





g—

g—— ey

MARTIN MARIETTA ENERGY SYSTEMS LIBRARIES

JIRERTH IIIIIIHI ?

3 '-H-GSE DEIEED"!I c

Contract No. W-7405-eng-26

Reactor Division

ORNL-TM~-1372

HFIR PRESSURE VESSEL AND STRUCTURAL COMPONENTS MATERIAL

J. R. McWherter, R. E. Schappel and J. R. McGuffey

SURVEILLANCE PROGRAM

JANUARY 1966

OAK RIDGE NATIONAL LABORATORY

U.

~Oak Ridge, Tennessee
operated by
UNION CARBIDE CORPORATION
for the
S. ATOMIC ENERGY COMMISSION



——

g———— B
b

HFIR PRESSURE VESSEL AND STRUCTURAL COMPONENTS MATERIAL
SURVEILLANCE PROGRAM

J. R. McWherter, R. E. Schappel and J. R. McGuffey

Abstract

A review is made of the des1gn considerations and fabri-
cation precautions observed regarding prevention of radiation
damage induced brittle fracture for the HFIR Pressure Vessel.
The arrangement of specimens, dosimeters, containers and
mounts is described and the reasoning behind specimen location
in the vessel is given. The surveillance program is outlined
and guidelines are established for operation of the vessel.
Specifically it is recommended that a review of vessel opera-
tion be made if the NDT of any part occurs at a temperature
higher than 60°F below the ex1st1ng m1n1mum operating tempera-
ture. :

The effects of radiation on beryllium and aluminum com-
ponents in the high flux near the fuel elements have been con-
sidered and the details of the surveillance program described.

An in-pile corrosion program has also been established to
aid in determining the rate of corrosion of materials in the
HFIR primary system. The basis for selection of the samples,
their size and: locatlon, and a recommended schedule for periodic
1nspectlon is 1ncluded

Introduction

Radiation Damage

Pressure Vessel. In the design of the HFIR Pressure Vessel, pre-

cautions were taken to properly size all parts and to select materials of
construction which would provide an optimum'economic.and technical balance
and assure reasonable protecfion from brittle failure due to radiation
damage. Because the reéctor opérates at relatively low temperatures,
particﬁlér effort was made to maintain materials and design parameters
within known limits wherever possible. The veésel was sized and nozzles

were shaped so that all parts of the vessel, except those near horizontal
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beam tubes, would experience an expected fast neutron dose of less than
1018 nvt. Design of the nozzle penetrations for the horizontal beam tubes
was based on a conservative combination of experimental and analytical
dafa used to determine the maximum fast neutron dose rate in the nozzle
steel. Experimental data consisting of measurements in a simulated beam
tube in the pool critical facility provided the basis for estimating the
dose rate. The actual position of the beam tube in the vessel nozzle in-
cluding machining and installation tolerances were considered in establish-
ing dose rate values. These values were then corrected for differences in
neutron spectrum between the HFIR and the experimental data.l The shift
in nozzle NDT temperature with time was estimated from experimental radi- A |
ation damage data.2 To allow for the FTE concept of brittle fracture pre-
vention, the initial minimum pressurized operating temperature of the vessel
was set at 70°F which is at least 60°F higher than the maximum NDT temper-
ature of any of the vessel materials. For those parts which will experience
a shift in NDT temperature due to radiation embrittlement, materials were
chosen with original NDT temperatures low enough so that the 60°F FTE margin
will exist even after 20 years of 100 Mw reactor operation. |

In the procurement of the vessel, the vendor was required to subject
samples of the actual heat-treated materials used in fabrication of the
carbon steel parts to Charpy V-notch impact tests. The results are shown
in Table 1. Welding procedure qualification tests included impact tests of
the welds and heat-affected zones of the base metal. In no case Were impact

values indicative of a NDT temperature greater than 10°F,

[ Yo

For vessel parts in proximity to the reactor core Charpy V-notch NDT.
curves were determined by ORNL personnel3 from actual heat-treated vessel
materials. These curves are shown on Figs. 1, 2, 3, and 4,

The original NDT and the predicted NDT temperatures after 20 years of
100 Mw operation are shown on Table 2.

