Spacer Sieeve and Tested at 25°C. (a) As-polished view of
fraccure. 40x. (b) As-polished view of cracks. {c) Ztched view of
cracka. Etchant: Aqua regi~.. Reduced 30.5%
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Fig. 71. Composite Photograph Showing the Demsity of Cracking Along
the Edge of a Portion of the Deformed Control Rod Thimbhle. 9.5x. The
sample is N0.58 in. long. The fracture is on the left, the upper surface
was exposed to fuel salt, aud the lcwer surface was exposed to the cell
environment of N, plus 2 to 5% 0,.

g.os% INCHES

.‘»

e . \

Fig. 72. Photomicrograph of a Section uf Spacer Sleeve Tested at
25°C. As polishecd. The upper surface was exposed to almost static fuel
salt and the lower surface was expos2d to rapidly flowing fuel salt.
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Primary Heat Exchanger

The primary heat exchanger was at temperature for 30,807 hr and oper-
ated with fuel salt on the shell side aad coolant salt in the tubes. The
shell was 16-2/4 in. OD x 1/2 in. wall and constructed of heat 5068. The
tubing was 1/2 in. OD x 0.042 in. wall from heat N2-5101 (see Table 1 for
chemical composition). An oval piece of the shell 10 x 13 in. was cut by
plasma torch near the outlet end of the heat exchanger. This same cut
severed a piece of one tube, and pieces of five othars were cut by an
abrasive wheel. Photographs of chese parts are shown in Figs. 74 and 75.
The outside of the shell had a dark adherent oxide; the inside surfaces
were discolored slightly and had a thia bluisn-gray coating probably
caused by rhe plasma cutting operation. 3Some of this powder was brushed

off and fcund by gamma scanning to contain 196Ru and 125sp.

Undeformed Samples

Photomicrographs of a cross sectiou through the outer surface of the
shell are shown in Fig. 76. The oxide cn the outside surface is typical
of that observed on INOR-8 at this temperature and extends to a depth of
about 5 mils. Etching attacks the metal in the oxidized layer and etches
the grain boundaries near the surface more rapidly than those in th~ in-
terior. The inside surface of the shell (Fig. 77) shows some structural
modifications to a depth of about 1 mil. No samples of the shell were
deformed.

Photomicrographs of a typical cross section of the iizat exchanger
tubing are shown in Fig. 78. The overall view shows that both sides etch
more rapidly than the center to a depth of about 7 mils. This is not un-

usual for a tubular product and is often attributed to impurities (pri-

‘marily lubricants) that are worked into the metal surface during repeated

steps of deformation and annealing. The higher magnification views in
the as-pnlished condition show tha* grain boundary attack (or cracking)
occurrc.d on the surface exposed to fuel salt (outer) but not cn the cool-
ant side (inner). The temperatures under normal operating conditions

were such that the fuel salt side (OD) would have been in compression.
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Fig. 73. Composite Photograph Comparing the Density of Cracking of
Sides of Spacer Sleeve Exposed to Almost Static Salt (bottoa) and to flowing
salt (top). 1llx. The sample is $.52 in. iong.

Fig. 74. Section 10 x 13 in, Cut from the Primary Eeat Exchanger
Shell. The piece was cut with a plasma torch, and the center stud was
used for guiding tue tor-h.
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Fig. 75. The 1/2-5n.-0D Hastzlloy N Tubes from the Primary Heat
Exchanger. The different shades arise from a dark film that is thought
to have been deposited wihen the shell was being cut. The film was
deposited on the side of the tubes facing the shell.
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Pigﬂ 76. Photomicrographs Showing the Outside Edge cf the Primary Heat

Exchinger Shell. This surface was exposed to 2 to 52 05 in N;. (a) As

{550

polished, showing the selective oxidation that occurred. (b) Etched view

showing that the metal in the oxidized layer was completely removed. Etched

with aqua regia.
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Fig. 77. Photomicrographs of the Inside Surface of the Primary Heat
Exchanger Shell. The surface was exposed to fuel salt, and the modified
structure to a depth of about 1 mil is apparent.. (a) As polished. (b)

Etched with aqua regia.
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Fig. 78. Photomicrographs of a Cross Section of an INOR-8 Heat
Exchanger Tube. (a) Etched with glyceria regia. (b) Inside surface
in the as-polished condition after exposure to coclant salt. (c) Out-
gside surface in the as-polished condition after exposure tc fuel salc.
Reduced 24Z.
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Similar pho:tomicrographs of a lorgitudinal section of tubing are
shown iu Fig. 79. The features are jquite similar to those discussed
for Fig. 78. Both figures show som: metailic deposits on the outside
surface, which was exposed to fuel salt. Z<hese ueposits are extremely
small anc could not ve analyzed with much accuracy with the ii-cell
mi.roprobe. Eowever, they seemed to be predominately iron. Scanning
across the tubing def.ected no concentration gradients of the major

alloying elements in INOR-8.

Deformea Samples

Tensile tests were run on three of the tubes, and the results are
compared in Table 9 with those for as-received tubing. The tubes were
pullei in tension, and we assued that the epcire section between the
grips was deforming. The grips ofier some end restreint, sc our assump-
tion is obvicusly in error, and ¢ue 21Yors ave suca that our yield stresses
are high and our frecture strains are low. The ultimate siresses and re~
ductions in area are unaffected by this assumption. The as-received snd
postoperation tests wcre run by the same technique, so the rasults should
be comparable. The largest changes during service were reducrions in the
yield stress, fracture strain, and reduction in area. The tubiny was
bought in the "cold drawva and anrnealed" condition, but such tubing nor-
mally is (old worked some during a final straightening opsratica. The
reduction in yicld sirength durirg service msy aave been due to wnnesling
out the eftects of this working. fhe reductions in the ductility parame-~
ters were likely due to the precipitation »f carbides along the grain
doundaries.

Prhotomicrographs of one of thx tubss deformsd at 25°C are shown in
Fig. 3. ¥Profuse inCergranular cracks vere formed to a dep.h of about
S mils vn the side exposed to fuel salt, but none wire fo: .ed on the
coolant sait side. Etching again revealed the abnormal &tching charac-
teristi.s near the surface, but vhatever caused this etching characteris-
tic ¢id not result in grsin boundary eabrittlement.

Unatressed and stressed sections of tubing were photographe:d over

tesatively large distances to get mors accurate statiatics on cracks
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Toble 9. Tensile Daza on Heat Exchanger Tubes (Heat N2-5101)
Crosshead Yield Ultimate Fracture Reduction
Speed Tomperature Stress Tensile Strain in
Spec imen Condjf.tion {(in./wmin) (*c) \psi) Stress (psi) (%) Area (2)

7 From heat exchanger 0.05 650 44 , 300 67,400 2.3 22.4
6 Froa neat exchanger 1.0 25 66,300 118,000 37.0 20.5
5 From heat exchanger 0.08 28 64,800 122,000 39.0 29.0
4 As received 0.05 650 53,900 74,600 4C.0 14.5
2 As rocaived 0.05 25 73,000 127,400 51.1 42.6
3 As roceived 0.05 25 0,900 126,200 50.1 40.0
1 Vendor certification 25 58,900 120,700 47.0
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Fig., 72. Photomicrographs of a Longitudinal Section of an INOR-8 Heat
Exchanger Tube. (a) Etched with glyceria regia. (b) Inside surface in the
as-polished condition af.er exposure to coolant salt. (c) Outside surface
in the as-polished condition after exposure to fuel salt. Reduced 317.
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Fig. 80. Photomicrographs of a Heat Exchanger Tube Deformed to Fracture
at 25°C. (a) As polished. (b) Etched with aqua regia.
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numbers and depths. A composite photograph of the two samples is shown
in Fig. 81. The cracks are readily visible in the stressed sample but
may not be apparent in the unstressed sample. A higher magnification
print used in making the corvosite is shown in Fig. 82; the cr«cks can
be more easily seen. The stressed sample had 2¢2 cracks per Inch with
an average depth of 5.0 mils. Two counts were made on the unstressed
sample. In the first count only those features that unequivcczally were
cracks were counted. This gave a crack count of 228 pcr inch with an
average depth of 2.5 mils. In another count, we includ=sd some features
taat were possibly cracks and this gave a crack frequency of 308 per

inch. Thus the number of cracks present before strainiug was about

equivalent tc that noted after straining. Straining 3did iuzrease the
visible depth. Some indirect evidence that the cracks were present
initially and only spread open further during the tensile test was ob-
tained frow examination cf the sample in Fig. 8l1. The sample lergth
shown deformed 397 (Table 9), and the combined widths of the cracks
account for 35% strain. This, the cracks widths very closely accoun:

for the total strai:: and indicate that the cracks formed with littie or

no deformation and spread open as the sample was defurmed.

