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AN EVALUATION OF THE MOLTEN-SALT REACTOR EXPERIMENT
- "HASTELIOY N SURVEILLANCE SPECIMENS — SECOND GROUP

H, E. McCoy, Jr.

O

ABSTRACT

We have examined the second group of Hastelloy N surveil-

lance samples removed from the Molten-Salt Reactor Experiment.
Two rods of standard Hastelloy N were removed from the surveil-
lance position outside the core vessel and were exposed to the
nitrogen plus 2 to 5% 0, cell environment for 11,000 hr. Metal-
lographic examination showed that the alloy was compatible with
this environment, showing only superficial oxidation and no
evidence of nitriding. — These samgles were exposed to a thermal
fluence of 1.3 X 10'° neutrons/cm®, and the mechanical proper-
ties were altered appreciably. Both tensile and creep tests
were run that showed significant changes in the mechanical
properties, particularly the strain at fracture. These changes

, are in good agreement with those observed for materials irra-

L , diated in a helium environment in the Oak Ridge Research Reactor.

Two rods of modified Hastelloy N containing small additions

of titanium and zirconium were removed from the core surveillance
' facility with a thermal fluence of 4,1 X 10?2 neutrons/cm?.

These materials had not been annealed properly to put them in

their most radiation-resistant condition, but tests on these

materials ‘indicated that they have slightly improved postirra-

diation mechanical properties and that their corrosion resistance

is acceptable. , . ‘

"))

INTRODUCTION

% : E ' The Molten-Salt Reactor Experiment is a single-region reactor

| A that is fueled by a'moltenr—fluoride salt (65 LiF—29,1 BeF,—5 ZrF4—O'.9 UF,,
' o ~ mole %), moderated by ,unclaa"'gi-aphite, and contained by Hastelloy N

~ (Ni~16 Mo-7 Cr— Fe-0.05 C, wt %). The details of the reactor designr
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and construction can beffound elsewhere.! We knew that the neutron
environment would produce some changes in the two structural materials —
graphite and Hastelloy N, and we were very confident of the compatibility
of these materials with the fluoride salt. However, we needed to keep
abreast‘of the possible development of problems within the reactor itself.
For these reasons, we developed a surveillance program that would allow
us to follow any changes in properties of graphite and Hastelloy N
specimens as the reactor operated.

The reactor went crifical on June 1, 1965, and assumed normal opera-
tion in May 1966. The first group of surveillance specimens was in the
reactor from September 8, 1965, to July 28, 1966, and was removed after
8682 Mwhr of operation (designated "first group"). The results of our
tests on the Hastelloy N specimens were reported previously.2 A second
set of specimens was removed from the core on May 9, 1967, after an
additional 27,600 Mwhr of operation (total reactor operation was
36,247 Mwhr). These specimens were two modified alloys containing
nominal 0.5% additions of titanium and zirconium. These were inserted
on September 13, 1966, after the first group was removed to determine the‘
mechanical property changes of these alloys due to irradiation and to
evaluate the compatibility of these alloys with the MSRE énvironmentﬂ
Two rods of standard Hastelloy N located outside the core and 5 in. from
the vessel were removed on June 5, 1967. These specimens had been in
place since the reactor began operation and were examined to determine
the compatibility of the material with the MSRE cell environment
(No + 2-5% 0,) and the changes in the mechanical properties due to
irradiation.

This report will describe the results of tests on the Hastelloy N
surveillance specimens removed during May and June 1967 (designated
"second group"), which includes two rods of modified (zirconium and
titanium) alloys removed from the core and two rods of standard

Hastelloy N removed from outside the core vessel.

1r. c. Robinson, MSRE Design and Operations Report, Pt. 1, Description

of Reactor Design, ORNL-TM-728 (January 1965).

~ 2H, E. McCoy, Jr., An Evaluation of the Molten-Salt Reactor
Experiment Hastelloy N Surveillance Specimen — First Group, ORNL-IM-1997
(November 1967).
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EXPERIMENTAL DETATLS

Surveillance Assembly

The core Surveillance aesembly was designed by W. H. Cook and others,
and the details have been reported.? The facility is shown pictorially
and schematically in Fig. 1. The specimens are arranged in three
stringers. Each stringer is sbout 62 in. long and consists of two
Hastelloy N rods and a graphite section made up of various pieces that
are joined by pinning and,tongue-and-groove joints. The Hastelle& N
rod is periodically reduced to 0.125 in. in diemeter and can be cut into

small tensile specimens after it is removed from the reactor. Three

Vstringers are joined together so that they can be separated in a hot

cell and reassembled with one or more new stringers for reinsertion into
the reactor. The assembled stringers fit into a perforated Hastelloy N
basket that is inserted into an axial position about 2.8 in. from the
core center line,

When the basket was removed on July 28, 1966, some of the specimens

were bent, and the entire assembly had to be repla.ced.4 Slight modifica-

~tions in the design were made, and the assembly was removed recently and

found to be in excellent condition.?

A control facility is associated with the surveillance program. It
utilizes a "fuel salt" containing depleted uranium in a static pot that
is heated electrically. Thertemperature is controlled b& the MSRE com-
puter so that the temperature matches that of the reactor. Thus, these

specimens are exposed to condltlons the same as those in the reactor

‘except for the static salt and the absence of a neutron flux,

3W. H. Cook, MSR Program Semiann. Progr. Rept. Aug. 31, 1965,

“W. H. Cook,'MSR Prbgram Semiann{ Progr. Rept. Aug. 31, 1966,

~ ORNL-4037, p. 97.

>W. H. Cook, "MSRE Materials Surveillance Program," Metals and -
Ceramics Div, Ann Progr. Rept June 30, 1967, 0RNL-4170 PP 192—195
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Fig. 1. Molten-Salt Reactor Experiment Core Surveillance Fixture.

There is another surveillance facility for Hastelloy N located out-
side the core in a vertical position about 5 in. from the vessel (Fig. 2){

These specimens are exposed to the cell environment (N2‘+ 2=5% 05).

Materials

The compositions of the two heats of standard Hastelloy N are given
in Table 1. These heats were air melted by Materials Systems Division of
Union Carbide Corporation. Heat 5085 was used for making the cylindrical
portion, and heat 5065 was used for the top and bottom heads of the MSRE
vessel., These materials were given a mill anneal of 1 hr at 1177°C and
a final anneal of 2 hr at 900°C at ORNL afﬁer fabrication.

The chemical compositions of the two modified alloys are given in
Table 1. The modifications in composition were made principally to

improve the alloy's resistance to radiation damage and to bring about

o
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- Table 1. Chemical Composition of Surveillance Heats

Analysis, wt %

Element
Heat 5065 Heat 5085 Heat 21545 Heat 21554

Cr 7.2 7.3 7.18 7.39
Fe 3.9 3.5 0.034 0.097
Mo 16.5 16.7 12.0 ‘ 12.4
c 0.065 0.052 0.05 0.065
Si 0.60 0.58 0.015 0.010
Co 0.08 0.15 )
W 0.04 0.07 )
Mn 0.55 0.67 0.29 0.16
' 0.22 0.20
P 0.004 0.0043 0.001 0.004
s 0.007 0.004 < 0.002 < 0.002
Al 0.01 0.02 0.02 0.03
Ti 0.01 <0.01 0.49 0.003
Cu 0.01 0.01 .
0 - 0.0016 0.0093 0.0002 < 0.0001

0.011 0.013 < 0.000L - 0.0005
Zr _ : 0.35

Analysis, ppm

B 24, 37, 38 2 2
20, 10

)
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general improvements in the fabricability, weldability, and ductility.®

These alloys were small 100-1b heats made by vacuum melting by Special

Metals Corporation. They were finished to 1/2-in. plate containingr40%

cold work. We used slightly different procedures for obtaining the

1/4-in.-diam x 62-in.-long -rods required for the surveillance assembly

‘as indicated by their fabrication history:

1.