Structural Components. The beryllium reflector assembly and all alu-

minum components have been designed to permit removal and replacement when
required due to radiation damage.
. . . . . i
Corrosion. Numerous out-of-pile static and dynamic corrosion tests

were performed to evaluate the corrosion resistance of materials of con-

.
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Table 1. . Charpy V-notch Tests--Vendor Data

CharpyAv-
component o SSEEIEL mess | Sy st Ve
> : (ft-1bs) to NDT
(ft-1bs)
Shell Cylinder A 212 GrB +10 17 15
Hemispherical Head A 212 GrB +10 17 15
Top Head A 105 GrII +10 23 15
Top Flange A 105 GrlI +10 ay 15
Nozzle Forgings |
~RH A 105 GrII +10 28 15
EF A 105 GrlI +10 40 15
IC A 105 GrII +10 42 15
Cooling Water _
: Inlet A 105 GrII +10 48 15
Vessel Lower,'
Extension_ : _ X ,
Transition A 105 GrlI +10 39 15
HB #1 A 105 GrlI -20 51 15
HB #2 A 350 Gr LF3 -80 49 30 .
SHB #3 A 350 Gr LF3 -65 38 30
HB #4 A 105 GrII -20 15

51
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Fig. 1. Charpy V-Notch NDT Curve — Shell Material.
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Fig. 2. Charpy V-Notch NDT Curve — HB 1 and HB 4 Material.
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Fig. 4. Charpy V-Notch NDT Curve — HB 3 Material.
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Table 2. NDT Data for Vessel Materials Based on ORNL Curves

Predicted

Expected NDT After
20 year 20 years

Shift of 100 Mw

Original Calculated
Component NDT Fast Flux
(°F) (nvt) 20 years

(°r) Operation
(°F)
18
HB 1 and 4 -65 1.1 x 10 Corrected 37 -28
HB 2 -115 2.9 x 1018) for 80 -35
18 spectrum
HB 3 -85 2.3 x 10 shift and 67 -18 ?
other factors
18
Shell 0 <10 Not corrected 0 0
18 for spectrum
All other parts <+10 <10 [ Shift 0 <0

struction used in the HFIR primary system, the structural components and
control rod drives. The austenitic stainless steels and Inconel-X should

be highly corrosion resistant; however, the aluminum alloys and the beryllium
can be expected to undergo general corrosion and pitting particularly when
dissimilar metal couples are involved. These data indicate that reasonable
corrosion rates should be expected during operation of the reactor provided

radiation effects or localized erosion does not materially alter the mecha-

nism of attack.

[ S—

Surveillance Frogram

Radiation Damage

Pressure Vessel. To supplement the analytical and experimental pro-

cedures followed in the design of the vessel, a surveillance program has
been established as a guide for safe operation of the vessel. Charpy V-
notch impact specimens made from actual heat-treated vessel materials are

installed at selected locations as listed in Table 3 and shown in Fig. 5
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Table 3. Listing of Surveillance Specimen Locations

Material Representing Location No. of Key
ASTM Designation Component in Vessel Specimens Number
A 105 GrII HB #1 Mounted on beam tube 30 1
in front of nozzle

A 350 GrLF3 HB #2 Mounted on beam tube 30 2
' in front of nozzle

A 350 GrLF3 HB #3 Mounted on beam tube 30 3
_ in front of nozzle

A 105 GrIl . HB #u Mounted on beam tube 30 y
o in front of nozzle

A 212 GrB Shell Against wall of vessel 21 5

" behind IC #3 shield :
A 212 GrB "~ ' Shell Against wall of vessel 24 6

at horizontal core mid-
plane east of HB #1

A 212 GrB Shell Against wall of vessel 24 7
. at horizontal core mid-
plane east of HB #u

Specimens have been cut from vessel materials as follows:

Specimen Location

Specimen Origin of Material : Map
Shell ' Cutout for HB 2 nozzle - Fig, 6
HB 1 and 4 .- Spare Nozzle Forging (same heat) . Fig. 7
HB 2 Nozzle Prolongation Fig. 8
HB 3 Nozzle Prolongation Fig. 9

Orientation of the specimen length and notch is in accordance with the ap-
plicable ASTM specifications.