Important Observations

The examination of the heat excnanger tubes revealed three very
important characteristics of the cracking. (1) The neutron fluence
received by the tubing was extremely low, but intergranular cracks were
formed. The control rod thimbie showed that irradiation of the metal
alone was not sufficient to cause cracking since only the side of the
thisble exposed to fuel salt cracked. Examination of the heat exchanger
tubirg suggests the further conclusion that irradiation of the metal is
not a factor, since the heat exchanger was exposed to a negligible flu-
ence dut still cracked. (2) Exposure to fuel salt is a necessarv condi-
tion for cracking to occur. Only the outside of the tub.ng, which was
exposed t» fuel selt, cracked, and the inside, which was exposed to cool-
ant salt, did not crack. (3) The cracks were present in the as-polished
tubing as it was removed from the MSRE. Straininug causad the cracks to
open wider without mich penetration in length.
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Fig. 81. Composite Photographs of Heat Exchanger Tubing Before and
After Stressing. The width of the unstressed sample is £.042 in.

0.07 INCHES

Fig. 82. Photomicrograph of Heat Exchanger Tubinrg in the Unstressed
Condition. The side with the small cracks was exposed to fuel salt and
the other was exposed to coolant salt.

A
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Pump Bowl Parts

A sche2matic view of the pump is shown in Fig. 83. Thke components
examined were the mist shield and the sampier cage. The sampler was low-
ered by a windlass arrangement into the sampler cage ind was used primar-
ily for taking salt samples for chemicil analysis. The mist shield was
provided to mimimize the amount of salt spray that would reach the sampler.
The vertical sampler cage rods were 1/4 in. diam and made of heat 5059.
The mist shield was made of 1/8-in. sheet of heat 5057 (s2e Table 1 for
chemical analysis). The mist shield was a >piral with an inside diamete:
of abcut 2 in. and outside diameter of about 3 in. The spiral was about
1 1/4 turns, aad the outside was exposed to agitated salt and the inside
te salt flowing much slower. The outside was evpcsed to salt up to the
normal liquid levzl and to salt spray above this level. The inside was
expcsed to salt up to the normal salt level and primarily to gas above
this level.

The general appearance of the sampler cage is shown in Fip. 84, The
salt normally stayed at a level rear the center of the cage, but the level
fluctuated slightly. The amount of material depositad on the surface is
much higher below the¢ liquid interface than 2bove. A gross gamma scan
had a similar profile with a maximum near the liquid interface. A
carbonaceous deposit was present at the top of the sampler. The mist
shield had some deposits, and these were heavier below the liquid level

and cn the outer suriace of the shield.

Sampler Cage
One of the sampler cage rods was examined metallograpically. Photo-

micrographs of samples from the vapor and liquid regions are shovm in
Fig. 85 and 86, respectively. There is no intergranular penetration
visible at this magnification. A heavy surface deposit is on the sample
from the liguid region. This deposit was not examined by the electron

microprobe analyzer, but a similar deposit on a copper capsule taken from
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Fig. 83. Section of MSRE Fuel Pump with Details of Several Are.s. The

mist shield and the sampler cage that were examined are shown in the lower
left insert.

Fig. 84. Sampler Cage. The assembly is 8.5 in. high. The salt-vapor
interface corresponds with the region of highest material deposition.
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Yhotomicrographs cf an INOR-8 Rod from the Sampler Assembly

Located A-ove the Normai Salt Level. (a) As-polished. (b) Etched with
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the swmpler region wes examined. The deposit contained some salt, but had
regions tnat were digh in the alloving elements in INOR-8: Ni, Cr, Fe,
and Mo.

One of the scmpler cage rods was pulled in tension at 25°C. The
certified properties cf this material were a yield stress of 51,200 psi,
an ultimate tensile stress of 115,300, and an elongation of 512. The
aecasured propertias of the sswpler cage rod were a yield stress of 42,500
psi, an ultimate tensile stress of 93,400 psi, and an elcrgation of 35.7Z.
Tne property changes are not large and are likely due to some stress re-
lief that decreased the yield ardi ultinmate stress values and carbide pre-
cipitation, vhich reduced the ductility. A composite of the tested sample
in Fig. 87 shows that the fracture occurred b»elow the center near the
average liquil-gas interface. Omne metallographic sample way taken on the
liquid side of the fracture. A composite showing the badly cracked edges
is showm in Fig. 88. Note that the cracks exterscd tc 3 depth of 12 mils.
A higher mcgnification view of ar area near the fracture shows that the
ccacks extend in excess of 3 grairs deep and that several grains have
fallen out (Fig. 89). Another metallographic sampie was taken 3/4 iu.
sbove the fracture. A composite of photographs along the edge stliows that
the depch of cracking decresses with increasing distance into tne vapor
region (Fig. 90). The severity of cracking is different on the twc edges
of the rod. Unfortunetely. we do not know the orientation of che rod
relative to the sampler and the mist shield.

Mist Shield

Figure 91 shows the mist shield after removal from the MSRE. The
shield has been split to reveal the inside suvface. Four specimens
approximately 1 in. (verticsai) x 1/2 in. (circumferential) weve cut from
the mici shield. Their locations were (1) outsid: the spiral and immersed
in salt, (2) outside the spiral and exposed to salt sprzy, (3) inside
the spriral and immersed in salt, and (4) inside the spiral and exposed
primarily to gas. Pand tests were performed on these specimens at 25°C

using a three point bend fixture.22 Thev were bent about a lipnz parallel
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Fig. 87. (a) Tensile-tested Sampler Cage Rod from Pump Bewl. Rupture
occurred near the average liquid-v.gpor interface. (b) Photograph of rupture
Rod diameter is 1/4 in.

irea showing extensive surface cracking.

Fig. o8. Section of Sample Cage Rod that
Tae fracture (left) occurred at the salt-vapor

further in the liquid from left to right.

The

vas Deformed ar 25°C. 9.2x.
interface. The rod is immersed
length of the sample is 0.63 in.




124

R -56030

.
e e e et it e e e -

——

t
0.033 INCHES

.
-
- ) - - o

Fig. 89. Photomicrograph of Deformed Sampler Cage Rod Near the
Fracture. As-polished.
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Fig. 90. Composite of Photomicrographs of Sampler Cage Rod that was
Strained at 25°C. 6.2x. Left and of sample was 3/4 in. from fracture.

The rod progressed further into the vapor region from left to right. The .
sample length is 0.72 in.

N




12

5

Fig. 91. Interior of Mist Shield.
lapped left part of segment va left.

'

Right part

of right segment

- R-54220

B osltniis

over-~

A v apnre

I

A% A o b




126

to the 1/2 in. dimension and so that the outer surface was in tension.

The information obtained from such a test is a load-deflection =urve.

The equations normally used to convert this to a stress-strain curve do

not take into account the plastic deformation of the part, and the stresses
obtained by this method become progressively in error (too high) as the
deformation progresses.

Taktle 10 shows the results ci bend tests on the specimens from the
mst shield. Note that the yield and ultimate stresses are about double
those reported for uaiaxial tension. The fracture strain iz the parameter
oy primary interest. .he test of unexposed INOR-8 (heat N3-5106) did not
fail afte: 40.5Z strain in the outer fibers. (No material was available
of heat 5775, the material used in fabricating the mist shield.) Although
all of the samples strained more than 10Z before failure, the two samples
from the outside of the spiral were more Srittle than the other samples.

The bend scmples of the mist shield were examired metallographicaliy.
Photomicrographs of the sample from the inside vapor region are shown in
Fig. 92, and a composite of several photomicrozraphs is shown in Fig. 93.
The edge cracks were Iatergranular and about i mil deep. The photomicro-
graphs of the sample from the liquid region (Fig. 94) show that the cracks
extended to a depth of about 8 mils in the liquid region. The composite
photograph in Fig. 95 also shows the increased iIrequency and aepth of
cracking in the liquid region.

The sample from the outside liquid region was quite similar metal-
lographically to that from the insidz liquid region. Phctomicrographs
of the fracture and a typical region of the tension near the fracture
are shown ir Figs. 96 and 97, respectively. A composite of several
photomicrograohs is shown in Fig. 98. Photowic:rugraphs of the outside
vapor (salt srray) bend specimen at the fracture and on the tension side
near the fracture are shown in Figs. 99 and 100, respectively. The com-
posite of several photomicrographs in Fig. 101 shous that the cracks are
not much decper nor more frequent than in the liquid regions (compare
Figs. 95, 98, and 101), but the tendency for grains to fall out is much
greater. This is even more significant when one notes that the strain

w>s the leact in the sample from the outside vapcr region (7able 10).