= LS IS S VO O
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Heats 5065 and 5085
Materials available as 1 1/8- and 9/16-in. plate, respectively.
Mill annealed 1 hr at 1177°C.
Segments of 1/4-in.-diam rod machined.

Reduced sections turned in rods.
Segments welded together to make 62-1n.-long rods.
Annealed 2 hr at 900°C.
Material availsble as plates 1/2 in. thick X 3 in. wide X 12 in. long.
‘Fabricated with 40% residual cold work..
Strips 1/2 X 1/2 x 12 in. .cut from plate.
Strips machined to 1/4-in.-diam rods.
Rods were annealed 100 hr at 871°C.
Rods welded together.
Specimens machined.
- | ‘Heat 21554
Material available as plates 1/2 in, thick X 3 in. wide X 12 in, long.
Fabricated with 40% residual cold work.
Plate worked at 871°C t0-0.3 in, thlckness
Strlps 0.3 x 0.3 x 20 in. cut
Strips machined to 1/4 ;p;-diam rods.
Rods were annealed lOO'hrtet”871°C.'
Rods were straightened :
Rods reannealed 100 hr- at 871°
Rods welded together.

Specimens machined.

<

®H. E. McCoy, Jr., and J. R. Weir, Jr., Materials Development for

Molten-S5alt Breeder Reactors, ORNL-TM-1854 (June 1967).




Both procedures resulted in a very fine grain size (ASTM grain size
7 to 9).

Test Specimens

The surveillance rods inside the core are 62 in. long and those out-
side the vessel are 81 in. long. They both are 1/4 in. in diameter with
reduced sections 1/8 in. in diameter by 1 1/8 in. long. After removal
from the reactor, the rods aré sawed into small mechanical property
specimens having a gage section 1/8 in. in diameter by 1 1/8 in.Along.

The first rods were machined in small segments (approx 11 1/2 in,
long) and welded together. An improvement in this technique has been

made that allows the entire rod to be machined as a unit (see Fig.'3).

PHOTO 91435

Fig. 3. Fabrication of Hastelloy N Surveillance Rods.
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A milling machine is used with a cutter ground to the shape of the gage
length, including the radius where the gage length blends into the full
1/4 in, diameter of the rod. The rod is held in position and rotated

. while being fed into the milling cutter. The rod then requires only ‘a

light hand polishing of the gage sections to obtaln the desired surface

.finish. This procedure is quicker, cheaper, and requires less handling

of the relatively fragile rods than the previous method of making the

rods from segments.

Irradiation Conditions

The irradiation conditions in the core were described in detail
previously.” These measurements were repeated for the second group of
core specimens and found to be in excellent agreement. The specimens

outside the core are exposed to the cell enviromment of N» + 2=5% 02.

. The pertinent temperature and flux data are summarized in Table 2.

Testing Techniques

The laboratory creep-rupture tests were run in conventional creep
machines of the dead-load and lever-arm types. The strain was measured
by a dial indicator that showed the total movement of the specimen and
part of the load train. Tne zero strain measurement was taken immedi-
ately after the load was applied. The temperature accuracy was +0.75%,
the guaranteed accuracyrof’the Chromel-P-Alumel thermocouples used.

The postirradiation creep-rupture tests were run in lever-amm

‘machines that were located in hot cells, The strain was measured byvan

extensometer with rods attached to the upper and lower specimen grips.

The relative movement of these two rods was measured by & linear differ-

ential transformer, and the ‘transformer signal was recorded. The

: aceuracy of the strain meesnrements is difficult to determine. The

"H. E. McCoy, Jr., An Evaluation of the Molten-Salt Reactor

- Experiment Hastelloy N Survelllance Specimen — First Group, ORNL-TM-1997
(November 1967). .
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Table 2.

10

Surveillance Program of the MSRE

Group 12 Group 2
~ Core Core ~Vessel
Standard Modified Standard
Hastelloy N Hastelloy N Hastelloy N
Date inserted 9/8/65 9/13/66 8/24 /65
Date removed 7/28/66 5/9/67 6/5/67
Mwhr on MSRE at 0.0066 8682 0
time of insertion
Mwhr on MSRE at 8682 36,247 36,247
time of removal
Temperature, °C 650 £ 10 : 650 = 10 650 = 10
Time at temperature, hr 4800 5500 11,000
Peak fluence, neutrons/cm?
Thermal (<0.876 ev) 1.3 x 1020 4.1 x 1020 1.3 x 1019
Epithermal (>0.876 ev) 3.8 x 10°° 1.2 x 10! 2.5 x 10*°
(>50 kev) 1.2 x 1020 3.7 x 1020 2.1 x 10%°
(>1.22 Mev) 3.1 x 10%° 1.0 x 1020 5.5 x 108
(>2.02 Mev) 1.6 x 10%° 0.5 x 1020 3.0 x 10'8
Peak flux, neutrons em™? sec™! mw~! |
Thermal (<0.876 ev) 4.1 x 10*2(b,e) 4.1 x 102 (b,c¢) 1.0 x 10 (b)
Epithermal (>0.876 ev) 1.2 x 1013 (e¢) 1.2 x 103 (e) 1.9 x 10! (v,ec)
(>50 kev) 3.7 x 10*2 (e) 3.7 x 10*2 (e) 1.6 x 10** (e)
(>1.22 Mev) 1.0 x 10*? (b,c) 1.0 x 102 (b,e) 4.2 x 10*0 (b)
(>2.02 Mev) 0.5 x 10?2 (b,c) 0.5 x 102 (b,c) 2.3 x 100 (b)

8Revised for full power operation at & Mw.

bExperimentally determined.

cCalculated.
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extensometer (neehanical and electrical portions) produced>measurements
that could be read to about +0.02% strain; however, other factors (tem-
Perature changes in the cell, mechanical vibrations, etec.) probably
combined to give an overall accuracy of *O. I%.strain. This is consid-
erably better than the specimen-to-specimen reproducibility that one
would expect for relatively brittle materials. The temperature measuring

‘and control system was the same as that used in the laboratory with only

_one exception. In the laberatory, the control system was stabilized at

the desired temperature by use pf a recorder with an expanded scale. In
the tests in the hot cells, the control point was established by eetting
the controller without the aid of the expanded-scale recorder. This error
and the thermocouple accuracy combine to give a temperature uncertainty
of about *1%. ) |

The tensile tests were run on Instron Universal Testing Machines.
The strain measurements were taken from the crosshead travel.

The test enviromment was air in all'eases; Metallographic exemina-
tion showed that the depth of oxidation was small, and we feel that the
environment did not appreciably influence the test results.»

EXPERIMENTAL RESULTS
Visual and Metallographic Examination

W. H. Cook was in charge of the disassembly of the snrveillance
fixture. Alﬁhough some dlfflcultles were encountered prev1ously,8 the
design modlflcatlons were successful and the assembly was in excellent
mechanical condition when removed. The graphite and Hastelloy N
surfaces Were very clean with markings such as numbers and tool marks
very clear. The Hastelloy N was discolored very sllghtly Represen-
tative photographs are ‘shown in Fig. 4, ’

W. H. Cook, "MSRE Materials Surveillance Program," Metals and
Ceramics Div, Ann Progr. Rept June 30 1967, ORNL-4170 “pp. 192=195,
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Fig. 4. Core Surveillance Specimens Removed on May 9, 1967.
(a) Outside of protective Hastelloy N basket. (b) Close-ups of the
top and bottom of the basket. (c) Surveillance stringer after removal
from the basket (curvature due to optical system in the hot cell).
(d and e) Close~-ups of the surveillance specimens showing the high
reflectivity of the metal and graphite specimens. A few beads of
salt remain on the graphite.
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Small pieces of the modified alloys removed from the core were
examined metallograph;cally Photamicrognepns of heat 21554 (zirconium
modified) are shown ih Fig. 5. The bulk meterial is characterized by a
very fine grain size and small inhomogeneous areas that were found to be
essentially pure molybdenum (nrobabiy a result of poor melting practice).

