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DATA AND ANALYSES FOR INCONEL X750 SPRINGS
IRRADIATED IN SURV-1, -3, -4, -5, AND -6

by

L. C. Walters and W. E. Ruther

ABSTRACT

In 1965, eight surveillance subassemblies were placed
in row 12 of EBR-II, where the irradiation temperature would
be near the sodium-inlet temperature of 371°C. At the same
time, two other surveillance subassemblies were placed in the
primary-tank storage basket, which receives minimal neutron
exposure but is immersed in primary sodium and experiences
a temperature of 371°C. Each subassembly contained 18 pre-
loaded springs made of Inconel X750. Springs from four of the
in~core subassemblies and from one subassemblyin the storage
basket have been evaluated to determine rates of irradiation-
enhanced deformation at neutron exposures. of up to 4.2 dpa.

The creep coefficientderived fromthe stress-relaxation-
measurements on the springs was 1.0 x 10" (Pa-dpa)”! for
neutron exposures of 4.2 dpa (3751 days) at an in-reactor tem-
perature of 371°C. The relaxation behavior was adequatelyde-
scribed by a creep equation that was linear in neutron fluence '
and applied stress. Springs encapsulated in helium showed in-
reactor relaxation rates identical to those of springs exposed
to the flowing primary sodium. The creep coefficient derived
from this work in Inconel X750 springs was almost the same as
the creep coefficients determined for various austenitic stain-
less steel alloys. ’

I. INTRODUCTION

A long-term program is monitoring the irradiation behavior of the
‘materials in service (primarily those in long-term service) in the primary-
system sodium and the neutron shield of the EBR-II sodium-cooled fast breeder
reactor. In 1965, eight surveillance subassemblies (referred to as SURV sub-
assemblies) were placed in blanket row 12 of EBR-II, where the irradiation
temperature would be near the sodium-inlet temperature of 371°C. At the
“same time, two other surveillance subassemblies were placed in the primary-
tank storage basket, which receives minimal neutron exposure but is immersed
“in the primary sodium and experiences a temperature of 371°C. The two



subassemblies in the storage basket allow separation of thermal effects from
irradiation-induced effects. All 10 subassemblies contained various types of
specimens composed of 15 alloys used in the primary system of EBR-II. In
addition, the subassemblies contained neutron-shield graphite canned in
Type 304 stainless steel. The results of the routine examination of four
row-12 subassemblies and one basket subassembly have been reported in
Refs. 1-4. '

Each SURV subassembly contained 18 preloaded springs made of
Inconel X750, a nickel-base alloy. These springs are used in the EBR-II
depleted-uranium blanket elements to secure the stack of uranium slugs in
each capsule. The original objective of including the springs in the SURV ex-
periments was to evaluate their performance with respect to their function in
the blanket elements. It was recently realized, however, that the information
on stress relaxation that can be generated from these springs is important in
the design of fast reactors because:

1. Nickel-base alloys will likely be the next generation of structural
materials for fast reactors, but very little information exists on in-reactor
deformation of these alloys.

2. The springs had up to 3751 days of exposure in liquid sodium and,
thus, provide data for some of the longest exposures that have been reached
for stressed specimens of any material.

3. The springs were irradiated in a relatively soft speclrumm at a low
damage rate. Therefore, the information represents a test of existing theories
on in-reactor creep at very low dose rates and in low-energy neutron spectra.

4. Duplicate samples were exposed in-reactor both directly to the
flowing primary sodium and in capsules filled with a helium atmosphere. Thus,
the effect, if any,-of the sodium environment on in-reactor deformation can be
evaluated. ' '

This report is a complete presentation of the data, analyses, and re-
sults gained to date from the Inconel X750 springs in the SURV subassemblies.
Sufficient detail is presented so that the report will be valuable in future anal-
yses of the springs still residing in EBR-II.

II. EXPERIMENTAL METHOD

To date, six SURV subassemblies have been removed from the reactor.
Table I lists the dates when the subassemblies were removed from the reactor
and the number of days that the subassemblies were in-reactor. All the
SURV subassemblies were put into the reactor on March 1, 1965..