Table 10. Bend Tests at 25°C on Parts of the MSRE Mist Shield?®

Maximumc
Yield Tensile
Strers Stress Strain
Srecimen (psi) (psi) (%) Environment
x 103 x 103
S§-52 Mist shield top inside 97 269 46.9d Vapor region, rhielded
$-62 Mist shield top outside 155 224 10.7d Vapor region, salt spray
S-60 Mist shield Lottom inside 161 2972 31.6d Liquid region, shielded,
salt flow
$-68 Mist shield bottom outside 60 187 17.7d Liquid region, rapid
salt flow
N3-5106 Unirradiated control 128 238 40,5

test, 1/8 in. thick

aThe mist shield was fabricated of heat 5075 with certified room-temperature properties
of 53,000 psi yirld stress, 116,000 psi ultimate stress, and 49% elongation.

b

Based on 9.002 in.

of fset of crosshead travel.

CMaximum tensile stress was controlled by fracture of sample or by strain limitation
of test fixture.

dSpecimen broke .

Lt
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Fig. 93. Composite Photograph of the Tension Side of a Bend Sample
from Inside Vapor Region of Mist Shield. Lower edge is not the compression
side of the sample.
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Fig. 94. Photomicrographs of Bend Specimen of Mist Shield from Inside
Liquid Region. (a) Fracture and tension side, as polished. (b) Fracture
and tension side, etched. (c) Fracture and tension side, etched. Etchant:
Aqua Regia.
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Fig. 95. Composite Photograph of the Tension Side of a Bend Sample

from Inside Liquid Region of Mist Shield.
side of the sample.
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Fig. 96. Photomicrographs of the Fracture of a Bend Specimen from
the OQutside Liquid Region of the Mist 3hield. (a) 100x. (b) 500x.
Etchant: Lactic acid, HNO3, HCI.
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Fig. 97. Photomicrographs of the Tension Side Near the Fracture of a
Bend Specimen from the Outside Liquid Region of the Mist Shield. (a) 100x.
(b) 500x. Etchant: 1lactic acid, HNOj3, HC1.



Fig. 98. Composite of Several Photomicro
the Outside Liquid Region of the Mist Shield.
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Fig. 99. Photomicrographs of the Fracture of a Bend Specimen from

the Outside Vapor Portion of the Mist Shield. (a) 100x. (b) 500x.
Et.chant: Lactic acid, HNO3, HCL.
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Fig. 100. Photomicrographs of the Edge Near the Fracture of a Bend
Specimen from the Outside Vapor Portion of the Mist Shield. (a) 100x.
(b) 500x. ELtchant: Lactic acid, HNOj3, HC1,
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The reduced ductility of these samples remains unexplained. The
maximum crack depth in the liquid region was only 8 mils, and it is quite
unlikely that an 8 mil reduction in a sample thickness of 125 mils would
cause much embrittlement. The embrittlement may have been partially due
to the extensive carbide precipitation shown in Figs. 93, 95, 96, 98,
and 99. However, the outside and inside oi the shield received identical
thermal treatments. but *he samples from the outside had lower iJuctilities.

Thus, at*ributing the embrittlement solely to carbide formation does not

seem app sopriate.

Important Observations

The only free surface in the primary circuit was in the ptap bowl,
and there appears to have been a collection of material at the suriace.
Visual observation, gamma scanning, and the electron microprobe show an
accumulation of salt, fission products, and corrosion products at this
surface. Besides having a free surface, :he region around the sampler
was often quite reducing because of the addition of beryllium metal at
this location. Fluorides of the structur::l nmetals would have been reduced
to the metallic form and sccumulated at the firee surface c¢r deposited on
nearby metal surfaces. Some of the less stable fission product fl.iorides
would have 1llkely reacted in a similar way. Thus, it is not surprising
that the intergrarular cracks are most severe near the free surface. The
most important observation relative to the cracking is that its severity
was much less in material exposed primarily to gas. This allows the con-
clusion that exposure to liquid sait is necessary for the ~racking to

occur.

Freeze Valve 105

Freeze valve 105 failed during the final thermal cycle involved with
terminating operation of the MSRE. The failure was attributed to fatigue
from a modification.23 This valve consisted of a section of 1 1/2-in.
sched. 40 INOR-8 pipe (heat 5094) with a jacket icr air cooling. It was

used to jsolace the drain tanks and was Frozen only when salt was ia the
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drain tanks. The line was filied with salt frcm ihe drszin tanks, so the
tission product concentration would have been relatively lcw. The line
was filled with salt and above 500°C for about 21,000 hr. The salt was
also static except when the sysitem was being filled. Thus, this partic-
ular component was subjected to a unique set of conditioms.

Rings 3/16 in. wide were cut, away from the flat%ened portion of the
pipe. They were subjected to the ring test described previously. A bend
specimen and a specimen for chemical analysis were cut from adjacent
regions. The results of the mechanical property tests are given in
Table 11. #s shown in Fig. 102 bLocth the bend specimen and the ring
specimens showed some surface cracking when viewed at low magnification.

A metallographic saction of one of the ring specimens is shown in
Figs. 103 and 104. The fracture and both edges are visible in Fig. 103.
The oxide 1s on the outside surface that was exposed to air (top) and
shallow cracks formed on the salt side. Typical edges near the fracture
are shown in Fig. 104. The cracks on the air side followed the oxide and
4id not penetrate further. The cracks on the szlt side vere intergranular
and penetrated about 1 mil.

The most important observation on this cc ponen! is that the crackirng
was less severe under conditions where the fission prouduet concentration
was less, However, intergranular cracking occurred on the surfaces that
vere exposed to fuel salt. The corrosion (selzctive ri.wovzi of chromiom)
that occurred under these conditions should have been extremely small
since the sait was static most of the time. Tiius, corrosion does not

seem to be a requiremen: for intergranular cracking although it may ac-

celerate the process.

EXAMINATION OF INOR-8 FROM IN-REACTOR LOOPS

The observation of intergranular rracking in the MSRE caused us to
reexamine the available results on three in-reactor loops. Two pumped
loops were run by Trauger and Conlin?":2> in 1959, but the material from
thes,e loops had been disrsrded and only the reports and photcmic.ographs

veuained for examination. A more recent thermal convection loop was run

A |
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Table 11. Results of Mechianical Property Tests on Specimens From Freeze Valve 105
(Heat 5094 at 25°C and a Deformation Rate of 0.05 in./min

-

e e e T v -t A

Yield Ultimate Crosshead Reduction
Stress Tensile Strese Travel in Area
Type cf Test (psi) (psi) (in.) (%)
Vendor's, tensile 45,80C 106,800 52.6
Riing, tensile 45,800 89,700 0.72 25
Ring, tensile 48,900 94,100 0.59 29
Ring, tensile 41,900 90,300 0.73 37
Wall segment, beni 71,300 el 338

iaximun scrain in ouvrer fibers.
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Pig. 101. Composite of feveral Photomicrographs of a Bend Specimen

From the Qutside Vapor Region of the Mist Shield. Top portion is the
tension side and the luwer part is the compression side. 15x.

Fig. 102. The Surfaces Exposed to Salt in Freeze Valve 105 After
Deformation at 25°C. (a) Fracture of ring specimen pulled in tension.
Note surface cracks near the fracture. 4x (b) Surface of bend specimen.
Note some cracks on surface and edge cracks. 7x. Re. ced 18.5%.
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Fig. 103.

Freeze Valve 105 that was Deformed at 25°C. (a) As polished.
Lacti: acid, HNOa, HCl. 40x. Reduced 29.5%.

Photomicrographs of the Fracture of a Ring Specimen from
(b) Etchant:




Bl {

P R L

142

e S~ B 4 =

e e P T a, AT e & AW e T wm L

{o)

()

(eIN, -

‘v

SO T

QU

L

Fig. 104. Photomicrographs Near the Fracture of a Ring Sample from

Freeze Valve 105 Deformed at 25°C.

(b) Edge exposed to salt, as polished.
with lactic acid, HNOj, HC1,

(a) Edge exposed to air, as polished.
(c) Edge exposes to salt, etched
Reduced 30%.
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by Compere et al.,2® and some of the pieces were still available and their
location in the loop identified. Some samples of these pieces were de-

formed and examined metallographically.