The as-polished sample shows some very slight microstructural changes

- near the surface to a depth of 1 to 2 mils. Similar micrographs are

shown in Fig. 6 for heat 21545 (titanium modified). The grain size of
this material is slightly smaller, but the other features are quite
similar to those observed for heat 21554,

A small piece of the basketfthat contained the snnveillance assembly
was examined'metallographically. The basket was made from perforated .
Hastelloy N sheet. The entire surface exposed to the salt is charactef-
ized by the photomicrographs shown in Fig. 7. Small grains appeared to

- be almost dislodged from the surface {Fig. 7(a)]. After etching, a fine

precipitate was revealed near the surface to a depth of 1 to 2 mils,

We examined the material used in fabricating the basket; the microstruc-
ture is shown in Fig. 8. There is some precipitate near the surface,

but not in the quantities observed in Fig. 7. We aged a piece of the
material for 1000 hr at 650°C (basket in MSRE was exposed 5500 hr) and
fcund that the quantity of piecipitate increased (Fig. 9).7 However,

we were not sble to dislodge any'grains near the surface even after a

' very sharp cold bend.

‘A sample from the basket was sent to N. R. Stalica, Argonne National
Laboratory, for microprobe studies, This investigator found that the ‘

precipitates contained silicon and oxygen in large concentrations and

-suggested that they were Si0,. Our studies on the unirradiated specimens

showed that the precipitatee:are metalfSilicon.compounds.r We are contin-

uing to investigate this pcint,:but presently feel that the precipitates

are probably related to‘surfece contdmination of the basket during fabri-

cation. The 8111con-rich contaminant should be dissolved during the post-

fabrication anneal (approx 1177 C) given the basket and. subsequently

. precipitate while in. service at 650°C.




after 5500 hr at 650°C. Edge exposed to flowing salt.
100X. (c) Etchant: Aqua regia. 500X%.

C.

(c)

Fig. 5. Photomicrographs of Zirconium-Modified Hastelloy N (Heat 21554) Removed from the MSRE

(a) As polished.

500%. (b) Etchant: Aqua regia.

71
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Fig. 6. Photomicrographs of Titanium-Modified Hastelloy N (Heat 21545) Removed from the MSRE
after 5500 hr at 650°C. Edge exposed to flowing salt. (a) As polished. 500x. (b) Etchant: Aqua regia.

100X. (c) Etchant: Aqua regia. 500X.

o1
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Fig. 7. Photomicrographs of the Edge of the Surveillance Basket
Removed from the MSRE after 5500 hr at 650°C. 500x. (a) As polished.
Note the grain near the surface that seems almost dislodged. (b) Etchant:

Aqua regia. Same area as shown in (a). Note the fine precipitate near
the surface. - K
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Fig. 8. Photomicrographs of the Material Used in Making the
Surveillance Basket, The final processing step was a l-hr anneal at
1177°C. Etchant: Glyceria regia. (a) 100x. (b) 500x.
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Fig. 9. Photomicrograph of the Material Used to Make the
Surveillance Basket after a l-hr Amneal at 1177°C and Aging for
1000 hr at 650°C. 750%X. Etchant: Glyceria regia.

Small pieces of the standard Hastelloy N specimens that had been
exposed to the MSRE cell environment for 11,000 hr were examined. Micro-
structures of heat 5085 are shown in Fig. 10. A thin oxide is present
on the surface and some changes in microstructures occur to a depth of
about 3 mils. The sample examined from heat 5085 was from a welded
region. As shown in Fig. 11, tpe depth of attack seemed to be some-
what greater, but the reaction layer is very shallow. Neither specimen

showed any evidence of nitrogen absorption from the cell environment.

Mechanical Property Data — Standard Hastelloy N

The postirradiation tensile properties of heat 5065 are summarized
in Table 3. The fracture strains are plotted as a function of test
temperature in Fig. 12. There are significant reductions in the
fracture strain at 25°C and above 500°C. The properties of heat 5085
are given in Table 4. The fracture strains are plotted in Fig. 13 and
are very similar to those noted for heat 5065. The strain at fracture

for both heats is reduced above about 400°C by reducing the strain rate.
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~ Fig. 10. Photomicrographs of a 1/4-in.-diam Rod of Standard Hastelloy N (Heat 5085) Exposed
to the MSRE Cell Environment of N + 2-5% 0, for 11,000 hr at 650°C. (a) As polished. 500X%.
(b) Etchant: Aqua regia, 100X. ~(c) Etchant: Aqua regia. 500x. ,




Fig. 11, Photomicrographs of a 1/4-in,-diam Rod of Standard Hastelloy N (Heat 5065) Exposed to
the MSRE Cell Enviromment of N + 2-5% 0, for 11,000 hr at 650°C, The cross section viewed is a weld
made in joining small segments to make the single surveillance rod. (a) As polished, 500x.,

(b) Etchant: Aqua regia. 100X. (c) Etchant: Aqua regia. 500X.

074
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' Table 3. Results of Tensile Tests on MSRE Surveillance Specimens - Heat 5065

)

— ‘ , True
Specimen Temg:§Zture S;:%in Stress, psi Elongation, % R:gg;:i:n Fracture
Number "~ "eg) (min~!)  Yield  Ultimate  Uniform  Total (%) St‘(';jn
9011 25 0.050 - 58,500 110,500 34.1 34.6 26.93 31
9012 . 200 0.050 43,100 111,000 61.2 63.2 46.14 62
9014 - 400 0.050 38,900 102,300 59.0 . - 63.0 43.75 58
9033 400 - 0.002 39,100 . 106,000 56.6 57.7 43.75 58
9015 450 0.050 38,200 100,200 56.5 ' 58.8 '35.48 4

9032 450 0.002 38,100 102,700  52.0 56.0 38.53 49
9016 . 500 . 0.050 40,200 104,300  55.5 57.7 31.66 38
9013 - 500 . 0.002 . 39,500 98,900  48.6 50.0 39.58 50
9017 550 0.050 ' 39,800 100,900  51.5 52.9 34.40 42
2022 - 1550 0.002 36,600 83,000 27.3 28.0 24.75 28

' 2018 600 0.050 38,100 92,000 34.8 35.8 25.93 30
9023 600 - 0.002. 36,200 72,900 22.7 23.0 22.02 25
9019 . 650 - 0.050: 40,700 99,200 25.3 25.8 22.73 26
9024 650 0.002 33,600 54,200 11.1 11.4 10.89 - 12
9020 760 0.050 31,100 56,800 6.8 7.3 14.79 16
9025 760 0.002 30,600 31,400 1.3 3.6 4.7 5
9021 850 0.050 29,500 43,400 6.2 7.5 4,78 5
9026 850 0.002 25,300 25,400 1.0 2.8 3.21 3

T
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Fig. 12, Variation of Ductility with Temperature for MSRE Surveillance Specimens. Heat 5065.

Thermal fluence was 1.3 X 10%° neutrons/cm?.
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Table 4. Results of Tensile Tests on MSRE Surveillance Specimens — Heat 5085

True
Test Strain Stress, psi Elongzation Reduction
Sﬁﬁ;;men Temperature Rate 2L % - in Ares Fracture
er (°c) (min=1) Yield Ultimate Uniform Total (4) St€;3n

9047a 25 0.050 64,000 114,900 42.5 42.5 24,14 28
9049 200 0.050 39,000 102,700 49.8 51.0 39.30 50
9050 400 0.050 37,600 96,800 47.9 48.7 37.03 46
9069 400 0.002 36,600 95,300 46.3 46.9 32.88 40
9052 450 0.050 36,300 95,200 50.7 51.2 33.78 41
9070 450 0.002 36,400 92,700 42.5 43,1 26,93 31
9053 500 0.050 36,100 92,600 47.5 47.5 33.48 41
2058 500 0.002 38,100 78,700 3.3 24 .4 21.31 24
9054 550 0.050 35,500 89,800 42.8 43.8 25.93 30
9060 550 0.002 34,800 754200 23.4 24.1 21.31 24
9055 600 0.050 34,800 77,700 28.5 29.0 26.93 31
9061 600 0.002 33,700 64,600 17.5 18.2 23.35 27
9056 650 0.050 35,400 70,600 20.9 22.4% 22.02 - 25
9062 650 0.002 32,200 43,500 11.2 12.0 5.54 6
9057 760 10.050 29,000 49,700 12.6 13.5 12.49 13
9071 760 0.002 29,000 32,400 1.9 4.3 1.62 2
9059 850 0.050 27,800 37,900 6.3 9.7 7.84 8
92068 850 0.002 28,800 28,900 1.1 2.7 2.41 2

®Feilure occurred in & weld in the gage section of this specimen.
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Some idea of the rate of property deterioration with fluence can
be obtained by comparing the resultskfor heat 5085 obtained this time
on specimens irradiated outside the vessel to a thermal fluence of
1.3 x 10'® neutrons/cm?® with those obtained previously® for specimens
removed from the core with a fluence of 1.3 x 1029 neutrons/em®. The
unknown effects on the properties due to different times at temperature
must be recognized; the core specimens for 4800 hr and the vessel

specimens for 11,000 hr. The results are compared in Fig. 14.