TABLEI S f SURV E
AT Woabioahn Each SURV subassembly

SURV No. Date Removed Days in Reactor = contains 18 preloaded Inconel X750
springs. Three nominal preloads,

la LaiaLio i 10.7, 23.6, and 36.5 N, are used,

2 L e with six specimens at each. Three

5 2/24/11 1Bs specimens at each value of preload

4 5/14/73 2995 are exposed to the reactor sodium

5 6/9/75 3751 in the subassembly, and the other
6 (Storage basket) 5/14/73 2995 three specimens at each value of

preload are encapsulated in helium-
filled tubes. For each spring ex-
posed to sodium at a given axial
location in the subassembly, a spring encapsulated in helium at the same load
is positioned at the same axial location. A typical specimen code number is
3Y19. The first number identifies the nominal preload: 1 means 10.7, 2 means
23.6, and 3 means 36.5 N. The letter Y identifies the specimen as a spring.
A single-digit postscript number (1, 2, 3, etc.) means that the specimen was
exposed to the sodium coolant, and a two-digit postscript number (17, 18, 19,
etc.) means that the specimen was encapsulated in a helium-filled tube. Ap-
pendix A gives, for each in-reactor SURV subassembly, the axial height of
each spring in a subassembly with respect to the core midplane, the radial
location of each spring in the subassembly, and the neutron fluence and dpa as
a function of axial position.

2The springs from the SURV -2 experiment were not
measured.

One additional set of 18 springs has been stored in air at room tem-
perature as a control set, and this set is remeasured each time a set of springs
from a SURV subassembly is removed from the reactor, or basket, and
measured.

A commercial vendor fabricated the helical compression springs from
1.19-mm wire of the composition given in Table II. The springs had a free
length of 51 mm, an ID of 8.7 mm, an OD of 11.1 mm, and 16 total coils. After
fabrication, the springs were heat-treated
at 732 £ 14°C for 16 h, and then were air-
cooled. They were then compressed and

TABLE II. Chermical Compousilivn (%)
of Inconel X750 Springs

held for 1 h at 425°C. The test specimens Nickel 73.32 Manganese 0.58
were assembled on a 76-mm-long bolt,as Chromium 15.56  Silicon 0.36
shown in Fig. 1,with lengths of sleeves to 1yon 6.42 Gobalt 0.07
provide the specimens with the three dif- ;. ium 2T (Gopper 0.05
ferent nominal preloads' Niobium 0.87 Carbon 0.03

Aluminum 0.61 Sulfur 0.007

The load on a spring specimen was
determined before and after irradiationby
use of the apparatus shown in Fig. 2, designed specifically for this task. As
shown in Fig. 2, the specimen was inserted into the apparatus with one end
held against a force-gauge actuator. The sleeve was gripped by the split-ring
clamp, and the two dial gauges were adjusted to zero. The spring was com-
pressed by rotating the screw to advance the sleeve. The force applied to the
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spring was read directly on the force gauge. The distance the spring was
compressed and the distance the force-gauge actuator moved were read on

dial gauge A. Since information only on spring deflection with load was re-
quired, it was necessary to compensate for movement of the force-gauge actu-
ator. This movement was to be read on dial gauge B. (Dial gauge B was
removed from the apparatus for all the in-cell measurements, as it was as-
sumed that the correction required to compensate for movement of the force-
gauge actuator was negligible.) The method used for compensation is discussed
in Sec. IV dealing with the data and results.

.
“DIAL GAUGE

Fig. 1. Photograph of Springs Loaded to Stress Levels Fig. 2. Drawing of Apparatus for Measuring
of 10.7, 23.6, and 36.5 N with Sleeves 23.0, Spring Deflection with Load
31.7, and 40.5 mm Long, Respectively.
Specimen length was 76 mm, spring coil
diameter was 11.1 mm, and spring-wire
diameter was 1,19 mm.