Pump Loops

Trauger and Conlin ran two INOR-8 pump loops in the MIR.2%325 These
operated at a peak temperature of 704°C at an average power demsity of
66 W/cm3. The loops both contained salt of composition’ LiF-BeF,~UF,
(62-37-1 mole Z). The first loop ran at a peak Reynolds number of 4100
and operated for 638 hr. The second loop had a peak Reynolids number
of 31C0 and operated for 766 hr. The operation of both loops was termin-
ated by leaks in the heat exchanger. A detailed metallographic examin-
ation was made of the first 100p.27 The loop had a nose cone that was
closest to the reactor, and it was here that the type of attack shown
in Fig. 105 was noted. The attack is actually a surface roughening in
which grains were removed from the inside of the INOR-8 tubing. The
second loop did not show this type of attack.28 The leak in the keat
exchanger was not located in eithef loop.

The fission density in these loops was 66 W/cm3, with salt volumes
of 135 cm3 and surface areas of about 650 cm? each. One of the fission
products that will be discussed further is tellurium, and a comparison
of the amount produced in these loops with that produced in the MSRE is
useful. About 1.4 x 10!7 atoms of Tellurium were produced per unit of
metal surface area in the MSRE and orly 0.2 x 10!7 atoms/cm? in these two
loops. The time at temperature was also much smaller for these loops than
for even the first group of surveillance specimens from the MSRE, in which
cracking was hardly detectable (Fig. 12).

The uneven inner surface of the loop tubing may or may not have been
due to the same phenomenon that caused the intergranular cracking in the
MSRE. Note in Fig. 105 that the material was removed in increments of
single grains. However, there is no evidence of partially cracked grains
that had not been completely removed. The explanation of cavitation is
also not very acceptable since the peak velocity was only about 1 ft/sec.
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The coating is nickel plating used for edge preservation.

Fig. 105. Inside Tube Wall of INOR-8 from In-pile foop MIR 44-1.
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Being able to deform a piece of the tubing and then examine it for cracks
should be enlightening, but ao material from either loop remains. Thus,

the observations on these loops are not very helpful in the present anal-

ysis.

Thermal Convection Loop

A more recent in-reactor thermal convecticn lccop was run by Compere
et 21.25 A schematic of the loop is shown iu Fig. 106, ard the pertinent
operating statistics are given in Table 12. The loop was constructed of
INOR-8, contained salt of compostiion ’LiF-BeF,-ZrF,-UF,(65.3-28.2-4.8-1.7
mole Z), and had a graphite region where power densities of 150 W/cm3 of
salt were attained. The loop had maximum and minimum operating tempera-
tures of 720 and 545°C, respectively. The loop failed at the hottest
portion after 1366 hr of nuclear operation. The failure (Fig. 107) is
quite typical of high-temperature failures noted previously in this ma-

terial after irradiation.“~’

Note that the inside surface is free of
cracks except very near the point of failure.

Two pieces of the loop were retrieved and tested. One sample was
from the flat sheet used to fabricate the top of the "core section" where
the graphite was located. A small sheet was cut, bent so that the sur-
face exposed to the fuel salt was in tension, and examined metallograph-
ically. A typical photomicrograph is shown in Fig. 108. Surface cracks
were very infrequent and extended to a maximum depth of 0.5 mil.

A piece of tubing was available from the coldest section, and it
was deformed by crushing in a tensile machine. A typical view of the
inside surface is shown in Fig. 109. Cracks occurred along almost every
grain boundary, but they only extended to a maximum depth of 1 mil.

The amount of tellurium produced in this loop per unit area of metal
surface was 4.2 x 10!® atoms/cm? (reference 29), compared with 1.4 x 1017
atoms/cm? in the MSRE. Thus, the amount of tellurium was one-fourth that
in the test loop, but the system was above 400°C only 937 hr when fission

products were present.



Table 12.

Summary oi Operating Perlods for In-Reactor Molten-Salt Loop 2

Operating Period (hr)

Total Irradistion Full Power
Dose Equivalent
Out-of-Reactor
Flush 77.8
Solvent Salt 171.9
In-Reactor
Preirradiation 73.7
Solvent Salt 343.8 339.5 136.0
Fueled salt 1101.9 937.4 547.0
Retracted-fuel removal® 435.0 428.3 11.2
Total 2204.1 1705.2 694.2

%Maintained at 350 to 400°( (frozen) except during salt-remcval operations

and fission product leak investigations.

91
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Fig. 108. Bend Specimen from Section of In-Reactor Loop Which
Operated at 720°C. The tensicn side was exposed to the fuel salt.
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Fig. 109. Tension Side of Crushed Tubing from Coldest Part of

In-Reactor Loop, Which Operated at 545°C.
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Summary ¢° Obsaratlons on In~Reactor Loops

The loops just discussed were exposrd to fission product concentra-
tions much lower than those observed in the MSRE. The time at tempera-
ture after fission products were prodnced was also iwch less than fo- the

MSRE. The loop times were all less thaan 1000 hr, and the first group

0
-h

f MSRE surveillance samples wis removed after 2550 hr exposure (Tcble

L e
(= ¥ 4

(o
N

ission products at eievated temperatures. The rumber of cracks in
this first group of surveillance samples was quite small (Fig. 12, Table
7). Thus, it is questionable whether these loops had adequate exposure
to cause dotectable cracking.

The locps run by Trauger and Conlin had some regions frcm which
grains were removed, but no intergranular cracks were visible. Strained
samples of Compere's loop had shallow intergranular cracks similar to
those noted in samples from the MSRE, particularly the sample exposed
at 545°C (Fig. 109).

CHEMICAL ANALYSES OF METAL REMOVED FROM THE MSRE

We found the electron microprobe analyzer to be useful for measuring
chromium gradients in TNOR-8, but we were not successful in locating any
fission products:. We then used the technique of electrolytically remcving
surface layers and analyzing the sclutions. Specifically, the method
involved a methanol-30%Z HNO3 solution at -15 to -20°C, a platinum cathode,
and the specimen as the anode. The electric potential was 6 V, a level
that had been shown by laboratory experiments to polish rather tham etch.
The solu;ionb were analyzed bty two methods. The corcentrations of the
stable elements were obtained by cvaporating 2 cc of the "slution into
a mass spectrometer and then analyzing the vapor by mass numbers.

Numerous experimental difficulties were encountered in takirg the
samples. Surface deposits (formed in the pump bowl) and thin oxide films
(found on many parts from the core) acted as inhibitors and made the
methanol%30% HNO3 solution attack nonuniformly or not at all. The voltage

usually had to be increased to attack these surface barriers. Thus the
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removal was not uniform on most samples until a few mils had been removed.
A second problem was in sample preparation. The ~ound geometry of the
surveillance szaple snd the heat exchanger tube was desirable, but strips
had to be cut from components such as the control rod thimble and the
mist shicld. We were not successful in masking the surfaces not exposed
to fuel salt, so the ratios of fission producr concentration to that

of nickel are lower than would have been obtain.d had all the surfaces
been exposed to fission products.

Two of the better profiles are shown in Fig. 110 and 111. The sample
in Fig. 110 was a segment of heat exchanger tubing. FEpoxy was cast in-
side to mask the surface that was exposed to coolant salt. The sample in
Fig. 111 was a surveillance sample. We made diametral measurements with
4 aicrometer, but these were not very accurate. Ke actuallv obtained the
depth measurements by calculation from the measured nickel concentrations
using the supplemercal knowledge that the alloy was 70 Ni and that the
volume of the sclutiou was 140 cc.

Compere compared the amounts of fission products that we actaally
found with the tctal inventory in the MSRE. He assumed that the fission
prcducts were deposited uniformly on the total system metal area of
7.9 x 10° cm?. (Inclusion of the graphite surface area increases the
depositior. area to 2.3 x 10° ca?.) The results of this type of analysis
are summ2rized in Table 13 for the most highly concentrated fission pro-
ducts. The various samples are listed in the order that they would occur
around the primary circuit, beginning at the bottom of the core and pro-
gressing up through the core, through the pump, intc the heat exchanger,
and back to the core. The values for the second sample should be quite
low because of the shallow sampling, and the samples from the surveillance
specimen and the heat exchanger tube should yield the most accuralzs Jate.
However, there seem to be many inconsistencies and no systematic variation
of the elements around the circuit.