H. E. McCoy, Jr., An Evaluation of the Molten-Salt Reactor
Experiment Hastelloy N Surveillance Specimen — First Group, ORNL-TM-1997
(November 1967). .
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At a strain rate of 0.05 min~!, the fracture strain is decreased &-)
appreciably as the thermal fluence increased from 1.3 x 109 to '
1.3 x 10%° neutrons/cm?. At a slower strain rate of 0.002 min~!, the
same trend holds, but the change is much smaller. If this same trend
persists to lower strain rates, the fracture strain in creep tests may

not be influenced significantly by fluence over the small range studied.

Our previous studies showed that the tensile properties of materials
irradiated in the MSRE and those irradiated in the ORR and ETR in a |
helium environment were similar, the only significant difference being
the reduction in fracture strain observed® at 25°C. The present results
are in good agreement with this conclusion. Our present studies also -
support previous observations? that the yield stress was unaffected by
irradiation and that the ultimate tensile stress was reduced about 10%
at low temperatures and progressively reduced further above 500°C to a
maximum of 30% at 850°C.

The results of several creep-rupture tests on the standard
Hastelloy N surveillance specimens from the second group are given in

Table 5. The stress-rupture properties are compared in Fig. 15 with

Table 5. Creep~-Rupture Properties of Surveillance
Specimens of Standard Hastelloy N

. Stress Rupture Rupture Minimum
N&ﬁszr sﬁi;;ﬁin Level Life Strain Creep Rate
(psi) (hr) (%) (%/nr)
Heat 5065
R-320 9030 47,000 23.0 2.10 0.081
R-313 9027 40,000 39.7 2.12 0.034
R-315 9029 32,400 122.3 2.06 0.0078
R-326 9031 27,000 290.2 1.47 0.0035
Heat 5085
R-321 9066 47,000 23.2 2.39 0.061
R-312 9063 40,000 61,7 2.28 0.029 ’
R-327 9067 32,400 336.6 2.25 - 0.0032
R-418 9072 30,000 323.4 " 2.4 0.0063 .
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Fig. 15, Postirradiation Creep-Rupture Properties of MSRE Surveillance
Specimens at 650°C. Standard Hastelloy N.

those obtained previously on surveillance specimens from the core. The
results on heat 5085 show élearly that the rupture life is less for the
specimens from the core than for those from outside the vessel. This is

probably due to the thermal fluence of the material from the core being

' higher by a fgctdr of about lO.'VHeat,5085 seems to have the poorest
“rupture life and heat 5081 the best; ‘there is no apparent explanation

for this behavior. The minimum creep rates for these Same materials are
compared in'Fig.~16. This parameter is not significantly different for
the three heats ofrmatgriai'in§olved and is not influéncéd>appfec1ably '
by ifradiation. a fi | : 7 | “

" The fracture,strains”are shown as a function of strain rate in
Fig. 17. The scattérband infthis figure was determined from results
obtained on these same materials irradiated to a thermal fluence of about

2 x 1029 neutrons/cm? in the ORR. The fracture strains are significantly
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higher for the specimens irradiated outside the vessel to a thermal
fluence of 1.3 x 10%° neutrons/em? when tested at high strain rates (12
to 300%/hr). At lower strain rates most of the fracture strains are in
the range of 1.5 to 2.5%. Comparison of the results for the two sets of
specimens shows the fracture strains to be slightly lower for the specimens
exposed to the higher fluence in the core. These results do not indicate
the very pronounced ductility minimum at a strain rate of about 0.1%/hr
that is noted for these same materials when irradiated in the ORR. The
very long thermal exposures involved may be responsible for this behavior;
that is, about 5000 hr in the MSRE compared with only 1000 hr in the ORR.
Heat 5081 shows unusually high strains and exhibits the trend of

increasing strain with decreasing strain rate.
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Mechanical Property Data — Modified Hastelloy N

Specimens of  two modifiédrﬂastelioy N alloys werekiembved from the

" core surveillance a.ssembly,,fbr'examin"ation and mechanical tésting. Control

~ specimens of these seme @llbysjrere exposed to a static vessel of barren
'salt to duplicate the thema.rir Thistory»of the speci;hens in the reactor.
~~The tensile properties of the control specimens of heat 21554 A(zirconium .

modified) are given .in Table 6; the total strain to fracture is shown

in Fig. 18. The behavior is similar to that observed for standard




Teble 6. Results of Tensile Tests on MSRE Surveillance Control Specimens — Heat 21554

Specimen Test S;r:in Stress, psi Elongation, % R:dugﬁion ngz‘ﬁre

Number =~ Temperature 8¢,y Yield  Ultimate Uniform Total iy Strain

(°c) (min=1) (%) (%)
5543 25 0.050 67,700 128,700 42.3 47.0 56.33 83
5544, 200 0.050 60,000 115,900 39.9 42.9 59.80 91
5545 400 0.050 54,700 109,200 40.7 bbb 46,82 ’ 63
5553 400 0.002 54,200 111,800 45.8 48.3 53.59 77
5546 - 450 0.050 53,000 107,200 41.3 44,3 54.56 79
5554 450 0.002 55,900 110,500 42.7 48.1 48.26 66
5547 500 0.050 51,400 106,900 42.5 44,8 49.79 69
5555 500 0.002 58,600 111,400 39.9 45.3 43.69 57
5548 550 0.050 58,700 106,900 38.7 43.2 42.73 56
5556 550 0.002 59,800 101,300 26.4 28.0 24,70 28
5549 600 0.050 53,400 102,000 37.0 30.3 31.44 38
5557 600 0.002 56,800 91,000 22.7 25.0 24,18 28
5550 650 0.050 46,400 87,500 7.6 30.4 31.88 38
5558 650 0.002 55,800 75,500 13.3 46.6 63.15 100
5551 760 0.050 43,700 59,000 4.0 8.1 64.27 103
5559 760 0.002 37,900 37,900 1.6 47.4 69.45 119
5552 850 0.050 36,900 37,700 7.5 56.5 69.70 119
5560 850 0.002 22,000 22,000 100.0 46.9 60.94 9%

o€
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Fig. 18. Variation of the Ductility with Temperature for Control
Specimens of Zirconium-Modified Hastelloy N (Heat 21554).

Hastelloy N, but the ductility of the zirconium-modified alloy at 760°C
is considerably lower. The strong dependence of fracture strain on
strain rate at 760°C is also quite unusual where the strain is higher
at the lower strain rate. The properties of this material after

irradiation are given in Table 7. The total elongatidn of the irradiated

" material is shown in Fig. 19 as a function of test temperatures. The

behavior is very similar to that shown in Fig. 14, p. 25, for the standard

Hastelloy N exposed under similar conditions; however, the fracture strain

at 600 to 700°C is higher fdr,the modified alloy. The ratios of the

various properties in the irradiated and unirradiated conditions are
shown in Fig. 20. The yield and ultimate strengths were not affected
appreciably by irradiation. The ratio for the elongation at fracture
drops precipitously above. about 600°C for standard Hastelloy N (ref. 10),
but the very low elongation observed for the unirradiated zirconiume
modified material at 760°C caﬁSes.the ratio to be very high at this tem-
perature. The behavior of the ratio for the reduction in area is quite

‘normal with the exception of the reduction of this parameter by about 25%

at low temperature.