The locations selected for surveillance are the inner nozzle corner
radius for all four HB nozzles, the shell girth at the reactor horizontal
midplane and the shell in back of IC #3. Surveillance of the HB nozzles
is deemed necessary since data on NDT shift in irradiated ASTM A350 GrLF3
nickel steel is limited. Shell girth specimens are located to measure the

effect of any increase in radiation damage to the shell due to the
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positioning of the through beam tube (HB 1 and 4). The specimens located
behind IC #3 are intended to determine if the vessel steel in this location
experiences greater neutron damage than the vessel steel proper due to the
effect of replacing water shielding with the lead gamma shielding surround-
ing the ion chambers. Monitoring of other parts of the vessel has not been
deemed necessary since the locations selected represent the areas of greatest
expected neutron doses.

Standard size Charpy V-notch impact specimens are mounted three to a
container as shown in Fig. 10. The container is designed with a looped
handle to facilitate remote removal from the container mounts. The con-
taingr modnts are shown in Figs. 11, 12, 13, 14 and 15. The specimen con-
tainers aré removable from the shell girth mounts directly, while the mount
for the HB specimens must be rotated into position for removal of a speci-
men container, and the mount for the IC #3 specimens slides on a track from
behind the IC shielding. Design and fabrication of the specimen container
was such that the gap between the specimen and any wall of the container
was less than 1 1/2 mils assembled, in order to trénsfer gamma induced
heating from the specimens to the vessel water at a rate which limits
specimen temperature to less than 3500F.5 Since no self annealing of the
specimen material can take place below MSOOF,6 the specimens will provide
impact properties which correlate with those of the vessel wall material,

To provide a means of determining approximate dose rate from activa-
tion analysis of nickel and iron, Type 302 stainless steel strips are in-
serted in the specimen "V" notch. A map of the source of these strips is
shown on Fig. 16, v

The schedule for removal and testing of the specimens is shown on.
Tabie %, Sufficient samples are provided so that accumulation ¢f radiation

damage may be plotted and estimated past the 20-year point. Table 5 is

"an index relating specimen number and dosimeter number to container number,

With the exception of the initial test of IC #3, two adjacent containers
are to be removed for each test. To prevent the HB tube rotating holders
from becoming unbalanced, whenever possible successive removal of samples
(two adjacent containers) may be made from positions 180° apart followed
by 30° from the previous two removals. It is planned that three speci-

mens be broken at the suspected HDT temperature of material, after three

\
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Schedule for Surveillance Testing

Operating Time

Number of Specimens Removed

Equivalent Shell
M@ Days full power upou) yp gy up 43 W 4y OIS B TS
years

73,000 2 6 6 "6 6 none none none
182,500 5 6 6 6 6 3 6 6
365,000 10 6 6 6 6 6 6 6
547,500 15 6 6 6 6 6 6 6
730,000 20+ 6 6 6 6 6 6 6

or greater

specimens have been broken at random temperatures to bracket the NDT

temperature,

When the average of the impact values for the final three

specimens indicate a NDT temperature which is higher than 60°F below the

minimum pressurized operating temperature, the operation of the vessel

will be subjected to review.

The NDT temperature of the material being

tested is defined as the temperature at which the impact specimens fail

as impact energies equal to the following:

Material Specification Vessel
(ASTM Designation) Component
A 105 GrII HB 1 and HB 4
A 212 GrB Shell

A 350 Gr LI3

To aid in preparation of hot cell tooling and testing equipment, two

HB 2 and HB 3

Impact Energy

(ft-1bs)

15
15
30

surveillance specimen containers, complete with specimens and dosimeter

strip are available,

The containers are labeled 6 and 7.

Spare impact specimens are available in the following numbers:

Shell 17
HB 1 and HB 4 2y
HB 2 7
HB 3 11

Structural Parts.