One of the most intcresting sets of chemical results was obZained
from a surveillance sample of heat 5058 from the fourth group. The
sample was oxidized for a few hours in air at 650°C before being strained.
A very thin oxide film was formed and should have acted as a barrier to

T T
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Exchanger Tube. Arrows indicate that anaiytical values were reported as
being less than the indicated point.
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Table 13. Concentrations of Several Fission Products on the Surfaces
of Hastelloy N, Comparea with the Total Inventory

Sample Location P::2:2a220n i Concentration of Nuclide Compared with Inventoury
o (m118) 12774  134cg 1254 103g, 106, 95N, 997,
Control rod thimble (bottom) 2.4 0.43 0.84 0.85 0.40 0.13 0.37 0.32
Control rod thimble (middle) 0.1 0.14 0.24 0.35 0.15 0.11 0.26 0.19
Surveillance specimen 3.5 0.001 0.35 1.04 0.006 0.087 0.006 0.30
‘Mlat shield sutside, liquid 6.G 0.23 0.035 0.74 0.069 0.10 0.067 0.19
Heat exchanger shell 4.2 0.35 0.017 0.68 0.027 0.05 0.085 0.27
4.3 V.67 0.006 1.13 0.028 0.14 0.070 0.31

Heat exchanger tube

139 §
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chemical. dissolution. The sample was deformed about halfway t¢ failure,
and tw: electrolytic dissolutions were made. The material should have
bee:: seiectively removed from the regions that were freshly cracked since
*hese surfaces were not oxidized. The solutions were analyzed, and the
results divided by the nickel content. Significant enrichments were
focund in Te, Ce, Sb, Sr, and Cs. These solutions were analyzed for sev-
eral other elements that had not been determined previously. Uranium-235
was present at a concentration of 37 x 107® in the second layer. These
concentrations correspond to 26 and 7 ppm, respectively. Determinations
were made of Al (0.23), B (0.01), Co (0.23), K (0.05), Na (1.2), P (0.23),
¥ (0.23), and S (1.2) with the amounts shown in parenthesis being the
concentrations in percent found in the outer layer. The inner layer
ghowed very little change. Samples of distilled water and unused meth-
anol-307 HNO, had extremely low levels of the elements, and we know of

no source of contamination in the sampling operatiom.

The high concentrations of sulfur and phosphorus are indeed reasons
for concern, since these elements are known to embrittle nickel-base
alloys.3° Haubenreich calculated that the total sulfur introduced by
pump oil inleakage was 27 g and that the initial fuel charge contained
<5 ppm S or a waximum of 24 g. Thus, sulfur was in the system and it
may have conccntrated along thc grain boundaries. The svifur (and the
other elements) also could have been impurities in the JNOR-8 and segre-
gated in the grain boundaries during the long exposure at 650°C.

Another group of specimens was collected, and a different approach
was taken .o tre .niiysis of the concentration of fission products. These
samples were first exposed to a solution of Versene, boric acid, and
citric acid. As shown in Table 14 this gsolution is not very aggressive
toward the metai a2ad very small weight changes were noted. Thus, this
solution should be enriched in the wmaterjal that was on or very near
the surface of the metal. The sampie was then completely dissolved in
a separate solution. Both solutions were counted for various fission

products, and the results are given in Table 14. Several observations
can be made from these data.




Tahle l4. Concentrations of Fission Products Found on Severnl Samples From the MSRE"h

Surface Weight Weight Surface Concentration (atoms/cm®)
Sample Description Area Beafore After
B (cm?) Leaching Leaching !27™yg 123gp gy 137cq 134cq 164 ce 106py 971c
(@) ()

Spacer sleave, smooth 12.2 2.45489 2.44200 3.5 x 10!! 1.5 x 10!3 2,0 x 10!% 5.5 x 10!3 6,6 x 10!} #.9 x 10!} c 1.6 x
9.6 x 10'% 4.6 x 10" 2.1 x 10! <4.8 x 101% <5 x 10!3 3.1 x 10'Y 2 4 x
Space sloeve, with rib - 8.4 - $.36317 5.33873 2.2 x 10’} 4.0 x 10! 3.3 x10}* 5,0 x10'3 1.8 x 10! 1.8 x10}2 c 2.3 x
2.7 x 167 <1.9 x 108 5.8 x 10! «<3,% x 10! <1 x 10!3 <$ x 10'° 6.7 x 10'* 2.4 x
Thimble under spacer 6.6 1.80443  3,78641 3.1 x 10!' 1,8 x 10!) 3.6 x 101Y 7.5 x 10} 2.1 x 10V! 1.7 x 10’2 8.6 x 10!2 1,7 x
5.9 x 10'2 <3 x 10" 1.8 x 101" <2 x 10!% <2 x 104} <1 x 10" <2 x 10" 2.2 x
Thimble under spacer 6.3  13.65780 3.64322 3.2 x 10! 1,4 x 10" 3.6 x 10'“ 3.0 x 10'% 1,5 x 10'? 1.3 x 10}? c 1.0 x
4.2 x 1012 <@ x 10!“ 1.7 x 10 <3 x 10!% <1 x 161" <y x 10MY <3 x 10'% 1,9 x
Thimble, bare “.5  2.%9%3% 2,392 3.6 x 10!} 4 x 103 7.5 x 1013 3.9 x 10'Y 7.8 x 10!} <5,9 x 10'! 6.9 x 10'2 4.2 x
1.8 x 10!3 <1.3 x 10!5 1.4 x 10'Y <1 x 10'% <6 x 101} <3 x 10" 1,1 x
Thimble, bare 6.1 3.55622  3.55265 1.5 x 101' 3,72 x 1013 5.9 x 10!3 4.0 x 10'3 4.8 x 10!} 2.7 x 108Y 6,4 ~ 1012 2 x
1.6 x 10!3 <2 x 1018 1.1 x 10'" <8 x 105 <1 x 10!? <5 x 10}* 9.4 x
Poil on fourth group 1.2 0.02047 0.02012 9.3 x 10!} 5,6 x 10!? 1.1 x 10!3 2.6 x 10!} <5 x 10!} 4.9 x 1013 1 x
surveillance 1.6 x 1012 <7 x 1014 2.8 x 10!3 2.6 x 1019 <1 x 1013 s x 10'% 2,7, 10'* 1 x
Strap on fourth group 1.3 0.11191 0.11178 1.6 x 10!} 1.6 x 10!? 6.4 x 10)2 4.0 x 102 <2 x 161! 1.1 x 10%3 4 x
aurveillance 4.9 x 10'Y 2.2 x 10'* 2.6 x 10!? 3 x 10l <2 x 10}? a1 x 100 9.4 x 10! 2.4 x
Freese va!se 108 6.2 10.2255 6.0 x 10° 7.5 x 101} 2.6 x 1013 4.1 x 10'3 <9 x 100 6 x 10'9 8.6 x 10!2 6 x
2.0 x 10! 9.1 x 102 1.0 x 10?2 5.9 x 102 <s x 1010 6 x 1010 7.0 x 10!2 S x
Concentration at end 8.9 x 10" 1,4 x 10" 2.3 x 1017 1.8 x 10}7 6.6 x 10'® 4,7 x 10'5 2.7 x

of operation

GS1

a
. Samples counted adout 2 ;oarl after end of MSRE operation. The foil und strap samples were removed 6 months before operation was terminated. The
weif-lives were 109 days for '¢™™re, 2.7 years for !?5sb, 28 years for 905y, 30 years for 137ce, 2.3 years for '%cs, 284 days for 14bce, 1 year for
108p,, 5 x 10% years for 9%1¢.

b
The samples were first leached in a solution of Versens, boric acid, and citric acid. This solution was analyzed, and the first number under each
isotope is the result. The remainder of the sample waa dissolved and the second number under each isotope is the analytical result on the dissolved

sample.
SPresent in rarticulate form, but not in solution.
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l. Generally the concentration of fission products per unit surface

area exposed to fuel salt is greater in the metal than near the surface.
However, the difference varies considerably for different isotopes. For
example, the !27Te concentration is about two orders of magnitude higher
in the metal than on the surface, whereas 20Sr is only slightly concen-~

trated beneath the surface.

2. The thimble samples that were exposed to flowing salt (desig-
nated "bare" in Table 13) and those that were covered by a spacer allow
some comparison of the effects of flow rate on the deposition of fission
products. The sample exposed to restricted salt flow consistently has
a lower concentration of fission products, but only by a factor of 4 or
less.

3. Freeze valve 105 (FV 105) had a lower concentration of fission
products. This was expected because of its operating conditions (p. 30b)
and is consistent with the observation that intergranular cracking was
less severe in this compoaent (Table 7).

4. With due consideration of the half lives, appreciable fractioas
of the total inventory of !27Te, 1253, 196gy, and %9Tc are present on
the metal surfaces. This generally agrees with tne indications of
the data in Tahle 13 except for the behavior of 13%Cs. Some of the
incremental dissolution data in Table 13 indicate that large amounts
of 13%Csg were present, whereas the data in Table 14 do not support this
observation.