- 105, E, McCoy, Jr., An Evaluatlon of the Molten-Salt Reactor
Experiment Hastelloy N Surveillance SpeCLmen ~ First Group, ORNL-TM-1997
(November 1967)




Table 7. Results of Tensile Tests on MSRE Surveillance Specimens — Heat 21554

True

Test Strain Reduction
Specimen Stress, psi Elongation, % Fracture
Number ~ |eWperature  Rate - oy Tntimate  Uniform  Total  °/3®*  strain

: _ (°c) (min~1) (%) (%)
9110 25 0.050 64,200 122,100 4l 475 39,08 50
9111 200 0.050 61,000 116,100 43.7  46.0 51.90 73
9112 400 0.050 52,700 109,100 42.5 462 34.96 43
9131 400 0.002 64,600 112,600 39.5 - 45.2 1 36.26 45
9114 450 0.050 56,000 110,200 39.8 42.3 33.24 40
9132 450 0.002 57,400 107,900 41.8 45.7 33.9% 41
9115 . 500 0.050 56,900 109,900 40.4 43.4% 33.48 41
9113 500 0.002 50,500 119,700 43.4 45.6 25.54 29
9116 550 0.050 60,200 107,700 44.5 47.5 36.52 45
9121 550 0.002 43,600 91,700 22.5 23.0 21.15 24
9117 600 0.050 52,700 94,100 31.0 32.0 28.09 33
9122 600 0.002 50,300 80,300 15.7 16.8 18.42 20
9118 650 0.050 25.54 29
9123 650 0.002 48,100 65,600 10.9 11.2 12.39 13
9119 760 0.050 42,400 55,400 6.6 6.8 10.89 12
9124 760 ; 0.002 37,600 37,900 1.7 5.4 4.7 5
9120 850 0.050 34,800 38,600 3.1 6.4 6.27 6
9125 850 0.002 3,800 12,100 5.1 10.4 13.88 15

(43
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The tensile properties of the control specimens of heat 21545
(titanium modified) are given in Table 8. The total elongation is shown
in Fig. 21 as a function of the test temperature. The properties are
quite similar to those observed for heat 21554 (Fig. 18, p. 31, and
Table 6, p. 30). The properties of the surveillance specimens are given
in Table 9, and the total elongation at fracture is shown graphically in
Fig. 22. The fracture elongations for this material are quite similar
to those shown in Fig. 19 for heat 21554. The ratio of the irradiated
to the unirradiated property is shown in Fig. 23. Generally the yield
strength is increased slightly by irradiation, and the tensile stress
is decreased. The elongation at fracture is generally decreased, but
decreases precipitously above 600°C. However, the ratio at 760°C is
again high due to the extremely low elongation of the unirradiated
material. The ratio for the reduction in area is reduced sbout 30% at
low temperatures and decreases rapidly above 600°C.

Several creep-rupture tests have been run on both irradiated and
unirradiated specimens of heats 21554 and 21545, The results of tests
on these materials are given in Table 10 (annealed 100 hr at 871°C),
Table 11 (annealed 100 hr at 871°C and exposed to barren salt for
5500 hr at 650 + 10°C), and Table 12 (annealed 100 hr at 871°C and
exposed to MSRE enviromment for 5500 hr at 650 + 10°C). The stress-
rupture properties of heat 21554 are compared in Fig. 24 for the various
conditions studied. The strength is reduced slightly by the long thermal
exposure to barren salt, Exposure to the MSRE environment reduces thé
rupture life at a given stress by about a factor of 10. The creep rates
of heat 21554 are compared in Fig. 25. The minimum creep rate is
increased slightly by the 5500 hr soak at about 650°C in the barren salt;
the same change is noted for the specimens removed from the MSRE.

The creep-rupture properties of heat 21545 are shown in Fig. 26
for the various conditions studied. Just as noted for the zirconium-
modified alloy in Fig. 24, the rupture life of the titanium-modified
alloy is reduced slightly by the long sosk in the barren salt and the
rupture life is reduced by a factor of 10 by exposure to the MSRE
~ envirorment. The minimum creep rate was not affected significantly by

any of the variables investigated, Fig. 27.




Table 8. Results of Tensile Tests on MSRE Surveillance Control Specimens — Heat 21545

. ‘ ; True
Test Strain Stress, psi Elongation Reduction

Sﬁgcimen Temperature Rate 2P : —8  * in Area Fracture

umber o -1 Yield Ultimate Uniform Total Strain
5531 25 - 0.050 95,700 . 127,100 38.1 42.3 61.05 9%
5530 . 200 . 0.050 49,300 112,800 46.9 50.9 55,45 81
5529 . 400 ¢ 0,050 46,000 107,600 46.4 51.1 43.75 58
5521 . 400 0,002 51,800 111,700 445 - 50.1  59.30 90
5528 . 450 -0.050 50,000 108,700 45.3 48.8 58.14 87
5520 . 450 ‘ 0.002 51,100 109,200 45.6 &7.7 43.69 57
5527 500 . 0.050 50,400 104,900 43.7: 47.9 51..69 : 73
5519 500 0.002 47,900 106,900 41.8 45.2 42.06 55
5526 550 0.050 49,500 102,800 42.7 48.0 51.36 : 72
5518 . 550 0.002 47,800 93,500 24.9 26.5 31.51 38
5525 600 0.050 43,100 93,300 32.7 34.6 37.67 47
5517 600 0.002 48,000 84,600 23.5 24.6 21.27 24
5524 650 0.050 44,400 84,600 31.0 33.8 28.64 34
5516 . 650 ©0.002 45,200 68,500 16.5 - 40.8 43.84 58
5523 - 760 0.050 45,900 56,400 3.4 7.3 63.00 99
5515 760 0.002 37,900 37,900 1.3 43.8 63,94 102
5522 850 0.050 33,900 34,200 6.1 53.4 71.83 127
5514 - 850 0.002 20,100 20,300 0.9 44,0 55.77 ' 82

Ge
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Table 9. Results of Tensile Tests on MSRE Surveillance Specimens — Heat 21545

S ‘ ’ True
Specimen . T:::ture S;;:in Stress, psi Elongation, % R:ﬁuizion Fracture
 Number T eny -1 Yield Ultimate  Uniform  Total ca Strain

c) (min~1) | ' (%) (%)

9083 25 10.050 61,900 145,600 46.3 50.3 45.71 61
9084 . 200 . 0.050 80,300 111,200 38.9 41.1 42.53 55
9085 . 400 ... 0.050 56,100 ' 104,300 42.7 45.7 40.06 51
9105 - . 400 ' '0.002 57,000 107,200 - 37.5 42.6 47.58 65
9086 | 450 0.050 54,200 104,300 445 47.0 37.54 47
9106 . 450 0.002 57,000 102,700 35.8 38.2 32.10 39
9088 500 - 0.050 54,700 102,700 41.1 42.7 36.78 46
9089 500 0.002 53,000 86,700 32.2 35.2 29.88 35
9090 550 0.050 46,900 95,800 38.7 41.2 40.12 51
9094 550 0.002 57,100 91,600 15.3 16.5 23.35 27
9091 600 0.050 44,500 83,600 25.2 25.7 26.93 31
9096 600 0.002 46,900 66,200 9.6 10.4 16.83 18
9092 650 0.050 45,200 73,700 13.4 14.6 12.79 14
9097 650 ~0.002 48,900 58,900 5.4 6.2 474 5
9093 . 760 0.050 - 39,000 46,800 5.4 5.8 3.98 b
9098 - - 760 ©0.002 31,200 - 31,200 1.3 5.7 5.54 6
© 9095 850 0.050 33,500 33,600 1.7 9.2 12.39 13
9104 g50 . 0.002  8&,100 10,600 1.1 20.2 19.07 21

Le

a'Test: preloaded;‘therefore measured yield stress higher than normal and elongation lower.
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" Table 10.