The location, geometry, and stress state of the

beryllium parts will govern the extent of swelling and possible cracking
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Table 5. Specimen, Dosimeter, and Container Numbering
. Lifting Bail Dosimeter
Container s s . . . Key
No. Identlfl?atlon Specimen Numbers Strip Numbep::
Marking Number
8 HB-2-8 C-6 Cc-8 C-9 . 2
9 HB-2-9 C-10 C-16 C-17 . 2
10 HB-2-10 C-18 C-19 C-20 . 2
11 HB-2-11 C-21 C-26 C-27 . 2
12 HB=2-12 C-28 C-29 C-30 . 2
13 HB-2-13 C-31 C-32 C-37 . 2
14 HB-2-14 C~38 C-39 C-40 . 2
15 HB-2-15 C-41 C-u8 C-u49 . 2
17 HB-2-17 C-51 C-52 C-57 . 2
18 HB-2-18 C-58 C-60 C-62 . 2
19 HB-1-19 B-1 B~-2 B-3 . 1
20 HB-1-20 B-4 B-5 B-6 .o 1
21 HB-1-21 B-7 B-8 B-19 . 1
22 HB-1-22 B-21 B=-22 B-23 . 1
23 HB-1-23 B-25 B-26 B-27 . 1
24 HB-1-24 B-31 B-32 B-33 . 1
25 HB-1-25 B-34 B-35 B-36 . 1
26 HB-1-26 B-37 B-38 B-42 . 1
27 HB-1~27 B-43 B-4y B-45 .o 1
29 HB-1-29 B-46 B-u7 B-48 see 1
30 HB-4-30 B-61 B-62 B-63 oo y
31 HB-4-31 B-bh B-65 B-66 cae y
32 HB-4-32 B-70 B-81 B-82 coe L
33 HB-4-33 B-83 B-84 B-85 cae y
35 HB-4-35 B-86 B-87 B-88 PN y
36 HB-4-36 B-101 B-102 B-103 e L)
37 HB-4-37 B-104 B-105 B-106 e y
38 HB-4-38 B-107 B-108 B-111 e 4
39 HB-4-39 B-112 B-113 B-11u sese L
40 HB-4-40 B-116 B-117 B-118 coee L
41 HB-3-41 D=5 D-6 D-8 ceee 3
42 HB-3-42 D-15 D-16 D-17 cous 3
43 HB-3-43 D-23 D-24 D-25 sese 3
45 HB-3-45 D-26 D-27 D-28 caee 3
46 HB-3-46 D-33 D-34 D-35 secss 3
48 HB-3-48 D-36 D-37 D-38 ceeas 3
49 HB-3-49 D-43 D-uy D-45 cesss 3
50 HB-3-50 D-u46 D-u47 D-u8 PN 3
51 IC-A-51 A-30 A-31 A-36 sesens 5
52 HB-3-52 D-53 D-54 D-55 csees 3
53 HB-3-53 D-56 D-57 D-58 ceses 3
54 IC-A-54 A-37 A-40 A-u43 cssens 5
55 IC-A-55 A-45 A-48 A-51 P 5
56 IC-A-56 A-52 A-76 A-77 cesans 5

e

—

-—

—

et —y




s

25

Table 5. (continued)

Lifting Bail Dosimeter

Container Identification Specimen Numbers . Strip Key .
. Number®

No. Marking Number

57 IC-A-57 A-82 A-86 A-87 essase 5
58 IC-A-58 A-137  A-1u44  A-1u6 ceeean 5
60 IC-A-60 A-150 A~157 A-58 cessas 5
61 HB-1-A-61 A-1 A-2 A-7 sessne 6
62 HB-1-A-62 A-18 A-19 A-23 ceessns 6
6L HB-1-A-64 A-25 A~27 A-131 N 6
65 HB-1-A-65 A-132 A-133 A-134 secsens 6
68 HB-1-A-68 A-135 A-136 A-140 cecenas 6
69 HB-1-A-69 A-141 A-142 A-145 . ceseses 6
70 HB-1-A-70 A-147 A-148 A-149 ssesens 6
71 HB-1-A-71 A-152 A-154 A-159 - sseas e 6
72 HB-4-A-72 A-92 A-9Y4 A-95 ceesans 7
73 HB-4-~A-73 A-96 A-97 A-99 cseccess 7
74 HB-4-A-74 A-100 A-105 A=108  sieeiens 7
75 HB-4-A-75 A-109 A-111 A-114 cessense 7
76 HB~4-A-76 A-115 A-118 A-119 sesssese 7
77 HB-4-A-77 A-120 A-124 A-161 csssensn 7
79 HB~4-A-79 A-163 A-164 A-1865 sesseree 7
80 HB-4-A-80 A-166 A-167 A-168 csevenns 7