Figure 3 shows photomicrographs from typical samples 3Y7 and 3Y17,
which were irradiated in the SURV -5 experiment and received a neutron dose
of 3.1 dpa. Both springs experienced high nominal initial stresses (572 MPa
maximum shear stress); 3Y7 was exposed to reactor sodium, 3Y17 was en-
capsulated in helium. Essentially no difference was observed between the
microstructures of the springs exposed to sodium and those encapsulated in
helium. Both structures exhibited elongated grains (ASTM size 7) in the di-
rection of wire drawing. Because of incomplete washing, a small amount of
residual sodium oxide was on the springs exposed to sodium. A few shallow
cracks were on the transverse sections of both specimens. These cracks may
have existed in the as-fabricated condition. Unfortunately, no unirradiated
material was available for metallography and subsequent comparison, except
that in the room-temperature-control specimens. It did not appear prudent to
sacrifice one of those specimens at this time, since additional SURV subassem-
blies remain in-reactor and will be examined in future years.



a. Transverse: Encapsulated in Helium

c. Transverse: Exposed to Sodium d. Longitudinal: Exposed to Sodium

Fig. 3. Microstructures of Springs Exposed to Flowing Primary Sodium or Encapsulated in Helium
for 3751 days While Receiving Neutron Dose of 3.1 dpa at 371°C. Magnification is same
for all four views.

III. METHOD OF ANALYSIS

The method for extracting information on irradiation-induced creep
from the load-versus-deflection data obtained from the springs is based upon
the following analysis. Let the total shear strain on a spring be represented
by the sum of three contributions:

1l
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YT = Ye t Yp t Yo, + (1)
where

Yp = total shear strain,

Ye = elastic shear strain,

Yp = plastic shear strain due to irradiation-induced effects,
and

Yo = shear strain that occurs independent of irradiation.

Since the total shear strain in the spring is held constant during the stress-
relaxation test in-reactor, the total shear-strain rate is zero. Thus,

0 = Yo + ¥p + Yo (2)

We will assume in this derivation and demonstrate later in analysis of
the data that v,, the component of shear strain that is independent of irradia-
tion, comes to a constant value quickly and, thus, is takento be time-independent.
Since Yy, therefore is zero, it follows that

..Ye = "'.Yp: (3)
and from Hook's Law,

) T
o=, (4)

where T is the shear stress and p is the shear modulus.

At this point, it is necessary to relate the irradiation-induced shear-
strain rate, Y., to the shear stress. This is accomplished by assuming that
the effective strain rate is proportional to the effective stress and neutron
flux through the following relationship, which describes data for in-reactor
creep:®

e Boo, (5)

where ¢ and G are the effective strain rate and stress, respectively, ¢ is the
neutron flux (E > 0.1 MeV), and B is the creep coefficient.

The irradiation-induced shear-strain rate and shear stress are re-
lated to the effective strain rate and effective stress by the Soderberg Formu-
lation as®



-2 | -~ (6)

Qj| »-

Thus the irradiation-induced shear-strain rate is related to the shear stress as
Yp = 3BeT. ' o (7)
By combining Eqs. 3, 4, and 7', we obtain
3BT = -4 o ' : | (8)
¢ T .
Involved in the combination of Eqs. 3, 4, and 7 is the assumption that the
instantaneous-plastic-strain rate during a relaxation test is described by

Eq. 7, which evolved from observations of in-reactor creep under constant
stress. Integration of Eq. 8 gives

T = T, exp(-3Buopt), _ S (9)
where T, is the shear stress on the spring after any immediate relaxation has
occurred from time-independent effects. The time-independent relaxation is

“a result of vy, the strain component that is independent of irradiation.

The ratio T/TA is the experimentaliy determined parameter. When this
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parameter is plotted as a function of fluence according to the following relation,

the slope of the curve is the creep coefficient:
T : ‘
£n — = -3Buot. (10)
TA

It has become more acceptable to determine in-reactor deformation as
a function of atomic displacements rather than neutron fluence above a par-
ticular energy level. Since we have calculations of both atomic displacement .
and neutron fluence (E > 0.1 MeV) at our disposal, Eq. 10 will be cast in terms
of atomic displacements, K, as ‘ ‘

in —— = -3BW(K), . (11)
Ta , - A

where

B' = BE' ‘ (12)
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IV. DATA AND RESULTS

The objective' in the reduction of data was to apply Eq. 11 to the ob-
served in-reactor load relaxation of the springs. In addition to the calculation
of the creep coefficient, B', the successful application of Eq. 11 to thé data
would demonstrate that the in-reactor stress relaxation of the springs obeyed
the creep relationship of Eq. 5, which predicts a linear dependence of stress-
relaxation rate on stress and neutron fluence.