Creep-Rupture Properties of Heats 21545 and 21554
at 650°C After Annealing 100 hr at 871°C

Test ~ Specimen Rupture Rupture Reduction Minimum Hmsre ‘
- Number - Number Stress Life Strain in Area Creep Rate Strain
(psi) (hr) (%) (%) (%/br) (%)

. ~ Heat 21554 ‘

5862 2435 47,000  128.3 - 63.0 50.6 0.203 71
5857 2434 40,000  324.2 35.5 51.9 0.056 73
5858, 2491 . 40,000 226.3 = 60.8 50.9 0.128 71

6168 2433 32,400 1390.9 55.1 42.4 0.0176 55
| Heat 21545 ,

5409 1771 55,000 20.1 52.5 47.3 1.37 64

5564 1822 40,000 . 248.1 3.4 20.5 0.0688 23

5580 1773 40,000  242.6 59.4 56.6 0.120 &

5449 1768 30,000 1171.5 56.7 51.5 0.0174 72

6¢




Table 1l.

Creep-Rupture Properties of MSRE
Surveillance Control Specimens at 650°C

Test Specimen Rupture Rupture Reduction Minimum Frg:\exre
Number Number Stress Life Strain in Area Creep Rate Strain
(psi) (hr) (%) (%) (%/hr) (%)
Heat 21554 '
6399 5535 70,000 3.3 60.6 48.3 8.375 67
6398 5536 63,000 8.3 50.0 50.1 3.20. 70
6397 5537 55,000 28.2 55.8 45.0 1.01 60
6389 5538 47,000  58.1 38.3 58.3 0.365 88
6425 5540 47,000 8.1 75.1 56.0 0.363 82
6390 5539 40,000  228.7 69.5 56.6 0.120 84
6426 - 5541 40,000  244.0 63.1 49.6 0.113 69
6427 5542 32,400  709.8 56.1 49.7 0.032 69
Heat 21545
6384 5508 70,000 1.9 39.2 30.6 " 36
6385 5509 63,000 5.5 46.1 32.7 4.50 40
6386 . 5510 55,000  15.7 4.4 34.3 2.50 42
6387 5511 47,000  50.8 43.9 blrids 0.50 59
6388 5512 40,000  177.2 55.3 45.1 '0.165 60
6428 32,400  438.8 40.1 49.8 0.0398 69

5513
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Qﬁj : Table 12. Creep-Rupture Properties of Surveillance
- Specimens of Modified Hastelloy N at 650°C
} TeSt Specimen Stress “Rupture Rupture Minimum
- Number ﬁumber Level Life Strain Creep Rate
| | (psi) (hr) (%) - (%/nr)
Heat 21554
R-316 9127 47,000 11.1 4.57 0.343
R-311 . 9126 40,000 19.3 3.99 0.138
R-318 9128 32,400  65.4 2.36 0.013
R-322 9129 27,000 204.9 3.45 0.0088
: Heat 21545 |
R-317 . 19100 47,000 2.8 . 1.59 0.455
R-314 9099 40,000 13.1 2.68 0.085
.R-319 9102 32,400 51.1 3.39 0.0180
R-323 9103 27,000 - 124.1 3.69 0.0089
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The fracture strains of these materials in the unirradiated state
under creep conditions are excellent, ranging from 30 to 60% (Tables 10
and 11). However, the fracture strains after irradiation are appreciably
less rangihg from 1.5 to 4.5% (Table 12). These strains are generally
higher than those obtained from standard Hastelloy N (Fig. 17, p. 29).

Metallographic Examination of Mechanical Property Speéimens

Several of the fractured test specimens were exemined metallograph-
ically. Typical microgfaphs'from a specimen of heat 5065 exposed to the
cell environment for 11;000 hr and tested at room temperature are shown
in Fig. 28. Figure728(a) shows the fracture region and demonstrates the
mixed intergranular-trahsgranular nature of the fracture. The edge of
the gage section is shown in Fig. 28(b). There is>very little edge-
cracking or other indications of deleterious reactions with the MSRE
cell environment. Large quantities of fine precipitate that formed
during the long thermal history are also obvious. A higher magnification
photomicrograph made near the surface is shown in Fig. 28(c). Significant
features are the limited surface -reaction and the copioué quantities of
finé precipitates.

 Photomicrographs of a specimen from heat 5065‘tested at 650°C are
shown in Fig. 29, The fraéture:shown in Fig, 29(a) is completely inter-
granuler and typical.ofrmaterials exhibiting low fracture strains.

The m1crostructure of a specimen from heat 5065 that was tested in
“creep at 650°C and 27,000 psi is illustrated in Fig. 30 ~ Figure 30(a)
 shows that the fracture is entirely intergranular with some cracking
‘near the fracture. Figure BO(b),and (c) shows the thin reaction layer
at the surface and the l&rgé ﬁmoﬁnt of fine precipitate that formed.

Several photomlcrographs -of ‘the specimen of heat 5085 tested at
25°C are shown in Flg.,31 The gage portion of this specimen contained
a weld and the fallure'occurred in this region [Fig.—3l(a)]. There is
“a very thin regibn near thetéﬁrfaCé that shows some modification of

‘microstructure [Fig. 3l(b)}andi(c)].r This layer is quite similar in




(a)

Fig. 28. Photomicrographs of a Hastelloy N Surveillance Sample (Heat 5065) Tested at 25°C at a

Strain Rate of 0.05 min™!. Exposed outside the core for 11,000 hr at 650°C to & thermal fluence of

1.3 x 10'° neutrons/em®. Etchant: Aqua regia. (a) Fracture — note the mixed transgranular and inter-
granular fracture. 100x. (b) Edge of sample about 1/2 in. from fracture. Note the fractured precipi-
tates. 100x. (c) Edge of sample showing shallow surface oxidation and extensive precipitation. 500x.

(:\
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Fig. 29. Photomicrograph of the Fracture of a. Standard Hastelloy N
Surveillance Sample (Heat 5065) Tested at 650°C at a Strain Rate of
0.002 min~?1, Exposed outside the core for 11,000 hr at 650°C to a
thermal fluence of 1.3 x 10?2 neutrons/em®. 100x. Etchant: Aqua regis.

R-41545

Fig. 30. Photomicrographs of a Standard Hastelloy N Surveillance
Semple (Heat 5065) Tested at 650°C and 27,000 psi. Failed in 290 hr
after straining 1.47%. Prior to testing, the sample was exposed outside
the MSRE core for 11,000 hr at 650°C to a thermal fluence of 1.3 x 10%°
= neutrons/cm?. Etchant: Aqua regia. (a) Fracture — note the predominately
intergranular fracture, 100X, (b) Edge of sample about 1/2 in. from
fracture. 100X, (c) Edge of sample showing shallow oxidation and
extensive precipitation. 500x. o : Lo
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appearance to that noted previousl'y11 for this material when exposed to

the core envirorment, However, this layer seems to have only minor

effects on the deformation as evidenced by the very limited surface
cracking shown in Fig. 31(ec). '

The fracture of a specimen from heat 5085 that was tested at 650°C
is shown in Fig. 32. The fracture is completely intergranular and shows
little evidence of plastic deformation. A comparison of Figs, 32 and
31(b) gives an indication of the wide variation in the grain size of

this material.

114, E. McCoy, Jr., An Evaluatlon of the Molten-Salt Reactor
Experiment Hastelloy N Survelllance Specimen — First Group, ORNL-TM-1997
(November 1967).