These results are interesting but must uLe viewed with reservations.
The technique of electzolytically removing sections in the hot cells
has not been used previously (to our knowledge) at ORNL, and numerous
experimental difficulties arose. Uneven removal of material and deteri-

oration of contacts, leads, etc. wvere some of the main problems. The

results for radioactive species were obtained by proven methods. However,

the level of gamma radiation from 69Co often masked the acrivity from
elements of interest. The technique of evaporating 2 ml of the solution
into the mass spectrograph is not new, but the complexity of the spectra
presented caused nany problems in interpretation. The different species
are i{dentified ouly by mass number by this method, and the presence uf
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the alloying elements in INOR-8, numerous fission proaucts, constituents
cf tiie salt, and possible compcunds between these elements and the elec-
trolytic solution made it difficult to interpret the patterns.

The method used to obtain the data in Table 14 involved only radio-
chemistry and dissolution techniques that were better established. How-
ever, the chemical reactivity of the first solution (leach) with the
surface material leaves an uncertainity whether the materials removed
were simply salt resigucs or smaili amounts of the metal. The surface
areas were uncertain i: most .:ases because of the complex geometry.

With the qualifications that have been made the cheamical analyses

indicate several important poicts.

1. Several of the fission products penetra.:d the metal to depths
of a few mils (Figs. 110 and 111).

2. The fission products Te, Ce, Sb, Sr, and Cs were concentrated
in the cracked regions of a strained surveillance specimen. Sulfur and
phosphorous were also concentrated in these same regions. It is possible
that the segregation of cuifur and phosphorus to the grain boundaries in
this alloy is a normal pheanomenon.

3. Significant fractions of the total amounts of Te, Sb, Ru, and

Tc were deposited cn the metal surfaces.

These experiments were gocd introductions to the types of studies
that could be performed. More work was needed to devzlop confidencc inm
them, but termination of operation of the MSRI stopped our best source
of experimental material. The full significance of the cracking problea
was only fully realized in the postoperation examinstio: of the MSRE.

DISCUSSION OF OBSERVATIONS ON INOR-8 FRCM
THE MSRE AND IN-REACTOR LOOPS

Summary of Observations

Observations have been presented on three basic types of samples.
The first rsamples were the surveillance samples that were present in the
MSRE primarily for the purpose of following the corrosion and radiation
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Jdamage to the metal. 7ihe second set of samples consisted of several
components from the MSRE that were removed for examination after termi-
nution of its operation. The third set cf samples came from in--eactor
pump and thermal corvection loops. Several important observations were
made and these will he discussed. These observations will then be used
to propose some mechanisms that may be responsible for the cracking.
The surveillance samples included two heats of material that were

carried throughout ihe program and removed periodically for examination

and testing. The samples were usually slightlv discolored, but there

was no evidence of corrosion beyond the slow rate of chromium removal,
indicated by the analysis of the salt to be equivalent to removing all
the chromium to a depth of only 0.4 mil or by the micrcprc.e to be a
concentratior gradient in the thimble extznding to a depth of 20 um

(0.8 mil). When the samples were deformed at 25°C, intergranular cracks
formed to depths of a few mils. The fr:quency of cracking increased with |
time, but the maximum depth did not increase detectably (Tabie 7). |

Examination of several components showed that shallow intergranular

-

cracks were present in all materials that had been exposed to fuel salt.
The statistics on the number and depth of cracks are given in Table 15
along with the tellumium ccncentrations based on the chemical analyses

in Table 14. Very thin surface cracks were often noted when the varicus
components were i2moved from the MSRE. This was particularly true of the
heat exchanger tubing. Sarples from the pump bowl where there was a
1iquid interface gecve an opporrunity to observe the decrease in crack
severity in traversirg from the liquid to the gas region. All of the
surraces that were exposed to fuel salt were coated with fission products.
Electrolvtic sectioniug showed that the fission products penetrated a

few miiz into the m2tal, but it is not definite whether they had diffused
into the metal or whether they had plated on thia intergranular cracks.
Cnemical analyses on a sample that was oxidized to passivate the surtace
and strained to expose the reactive cracked regions shored that the
cracked regions were enriched in Te, Ce, Sb, Sr, Cs, S, and P. The only

swmplie that showed a deiinite dependence of crack severity on fission

RN




Table 15. Crack Formation in Various Samples from the MSRE Strained at 25°C
(>500°C for 30,807 hr and Exposed to Firsior. Products 24,500 kr)

Cracks Depth (mils) 127mpea Total TeP
Sample Description Counted Per Inch Av Max Atoms /cm? Atoms/cm?
x 1015 x 1017
Exposed thimble 91 192 5.0 8.0 1.8,1.8 2.9,2.9
Thimble under space. sleeve 148 257 4.0 8.0 0.59,0.46 0.95,0.74
Thimble spacer, Outer Surface 88 178 3.0 7.0
Thimble spacer, Inner Surrace 106 202 3.0 5.0} 1.0,2.8 1.6.4.5
Mist shield, inside vapor 47 192 1.0 2.0
Mist sbhield, inside liquid 33 i50 4.0 6.5
Mist shield, outside vapor 80 363 4.0 5.0
Mist shield, outside liquid 54 300 3.0 5.0 0.55 0.89
Sampler cage rod, vapor 100 143 2.5 5.0
Sampler cage rod, vapor 170 237 3.2 10.0
Sampler cage rod, liquid 102 165 3.7 10.0
Sampler cage rod, liquid 131 238 7.5 12.5
Freeze valve 105 131 240 0.75 1.5 0.04 0.06

“Measured.
Dcalculated from measured 127®re, relatave isotopic ratlos, and half life of 127Mye,

Cone crack was 12 mils deep, next largest was 5 mils.

6ST
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product concentration was the one from FV 105. The fission product con-
centrations were generally less than on the other samples by an order of

magnitude (Table 14) and the cracks were very shallew (Fig. 104).

Possible Mechanisms

These observations raise several important questions including the
cause of the cracking and how rapidly these cracks propagate. Unfortu-
nately, the information obtained from the MSRE and the in-reactor loops
is only sufficient to allow speculation on these questiors, and further
experiments such as those summarized in the next section will be requirad
for complete evaluation.

The first mechanism that must be considered is that the cracking is
due to some form of corrosion. The most likely form of corrosion under

the MSRE operating conditions wouid be the selective removal of chromium

by the reaction.

2UF, (salt) + Cr(metal) = CrFj(salt.) + 2UF3 (salt).*

Some impurities ia the salt, particularly at the beginning of operation

with 233y, would have removed chromium from the metal by reactioms sucu
as

FeF,(salt) + Cr(metal) + CrF,(salt) + Fe(deposited)
NiF,;(salt) + Cr(metal) = CrF,(salt) + Ni(deposited)

The net result of all of the corrosion reactions is that chromium
is selectively removed from the metal. This process is controlled by
the diffusion of chromium tn the surface of the metal, where it 1is avail-
able for reaction. DeVan3l measured the rate of diffusion of chromium
in INOR-8, and his measurements can be used to calculate the depth to which

*It is unlikely that the salt was ever oxidizing enough to form
fluorides of Ni and Mo. Even if this had occurred, metal would be
uniformly removed. As the salt became iess oxidizing, the less stable
fluorides of Ji, Mo, and Fe would react with Cr in the alloy. It is

likely that the Cr would reside in the salt as CrF, and that the other
metals would be deposited in the metallic form.)

e
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chromium could have been removed. The most extreme case would occur when
the chromium concentration at the surface was maintained at zero so that
the driving force for chromium diffusion toward the surface would be a
naximum. The calculated chromium concentration profiles based on the
assumption of zero surface concentration and the measured diffusion co-
efficient of 1.5 x 10~'* m?/sec are shown in Fig. 112 for various times.
The measured chromium profile for the thimble (Fig. 66) showed depletion
to a depth of only 0.8 mil (0.0008 in.) which is somewhat less than the
calculated depletion depth shown in Fig. 112. However, the assumption

of zero concentration of chromium used in calculatiag the curves in Fig.
112 is too severe, and it is reasonable that the measured chromium deple-
tion profiles would be less than those calculated. The rate of diffusion
along grain boundaries, as we will discuss more in datail later, is more
rapid than through the grains. Thus, the depth of chrom!um depletion
along the grain boundaries could be much gveater than the 0.8 mil measured
within the grainms.

The evidence that has just been examined shows thuit the chromium
coul? be depleted along the grain boundaries to d:ptins appr-~aching those
of the observed cracks. However, two significant piezes of evidente sug-
gest that chromium depiccion alone does not cause the cracking. Firsc¢,
thousanas of hours of loop corrosion tests were run involving several
fluoride salts and INOR-8, with no intergrenular cracks beiag ob-
served.32533,3% The gecond and most convincing evidence is that chromium
depletion could not be detected in samples from the MSRE heat exchanger
and in the section of the control rod thimble under a spacer sleeve.
However, these samples were cracked a3z severely as those (e.g., the bare
control rod thimble) in which chromium depletion was detectable (Table 15).
Thus, it seems unlikely that chromium depletion alone can azcount for the
obgerved cracking.