The first step in the reduction of the data was to determine the load on
a spring both before and after irradiation. Figure 4 shows the load-versus-
deflection (or force-versus-deflection) data obtained from a specimen in the
fixture described in Sec. II. The data as shown in Fig. 4 were linear least-
squares fit, and both the intercept at zero deflection and the slope of the line
were calculated.

40 T T T T —  E——

30T . v =

N
3

201+

FORCE ,

SPRING 2Y5, SURV-S
© BEFORE RRADIATION

104" /' ®AFTER IRRADIATIONT]

(=]
~
s
o
© —1
b=
~
=

DEFLECTION, mm

Fig. 4. Typical Force-vs-Deflection Characteristics for a Spring
before and after Irradiation. ANL Neg. No. 103-U5983.

- If the readinge from dial gauge B (see Fig. 2) were properly applied,
the intercept at zero deflection would be the actual load on the spring. As
stated in Sec. II, dial gauge B was removed from the apparatus for all in-cell
measurements, as it was assumed that the correction required to compensate

- for movement of the force-gauge actuator was negligible. Reexamination of

the measurement system showed that the corrections were indeed small, but
significant. Thus a description follows on how the loads determined from the

intercept at zero deflection were corrected for movement of the force-gauge

actuator.

To determine the load-versus-deflection characteristics of the force-
gauge actuator, a solid rod was positioned in the apparatus in place of a spring
specimen. The deflection measured on dial gauge A (Fig. 2) with the solid rod
would then be the same as the deflection recorded on dial gauge B if dial
gauge B were on the apparatus when a spring specimen was placed in it. Fig-
ure 5 shows the load-versus-deflection characteristics of the force-gauge actuator.
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Let the load-versus-deflection char-
acteristics of Fig. 4 (for which dial gauge B
was absent) be expressed as ’

-b
L =mX;+b and X, = LT, (13)

where L is the load, X, is the deflection
- measured on dial gauge A, and m and b are
the slope and intercept, respectively.

FORCE. N

Let the load-versus-deflection char-
acteristics of Fig. 5 be expressed as

L - bg
L = mng +bg XZ = _n:?’ (14)

where L is the load, X, is the deflection mea-
sured on dial -gauge B, and m, and b, are the
"0 } | } slope and intercept, respectively. The actual

0 0.5 1.0 1.3 2.0 deflection of the spring, X;j, is
FORCE-GAUGE MOVEMENT, mm

X3 = Xl - XZ B ( 1 5)
Fig. 5. Movement of Force~gauge Actuator ’ .
When Force Was Applied by Solid

Rod. ANL Neg. No, 103-U5984. By substituting Eqs. 13 and 14 into

Eq. 15, we have the corrected load-versus-
deflection equation for the springs as

mm mb.-mb .
mg° g- .

where the corrected load at zero deflection is the second term on the right
side of Eq. 16.

A linear least-squares fit to the data shown in Fig. 5 yielded

mg 34.3 N/mm,

and . . ' ' (17)

b

g -1.50 N.

Depending on the stress range, the value for the slope, m, was reasonably
constant and was taken as '

15
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m = 1.5 N/mm for low-stress range, ™
m = 1.6 N/mm for medium-stress range,
> (18)
. and
m = 1.7 N/mm for high-stress range, /

where low-stress, medium-stress, and high-stress ranges refer to the springs
with initial nominal loads of 10.7, 23.6, and 36.5 N, respectively.

The values taken for the slope m were arithmetic-average values cal-
culated from the data of the room-temperature controls, which were considered
to have provided the most reliable set of data. These values for m were com-
pared with the average values determined from the SURV-5 results and agreed
within plus or minus one standard deviation. '

" Thus, to correct a value of b, the intercept at zero deflection, for the
movement of the force-gauge actuator, we must substitute the appropriate
value of the slope from Eq. 18, the value of the intercept b to be corrected,
and the values of rrig and bg'from Eq. 17 into the second term of Eq. 16. Thus,
we get -

mgb - mbg

be = (19)

mg - m
where bC is the corrected value of the load at zero deflection.