R-41291

Fig. 32. Photomicrograph of the Fracture of a Standard Hastelloy N
Survelllance Semple (Heat 5085) Tested at 650°C at a Strain Rate of
0.002 min~1l. Exposed outside the core for 11,000 hr at 650°C to a
thermal fluence of 1.3 X 102 neutrons/cm 100x. Etchant: Aqua regia.

v
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Photomicrographs of a specimen of heat 5085 that was tested in
creep at 650°C are shown in Fig. 33. The fracture is entirely inter- .
granular with a few cracks near the fracture. The thin reaction layer
near the surface is apparent in Fig. 33(b) and (c).

Both the control and the irradiated specimens from heats 21554 and
21545 were exposed to salt for 5500 hr. The microstructures of thesé
alloys before stressing were shown in Figs. 5 and 6, pp. 14 and 15. The
microstructure of a specimen from heat 21554 that was tested at 25°C is
shown in Fig, 34. The fracture was predominately transgranular, = There
was a layer near the surface of the specimen that showed exten§ive ‘
intergramular cracking [Fig. 34(b) and (c)]. A typical phbtomicrograph-
of the control sample is shown in Fig. 35. The fracture is a typical
ductile shear type and there is no apprecisble edge cracking.

The microstructure of a specimen of heat 21554 tested at 650°C is
illustrated in Fig. 36. The fracture is intergrahular and felatively_
brittle in appearance {Fig. 36(a)]. The edge cracking is quite extensive
at this temperature also. The fracture of the control specimeh'(Fig.,B?)
is mixed intergranular-transgranular. There_is some edge crécking, but
not at the frequency noted for the irradiated sample [Fig. 36(b)].

At a test temperature of 850°C, the fracture strain for heat 21554
after irradiation was higher than at 650°C. The microstructures shown in
Fig. 38 for the specimen tested at 850°C support this observation. The
fracture is entirely intergranular with extensive intergranular cracking
throughout the sample. The edge cracking is not quite as severe at this
temperature [Fig. 38(b) and (c)]}. The fracture of the control sample
is shown in Fig. 39. The original grain structure has been fragmented
completely because of the very high mobility of the grain boundaries
at this temperature. |

| The microstructural features of heat 21545 were quite similar to
those for heat 21554, Typical photamibrographs'for heat 21545 are shown
in Figs. 40 through 45 for tensile test temperatures of 25, 650, and 850°C.
Significant features are the shear fracture at 25°C in the irradiated

and unirradiated conditions,.the extensive edge cracking in the
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R-141548

Fig. 33. Photomicrographs of a Standard Hastelloy N Surveillance Sample (Heat 5085) Tested at
650°C and 30,000 psi. Failed in 323.4 hr after straining 2.4%. Prior to testing, the sample was
exposed outside the MSRE core for 11,000 hr at 650°C to a thermal fluence of 1.3 X 10° neutrons/cm?,
Etchant: Aqua regia. (a) Fracture, 100x. (b) Edge of sample about 1/2 in. from fracture. 100X.

(c) Edge of sample showing shallow surface oxidation and extensive precipitation. 500x,

6%




Fig. 34. Photomicrographs of a Zirconium-Modified Hastelloy N Surveillance Sample (Heat 21554)
Tested at 25°C at a Strain Rate of 0,05 min~)., Exposed in the MSRE core for 5500 hr at 650°C to a
thermal fluence of 4.1 X 1020 neutrons/cm®. Etchant: Aqua regia. (a) Fracture. 100x. (b) Edge of
sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge cracking. 500X.

0g




Fig.‘35. ‘Pho£Omicrdgraph of the Fracture of a Ziiconium-Modified Hhstelloy N Samplé (Heat 21554)
Tested at 25°C at a Strain Rate of 0,05 min~1, Exposed to a static fluoride salt for 5500 hr at 650°C

before testing. Note the shear fracture and the absence of edge cracking, 100X, Etchant: Glyceria
regia, , , ' ,

19
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Fig. 36. Photomicrographs of a Zirconium-Modified Hastelloy N Surveillance Sample (Heat 21554)
Tested at 650°C at a Strain Rate of 0.002 min~!. Exposed in the MSRE core for 5500 hr st 650°C to a
thermal fluence of 4.1 x 10°° neutrons/em®. Etchant: Aqua regia. (a) Fracture. 100x. (b) Edge of
sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge cracking., Oxide formed

during the tensile test., 500x.
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Fig. 37.  Photomicrograph Showing a Portion of the Fracture of a
' Zirconium-Modified HastelloX N Sample (Heat 21554) Tested at 650°C at
a Strain Rate of 0,002 min™". Exposed to static fluoride salt for
5500 hr at 650°C before testing. 100x. Etchant: Glyceria regia.




Fig. 38. Photomicrographs of a Zirconium-Modified Hastelloy N Surveillance Sample (Heat 21554)
Tested at 850°C at a Strain Rate of 0,002 min-!. Exposed in the MSRE core for 5500 hr at 650°C to a
thermsl fluence of 4.1 X 1020 neutrons/em®. Etchant: Aqua regia. (a) Fracture. 100x. (b) Edge of
sample about 1/2 in, from fracture. 100X. (c) Edge of sample showing edge cracking. Oxide formed
during the tensile test, 500x. ‘

123
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"Fig}739. Photomiérograph Showing the Fracture of a Zirconium-

 Modified Hastelloy N Sample (Heat 21554) Tested at 850°C at a Strain
Rate of 0.002 min”!,

Exposed to static fluoride salt for 5500 hr at
650°C before testing. Note the extensive grain boundary migration.
100x, - Etchant: Glyceria regia.

19
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Fig. 40. Photomicrographs of a Titanium-Modified Hastelloy N Surveillance Sample (Heat 21545)
Tested at 25°C at a Strain Rate of 0.05 min~!, Exposed in the MSRE core for 5500 hr at 650°C to a
thermal fluence of 4.1 X 102° neutrons/em?, Etchant: Aqua regia. (a) Fracture. 100x. (b) Edge of
sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge cracking. 500x.

9¢
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‘ Fig. 41. Photomicrograph of the Fracture of a Titanium-Modified
Hastelloy N Surveillance Sample (Heat 21545) Tested at 25°C at a Strain
" Rate of 0,05 min=}, Exposed to a static fluoride salt for 5500 hr at |
650°C before testing. Note the shear fracture and the absence of edge
cracking. 100X, Etchant: Glyceria regia. ‘ ‘

»
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' Fig. 42. Photomicrographs of a Titaniun-Modified Hastelloy N Surveillance Sample (Heat 21545)
Tested at 650°C at a Strain Rate of 0,002 min~™!, Exposed in the MSRE core for 5500 hr at 650°C to
a thermal fluence of 4.1 X 1020 neutrons/em?. Etchant: Aqua regia. (a) Fracture, 100x. (b) Edge

of sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge cracking. Oxide
formed during the tensile test. 500X, o

89
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‘ Fig. 43. Photomicrograph Showing .a Portion of the Fracture of a
Titanium-Modified Hastelloy N Surveillance Sample (Heat 21545) Tested at
650°C at a Strain Rate of 0,002 min~!, Exposed to static fluoride salt
for 5500 hr at 650°C before testing. 100X. Etchant: Glyceria regia.

65
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Fig. 44. Photomicrographs of a Titanium-Modified Hastelloy N Surveillance Sample (Heat 21545)
Tested at 850°C at a Strain Rate of 0.002 min~!, Exposed in the MSRE core for 5500 hr at 650°C to
a thermal fluence of 4.1 X 10?9 neutrons/cm®. Etchant: Aqua regia. (a) Fracture. 100x. (b) Edge
of sample about 1/2 in. from fracture. 100X. (c) Edge of sample showing edge cracking, Oxide
formed during the tensile test. 500x. - . - . o - o T
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Pig. 45. Photomicrograph of the Fracture of a Titanium-Modified

Hastelloy N Surveillance Sample (Heat 21545) Tested at 25°C at a Strain

Rate of 0.05 min-!. Exposed to a statlc fluoride salt for 5500 hr at

650°C before testing. Note the shear fracture and the absence of edge

cracking. 100x. Etchant: Glyceria regia.