Another mechanism to be considered is the diffusion of some element(s)
into thc marerial, prefearentially along the grain boundaries. A reaction
of this type could cause (1) the formation of a compound that is very
brittle, or (2) a change in composition along the grain boundaries so
that they are liquid, or solid but very weak. Some deformation would
likely be needed to form the cracks in all cases.
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It is extremely important that the element(s) responsible for the
cracking be identified and the mechanism determined. Examination of the
analytical data in Tables 13 and 14 shows that all of the fission products
wvith sufficient half-lives to be detectable after 2 years were present.
The data on the sample thai was preoxidized show enrichments in several
fission productes as well as rulfer and phosphorus. These data offer some
indication of the elements that are present, but the detection limits on
the noaradioactive elements were not sufficiently low to emsure that
some of the stable fissiocn products were not present in even larger con-
centrations than the radioactive elements.

Thus, it seemed profitable to look at all of the elements in the
fission spectrum with sufficient half-life to diffuse into the metal.
Possible effects of these elements on INOR-8 are listed in Table 16.
Many factors may be important, but only the information that we felt
to be most relevant has been included. Bieber and Decker3S have summa-
rized the observations on pire Ni and Wood and Cook3® have examined the
effects of several elements on relatively complex niobium-base alloys.
The thermodynanic properties and the behavior in the salt have been
accumulated by W. R. Grimes et al37 from the literature, research, and
studies of the MSRE. Several pieces of information are available from
our current research and will be summarized in the next section.

The elements sulfur and selenium have detrimental effects under
some tests coniitions, but Te has had a more pronounced effect ir all
types of tests run to date. These three elements form relatively un-
stable fluorides and would 1likely be deposited on the metal and graphite
surfaces. Also As, Sbh, and Sr would be deposited, but no deleteriovs
effects «f these elements on the mechanical properties of nickel allovs
have been noted. Zinc ana cadmium may be deposited or present in the
salt, depending on the oxidation state of the salt. Both of these ele-
ments are reported to be insoluble in nickel and we have not cbserved
any deleterious effects in our test. Althougi: Ru, Tc, Mo, and Rh should
be deposited, we have seen no deleterious effects in our tests. Since
2r, Sr, Cs, and Ce form very stable fiuorides, they should remain in “he
salt. We have no evidence, positive or negative, on the effects of stron-

tium and cesium on the mechanical behavior, but we presently feel that
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Table 16. Posaible Effects of Several Elementa on thr Crucking of Hastelloy N

Frec Energy

Melting Concentrated Vapor and Effect un Effect on Etfect on Effect on of Formstion Exphcted
Element Point Near Cracks Electroplated Tensile rroperties Creep Properties Tensile Properties Creep Properties of Fluoride Location Oveyras!ll
- - (*c) Specimens? of Nickel€ on Nickel Alloyd of Hastelloy NP of Hastelloy NP at 1000°K of Rating

(kcal/mole F)® Element

. S 119 - - + - - - - -34 n.pulltodf -
Se 217 + - - + + - -27 Deposited
Te 450 - - - - - - - - - -39 deposited - -
- As 817 + - - + + + -62 Depusited
Sb 630 - + - - + + + =53 Deponited
oL Sn 232 - - + + + -60 Depositad +
2n 420 Insoluble + -68 £
Cd 321 + Insoluble + -64 8 "
Ru 2500 - + + =51 Deponited o4
) Tc 2130 + + + ~hb Deponr ' Led " ey
Nb 2468 + + + + -70 M Y 2
- - Zr 1852 - - + + -99 Salt *
Mo 2620+ % + + -57 Deponited  ++
Sc 768 - - 129 Sait
f Cs 29 - Insoluble -106 salt
7 Ce 806 - + + -120 salt +
. . - - - - Bh 1966 + + -42 lepusited +

o s o - - - —r P . . a1 N s RO

%The symbols used in this ta:le should be lucterpreted in the following way: A "+ refers to good behavier and a "o Indicotes detrimental eflfectu.
bResults of curvent research.
€C. G. Bieber and R. F. Decker, "The Melting of Malleable Nickel and Nickel Alloyw," Ve, A/M 221, 629 (1961).

dD R. Wood and R. M. Cook, "Effects of Trace Contents of Impurity klements on the Crevep-Rupture Propurties of Nickel-aawe Elements," Metal iuryla
7, 109, 71963).

®Private communication, W. R. Grimes, ORNL.
fHay appear a3 H,S if HF concentraticn of melt is appreciable.
‘Hay appear in salt if salt mixture is8 sufficiently oxidlzing.
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these ¢lement= will stay in che salt and not enter the metal. Zirconium
and ceriuz do oot have adverse effer-ts when added i: {ROR-8. Niobium
can be in the salt or deposited, but it haz -zry favorabl: etiecis on the
mechanical properties. Thus, although some expl..atery wcrk remains, it
appears that the cracking could be caused bty the inward diffusion of ele-
ments of the S, S2, Te family, with telluriuvm having the most adverse
effects in the experizents run to dste. Our studies have comcentrated

on Ie on the basis that Te has had the most adverse effect.. Because
these elements all behave similarly, on understanding of how telluriums
causes cracking should lead to an understanding of the role of the sther

elements in the cracking procoss as well.
POST-MSRE STUDIES

Siuce the surveillance samples and parts of the MSRE were examined,
numerous laboratory experiments have bezen conducted in an effort to better
understand the cause of the cracking and its effects on the operation of
a reactor. Most of our work has concentrated on the fission product
tellurium, and the rationale for this choice was discussed in the previous
section. The experiments fall intc the general ca“egories of (1) corrogion
in salt, (2) exposure to several fission products to compare the tendercies
to produce cracks, (3) diffusicn of Te, and (&) éxperinents with an applied
stress. These experiments have involved materials other than INOR-8 in
an effort to better understand the cracking phenomenon aand to find a mate-
rial that is more resistant to cracking. These experiments are continuing

and only the most important findings will be summarized in this report.

Corrosion Experiments

Arguments have already been presented that indicate our belief that
vhe intergranular cracking in the MSRE could not have been due solely to
chromium depietion. We did run one further experiment. A thermal convec-
tion loop containing a fuel salt had operated for about 30,000 hr with a
very low corrosiorn rate. The oxidation potentis: of the salt was in-

creased by two cdditions of 500 ppm FeF,, and the specimens were examined
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periodically. The coirosion rate incre¢ased and some selective grain
boundary attack occurred, but tie grain boundzries did not crack when tne
corvosion samplies from the loop wer: deformed.

Thus, we coaclude thao corrocion alont cannot accouni for the ob-
served cracking. Hdowever, chromium depleticn by corrosion could makes the
material more susceprtible to cracking by the inward diffusion of fissior

products, and tais will be discusced later in more detail.

Exposure to Pissivu Products

o

Three types of experiments have been run in which sazaples a-e exposed
tc fission productc: (1) exposnure of meckanical property samples to vapois
of fisszion products, (2) electroplating tellurium on mechanicai property
samples, und (3) studying the mechanical preperties of alloys that coatain
small alloying additions of the fission p.-oducis. Sulfur has been irncluded
in this work e7ven though it is not a ficsion product, since it xs intro-
duced in a reactor by lubricant inleskage and is reputed to be detrimental
to nickel-base alloys.

The experiments with fission product vapors have included S, Se, Te,
I,, As, Sb, and Cd. These materials have sufficient vapor pressure at
650°C to tracsport to mechanical property sampies. The samples were
annealed in a quartz capsule with 2ach fission product for varicus times
at 650°C, deformed at 25°C, and sectioned for metallographic examination.

Examination of the samples exposed in this way has revealed several
important facts.

1. Of the samples of INOR-8, type 304L stainless steel, and nickel-
200 exposed to all seven elements for 2000 hr at 650°C, only INOR-8 and
nickel 200 exposed to tellurjum had intergranular cracks after deformation
at 25°C.

2. The cracks produced in INOR-8 by exposure to tellurium look quite
similar to those formed in the material from the MSRE (Fig. 113).