hRefer to Table 3 and Fig., 5

from radiation effects. Small unstressed surveillance specimens are con-
sidered of limited value in predicting the life of the parts because the
extent of dissimilarity is too great.
components before and after exposure to radiation. The removable beryllium
will be checked in place under water with a measuring device designed for
this purpose. The control rod access plugs are also to be dimensionally
measured before and after radiation., It is planned to remove the inner
portions of the beryllium for visual inspection at reasonable intervals
with the first inspection being performed after 3 months of operation.
The beryllium plugs, drawing E-42132-14 are to be measured for straightness
prior to operation so that subsequent inspection may reveal the extent of
damage as revealed by bowing.

For certain aluminum components the expected accumulated radiation

dose will exceed existing radiation damage data in a relatively short
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period of time. Of particular concern are possible changes in the proper-
ties of the 6061T6 aluminum alloy beam tubes, the target plugs and tubes
and tie bars in the reflector assembly, The surveillance program is as
follows:
1. Ten aluminum tensile specimens will be installed in one
of the holes in the removable beryllium as shown in Fig. 17.
Two specimens are to be removed and tested after 1, 2, 3,
4, and 6 years of service. As each set is removed, new
specimens are to be installed in their place. The results
of these tests will be used to evaluate the serviceability
of applicable components. Location of the samples is such
that there is a direct relationship with the tie rods, while
the radiation dosage of the beam tubes will be only one-~third
that of the samples.
2. Mechanical tests will be performed directly on pieces from the
target plugs and target structural tubes as they become

available during periodic removal.

Corrosion. The HFIR primary system is constructed mainly of stainless
steel; however, there are numerous materials of construction inside the
pressure vessel. For example, components of various grades of stainless
stecl, aluminum alloys, beryllium, and Inconel-X are used singularly and
in combination to support and align the fuel elements.

All of the base materials and dissimilar metal combinations were
tested in out-of-pile corrosion tests to provide design data for estimat-
ing the rate of yearly attack. These tests were most beneficial, yet they
need to be supported by spot checks in the actual system during operation.
Accordingly, in-pile tests have beeﬁ set up in two areas. Fig. 18 shows
the disc assemblies of aluminum, beryllium, and stainless steel which have
been installed in the outer shroud. These test assemblies provide: 1. a
method of evaluating the effect of surface finish on the corrosion of
aluminum and 2. galvanic cells between aluminum and beryllium, aluminum
and stainless steel, and aluminum and Inconel-X. In this location the
environment is inlet water at a low temperature and only moderate radiation

effects.

.—

—
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PARTS LIST
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3 |eesmes| 5 |waswer 606/ T6 AL.
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In the second location inside the vessel, the samples are placed in -
a holder and installed in a VLF hole in the beryllium, At this location
the water temperature and the radiation level are higher than for the
disc samples in the outer shroud. Fifty-sixz samples of stainless steel,
beryllium, and aluminum all in contact with the aluminum holder are in-
volved. As shown on Fig. 19 it is possible to remove a few samples at a
time without affecting the remaining coupons. '

All of the samples have been prepared to represent the heat treat-
ment, surface finish, and area relationships which are involved in the
major components so that the measured corrosion rates may indicate what
is happening to the reactor parts.

It is recommended that the sample asscmblies be removed at the end
of the first six months of operation, inspected and returned, and then
vearly examinations he made after this first inspection,

On the basis of out-of-pile corrosion studies and the concept of re-
placeable parts, only a modest in-pile corrosion-radiation program has
been established., Should the preliminary findings refute this approach,

additional samples can be installed in the VEF holes in the beryllium.
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Fig. 19. Corrosion Sample in VEF Hole.
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