19
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irradiated material, a completely intergranular fracture of the irradiated
material at 650°C compared with a mixed transgranular and intergranular
fracture in the unirradiated material, and grain boundary migration at a

test temperature of 850°C.

DISCUSSION OF RESULTS

The standard Hastelloy N used in constructing the MSRE continuee to
show excellent compatlblllty with the fluorlde salt environment and the
cell env1ronment con51st1ng of N:—Q to 5% 02.1 There was no evidence of
nitriding, and the depth of oxidation in 11,000 hr was only a few mlls.;
We knew from prev1ous studies that the mechanlcal properties of Hastelloy N
would deteriorate due to irradiation damage.'?=!7 Our examination of the
first group of surveillance specimens!® showed that the property changes
were as-predicted, the only exception being & reduction in the ductility
at 25°C. Extraction replicaSjshowed.that:extensive.carbide ﬁrecipitation
occurred along the grain boundaries during irradiation at 650°C, éndethis
probably accounts for the reduction in ductlllty at 25°C. , -

Our primary purpose in this program is to continually assess the

condition of the MSRE core vessel. The surveillance fac111ty in the;core

124, E. McCoy, Jr., and J. R Weir, Jr., Materials Development for
Molten-Salt Breeder Reactors, ORNL-TMM-1854 (June 1967). :

13¥. R. Martin and J. R. Weir, "Effect of Elevated Temperature ’
Irradiation on the Strength and Ductility of the Nickel-Base Alloy,
Hastelloy N," Nucl. Appl. 1(2), 160-167 (1965)

14y, R. Martin and J. R. Weir, "Postirradiation Creep and Stress- -
Rupture of Hastelloy N," Nucl, Appl 3(3), 167 (1967).

155, E. McCoy, Jr., and J. R. Weir, Jr., “Stress-Rupture Properties
of Irradiated and Unirradiated Hastelloy N Tubes," Nucl. Appl. 4(2), S
96 (1968). - T
16y, E. McCoy, Jr., Effects of Irradlatlon on the Mechanlcal s
Properties of Two Vacuum-Melted Heats of Hastelloy N, ORNL-IM-2043
[January 1968).

174, E. McCoy, Jr., and J. R, Weir, Jr.; In- and Ex-Reactor Stress-
Rupture Properties of Hastelloy N Tubing, ORNL-TM-1906 (September 1967).

18q, E. McCoy, Jr., An Evaluation of the Molten-Salt Reactor
Experiment Hastelloy N Surveillance Specimen — First Group, ORNL-TM-1997
(November 1967).
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receives a thermal flux about a factor of 40 higher than that received
by the vessel. The first surveillance specimens removed from the core
received a thermal fluence of 1.3 X 102% neutrons/cm? while being heated
for 4800 hr. The surveillance specimens of standard Hastelloy N removed
with the second group were located outside the core and received a thermal
fluence of 1.3 X 10'° neutrons/cm?® while being heated for 11,000 hr. The
- latter group should indicate more cldsely the properties of the vessel,
but a comparison of the properties of both groups is important in trying
to estimate the future properties. The fracture strain in tensile tests
(Fig. 14, p. 25) is reduced even more by the higher fluence. 1In creep-
rupture tests at 650°C (Fig. 15, p. 27), the rupture life is also sliéhtly
shorter and the strain at fracture (Fig. 17, p. 29) slightly less for the
specimen irradiated to the higher fluence. In the unirradiated condition,
heat 5085 exhibited fracture strains of 20 to 40% in creep-rupturé tests
compared with fracture strains of about 2.2 and 1.5% after irradiation to
thermal fluences of 1.3 x 109 neutrons/em® and 1.3 X 102 neutrons/cm?,
respectively. Thus; even though-the properties continug to change
slightly with increasing fluence, the rate of change has decreased
markedly. . ’ ‘ . , |
~ Another encouragihg observation is that the MSRE materials do not
seem to have as low minimum fracture strains after irradiation as we
have noted for the same materials after irradiation to the same fluences
in the ORR (Fig. 17, p. 29). This may be due to the more extensive
carbide precipitation in the'materiéls irradiated in the MSRE for long
periods of time.
The modified alloys, ‘heats 21554 (zirconium modlfled) and 21545
(tltanlum modified), were annealed to produce a.small grain size.
Since these samples were placed in the MSRE, we have found that material
annesaled to produce a coarser grain size has bettei properties after

irradiation.1® Thus,‘werwere'not surprised that the postirradiation

194, E, McCoy and J. R. Weir, "Development of a Titanium-Modified
Hastelloy with Improved Resistance to Radiation Damage," paper presented
-at the Symposium on Effects of Radiation on Structural Metals, American
Society for Testing and Materials, San Francisco, California, June 23-28,
1968. To be published in the proceedings.
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properties of the modified alloys were not much better than those observed
for the standard Hastelloy N. However, two encouraging observations were
"made that demonstrate the absence of embrittling aging reactions: (1) the
mechanical properties of the control specimens exposed,to‘salt for 5500 hr
were only slightly different from those of the as-annealed material

(Figs. 24 and 25, pp. 38 and 41) and (2) the strain at fracture in tensile
tests at 25°C was not reduced by irradiation. The most disturbing obser-
vation is the inﬁergranular cracking near the surface of specimens that
were removed from the reactor. Our measurements?® of the lattice diffusion
of titanium in the modified alloy indicate that the gradients in these
samples should extend to a depth of only about 0.15 mil (based on a
lattice diffusion coefficient of 1 X 10~% cm?/sec and 5500 hr exposure

at 650°C). However, titanium can diffuse more rapidly along the grain
boundaries and we can approximateVthis'depth-of removal by the Fisher
model.?! Assuming that the grain boundary diffusion rate is 10® times
that for the lattice,?? significant depletion of the titanium should '
occur along the grain boundaries to depths of about 4 mils. This is in
reasonable agreement with the depth of the surface cracks observed in the
surveillance specimens (Figs. 34 and 40, pp. 50 and 56). However, the
control specimens (Figs. 35 and 41, pp. 51 and 57) were exposed to static
salt but did exhibit edge cracking when tested. It is possible that
_corrosion in the static vessel proceeds more slowly than in the flowing
reactor circuit-or that the grain boundary cracking may be a result of

the loss or ingress of some element besides titanium.

SUMMARY AND CONCLUSIONS

We have examlned the second group of survelllance samples removed

from the MSRE. Two rods of standard Hastelloy N were removed from the

200, E, Sessions and T. S. Lundy, "Diffusion of Titanium in Modified
Hastelloy N," Molten-Salt Reactor Program Semiann. Progr. Rept Feb. 29,
1968, ORNL- 4254, Pp. 213— 215,

213, C. Fisher, "Calcylation of Diffusion Penetratlon Curves for
Surface and Grain Boundary Diffusion," J. Appl. Phys. 22, 74 (1951).

22y, R, Upthegrove and M. J. Sinnott, "Grain Boundary Self-Diffusion
of Nickel," Trans. Am. Soc. Metals 50, 1031 (1958).
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surveillance position outside the core after 11,000 hr at temperature
with a thermal fluence of 1.3 x 1019 neutrons/cm?. The compatibility
of the material with the cell environment of nitrogen plus 2 to 5% 0,
seems excellent with no evidence of nitriding and only superficial
okidation. Mechanical,préperty tests show that the fracture strain at
25°C and above 500°C was reduced markedly by irradiation. Creep-

rupture tests at 650°C show a reduction in rupture life and ductility.

. A comparison with results from the first group of surveillance specimens

exposed to the core environment to a fluence of 1.3 x 1020 neutrons/cm?
indlcated that the mechanlcal properties deteriorated only sllghtly
with 1ncreasing fluence.

Two heats of modified Hastelloy N containing 0.5% Ti and O. 5% Zr were
removed from the core with a thermal fluence of 4.1 X 1020 neutrons/cm?.
They had not been annealed to obtain the optimum properties and their
postirradiation mechanical properties were only slightly better than those
observed for the standard alloy. However, these alloys did not seem éo

age and their corrosion resistance seems acceptable.
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