3. Exposure to tellurium over the temperature range of 550 to 700°C
and concentration range of two orders of magnitude showed that the severity
of cracking in INOR-8 and nickel 200 inrcreased with increasing temperature
and tellurium concencration. Type 304L stainless steel did not crack

under any of the corditions investigated.

|
|
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MSRE Thimble - 31,000 hr in Fuel Salt ot 650°C
1.4 x 107 otoms/cm? o Te

~.
~

\ , -

Vapor Plated with 5.4 x 10'® atoms/cm? of Te
Annealed 1000 hr ot 650°C

Fig. 113. Samples of INOR-8 Strained to Failure at 25°C. The
upper photograph was made of a piece of the MSRE thimble. The upper
side was exposed to fuel salt and cracked when strained. The lower
side was exposed to the celil environment and the oxide that formed
cracked during straining.

The lower specimen was expcsed to tellurium vapor on bo*h sides
and 3:formed. The cracks are simrilar to those formed on the surface
of the upper sample that had been exposed to fuel salt. ‘
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4. Inconel 600 and a heat of INOR-8 modified with 22 T{ showed less
severe cracking than INOR-8 under similar exposure conditions.

About 60 commercial alloys have been electroplatad with tellurium to
compare the relative tendencies to form intergranular cracks. One set of
samples was annealed for 1000 hr at 650°C and the other set was annealed
200 hr at 700°C. The materials included consisted of (1) iron and sever-
al stainless steels, (2) nickel ani several nickel-base alloys, (3) copper
and sonel, (4) two cobalt-base alloys, and (5) several heats of INOR-8
wvith modified chemical compositions. The samples were electroplated,
welded in a metal capsule, evacua:ed and backfilled with argon, and
welded closed. The environment was impure enough that som> oxides were
detected by x rays, and the results may be influenced by the presence
of the oxide. The samples were deformed at 25°C and examined metal-
logrophically to determine whether cracks were present.

The results of the two experiments were quite consistent ané several
importa~t observations were made.

l. Cracks did not form in any of the iron-base alloys.

2. Nickel, Hastelloy B (12 Maximum Cr), Hastelloy W (5Z Cr), and
INOR-8 (72 Cr) formed cracks, but several alloys containing 152 or more
Cr did not crack (e.g., Inconel 600, Bastelloy C, and Hastellcy X).

3. Copper and Monel did not crack.

4. The two cobalt-base alloys contained about 20Z Cr and did not

crack.

5. Several of the modified heats of TNOR-8 cracked less severly
than the standard alioy. The better alioys seemed to contain more. niobium,
although chere were usually other additioms also. Two alloys containing
22 Nb did not have any cracks.

The results of the two types of experiments, one exposiug -he mater-
ial to fission product vapors and the other to electroplated tzllurium,
generally agree. Not all of the alloys have been tested by uoth methods.

Small melts have been made containing nominal additions of 0.01%
each of S, Se, Te, Si, Tc, Ru, Sn, Sb, and As. Tests un these alloys

show no measurable effects on their mechanical properties at 25°C. In
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creep tests at 650°C only S, Se, and Te have deleterious effects. These
elemerts reduce the rupture life and the fracture strain. Alloys con—
taining sulfur and tellurium have been made with and without chromium.
The effects of sulfur and tellurium are more deleterious when chromium
is not present. This suggests a possible tie betweea corrosion by se-
lective chromium removal and intergranuiar cracking due to tellurium.
The regions depleted in chromium should be much less tolerant of tel-
lurium than those containing chromium.

Diffusion of Te

The rate of diffusion of tellurium in INOR-8, nickel 200, and type
304L stainless steel has been mcasured. The penetration depths were quite !
small in some samples, but the data generally give the bulk and grain
boundary diffusion coefficients at 650°C and 760°C accurately emough to A
make predictions of the depth of penetration in service. The depth was
very shallow in typ:: 304L stainless steel, at least twice as deep in
INOR-8, and many times greater in nickel 200.

The Fisher model for grain boundary diffusion relates the depth cof
peneiration to the diffusion time to the one-fourth power.38 Thus, the

ircrease in the depth of penetration fcr a system at temperature for 30
years (an MSRR) is only 1.8 times &s great as that for a system at tem—
peratures for three years (the MSRE). However, these calculated values

B vy

are lowei limits and make no allowance for the diffusion front advancing

as intergranular cracks form and propagate.

G o

Experiments with an Applied Stress

L ey

Several types of experiments with an applied stress have been rum.

One is a standard creep test with the sample in an environment of argon
and tellur. wm. The tellurium is preplaced in a quartz vial at a location
where it will have a vapor pressure of aobut 0.5 torr. INOR-8 cracks very
badly at 6350°C at relatively high stress levels. The cracks extend 35
mils, compared with about 5 mils in the tests that were stressed after the
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expcsure to tellurium. Tests near reasonabie desigr stresses have been in
progress several thousand hours. Type 304L stainless steel, nickel-200,
and Inconel 600 have been in test several thousand hours, but have not
been examined metsllographically. The reaction products of tellurium with
nickel-200 and INOR-8 are basically rickel tellurides, but the only detect-
able product on stainiess steel is an oxide of the Fe30, type.

Tube burst tests of TNOR-B vere run with the outside of the tubes
in helium cr salt environments. Some of the tubes were electrcplated
with tellurium before testing. The test environment had no detectable
effect, but the tubes plated with tellurium failed in shorter times than
those not piated. Metallographic examinatior. revealed intergranular
cracks about 10 mils deep along almost every grain bouwdary of the plated
specimens. Sowme of the stainless steel tubes are still in test, but the

ture lives of those that have failed are e-uivalent for plated and

unplated specimens.

The other type of stressed test that has been run is one with con-
trolled strain limits. Theimal stresses commonly occur in components
such as heat exchangers where high heat fluxes develop and transients
are frequent. Thermal strains of $0.3X are anticipated fcr MSBR heat
exchangers. Gur first test has utilized a Te-plated Hastelloy N speci~-
men strained between iimits of +0.162. The rupture life was shorter
than anticipated c¢a the “>9ig of cests with tellurium, and numerour inter-

granular cracks vere present or the outsidc where the tellurium was plated.

SUMMARY

These tests shov the tellurium causes the formation of intergranular
cracks in INOR-8§ and that these cracks are deep2r if the amaterial is
stressed and exgposed to tellurium simultaneously than they would be if
the material were exposed to tclluriul.and then striwssed. Although the
disfusion rate of tellurium in INOR-8 has been miasured, the role of
stres” in accelerating crack propagation makes the diffrsion measurements
of questionable value in estimating “hz extent of cracking in service.

Orly 2leaents of the §, Se, and Te family were found to cause inter-
granular cracking in INOR-8.
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Exploratory experiments indicate that several materials are ~ore
resistant to intergranular cracking than iNOR-8. Iron-base alloys,
copper, and Monel seem completely resistant. Nickel- or cobalt-base
alloys with about 20%Z Cr seem resistant, but the results for alloys such
as Incorel 600 witl. 15Z Cr are incorclusive. Some modified.conpositions
of INOR-8 have exhibited improved resistance to cracking.

The INCR-8 from tke MSRE, which had been ~xposed to fuel salt, was
noted to contain intergranular cracks to depths of-a few mils. These
cracks were visible in some materials in as-polished metallographic sec--
tions as they were removed from the MSRE. When the samples were deformed
at room temperature, the cracks became more visible but st’1ll reached a
limiting depth of about 10 mils. The severity of cracking could not be
rzlated with the amount of chromium removal out was most severe 2t the
liquid interface in the pump bowl ard least severe in regions of the
pump bowl exposed to gas. Samples were sectioned elzctrochemically, and
some fission products were found to depths of several mils, although it
was not clear whether the fission products had diffused through the metal
to these depths or simply plated on the surfaces of cracks that already
existed.

Not being able to relate the intergranular cracking to corrosiomn
(chromium leaching) in either the MSRE or in laboratory experimeats,
we investigated the possible effects 5i fission products on the material.
The MSRE had bezi shut down and the work was continued in laboratory ex-
periments. This work included the exposure of INOR-8 to small amounts
of vapor or electroplated fission products, the study of several alloys
with fission products added, experiments with tellurium and an applied
stress present simultaneously, and the measurement of the diffusion of
tellurium in INOR-8. These experiments have shown clearly that of the
many elements tested, only tellurium caused intergranular crackiag sim-
ilar to that noted in samples from the MSRE.

Several other materiels were also included in these experiements to
determine whether they might be more resistant to emxbrittlement by tellu-
rium. Several alloys, including 300 and 400 series stainless steels,
cobalt- and nickel-base alloys containing more than 152 Ce, copper, Monel,
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and some modified compositions or INOR-8 are resistant to cracking in the
tests run to date. Further work wiil be necessary to show unequivocally

that these materials resist cracking in nuclear environments, including
in-reactor capsule tests.

)
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