It was mentioned earlier that all the preirradiation measurements were
made with the use of two dial gauges. For completeness, a brief description
will be given of the means by which dial gauge B was used in practice to com-
pensate for the movement of the force-gauge actuator. The spring was ad-
vanced to a given value of X, as read on dial gauge A. The movement of the
force-gauge actuator was observed as X, on dial gauge R. Thus, the spring
was advanced an additional increment, X,, to compensate for the movement of
the actuator, and at the same time the observed load increased. The spring
deflection was recorded as the initial X, (without the addition of the incre-
ment X,) for the increased load. This is an approximate method of compen-
sation, but it is accurate as long as the movement of the force-gauge actuator
is small compared to the spring deflection. That this is true will be demon-
strated by the following example calculation.

Take a typical high-stressed spring for which the slope, m, is 1.75 N/
mm and the intercept load, b, is 32.5 N. At a deflection, X, of 5.1 mm, the
load on the spring was 41.4 N. By use of Eq. 14 and with a load of 41.4 N, the
movement of the force-gauge actuator, X;, as measured on dial gauge B is
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calculated as 1.25 mm. If the spring is advanced an additional increment
equal to X;, then from Eq. 13, the new load is 43.6 N. If the exact relationship,
Eq. 16, is used to calculate the load with the actual spring deflection, X3, taken
as 5.1 mm, the load is 43.7 N. The approximate method of compensation for
the movement of the force-gauge actuator thus agrees closely with an exact
calculation of the effect. ‘

Appendix B shows the results of the linear least-squares fit to the data
obtained from the room-temperature-control springs as well as from the
springs removed from the SURV -6 subassembly, which had resided in the
EBR-II reactor storage basket. Table IIl is a condensation of the results from
measurements of the control springs and the springs from SURV-6. (Recall
that each time a set of irradiated SURV springs was measured,"the set of
room-temperature-control springs was also measured.) Shown in the table
are the stress-reduction ratios (R) at the time of measurement.. Also shown
are the average ratios and the standard deviation for each stress level. The
results for both the low-stress room-temperature controls at the time of the
SURV -4 measurements and the low-stress SURV -6 springs show significantly

TABLE III. Stress-reduction Ratios (R)2 for Room-temperature-control’
Springs Measured at Time of SURV Indicated and for SURV -6 Springs
. Stored in Reactor Storage Basket at 371°C

Room-temperature-contirol Springs

Sample ) SURV -6
Identification SURV-1 SURV-3 SURV -4 "SURV-5 Springs

) 10.7-N Stress Level
1Yl 0.94 0.93 0.73 : 0.95 - . 0.59

1Y2 . 0.89 0.98 0.76 - 0.98 0.65
1Y3 0.88 ' 0.89 0.72 0.76 0.66
1Yl - 0.97 b 0.79 b 0.64
1Y12 0.96 0.93 0.64 0.86 0.69
1Y13 093 0.99 0.81 0.99 0.69

Avg * one std dev 0.93 +0.04 0.94 + 0.04 0.74 £ 0.06 0.91 £0.10 0.66 +0.04
' 23.6-N Stress Level

2Y4 0.98 0.94 v.ye 0.96 0.84
2Y5 ©0.97 0.96 0.81 097 0.95
2Y6 0.93 ‘ 0.95 0.92 0.96 0.90
2Y14 0.88 0.94 0.74 0.91 0.81
2Y15 0.89 0.94 0.73 0.90 0.88
2Y16 0.83 0.84 0.74 0.80 0.92

Avg * one std dev 091 £0.06 0.93 £0.05 0.81 £0.09 0.92 +0.06 0.88 £ 0.05
. 36.5-N Stress Level
3Y7 . 0.94 0.81 0.91 0.96 - .0.78

YR b 0.99 0.95 b | 0.82
3Y9 ‘ 0.94 0.90 0.87 0.94 0.89
3Y17 0.90 0.84 0.82 0.94 0.95
3yig - 0.82 0.81 0.79 0.93 . 0.89
3Y19 0.93 0.90 0.91 0.95 0.88

Avg * one std dev 0.91 £0.05 0.87 £0.07 0.87 +£0.06 0.94 +0.01 0.87 £0.06

3R is the ratio of the initial load at zero deflection divided into the load at zero deflection
. (corrected) at the time of the indicated SURV measurements.
R was calculated to be greater than unity.
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more stress relaxation than the remainder of the results in Table III. The
cause for the behavior was traced to a faulty dial gauge on the force-gauge
actuator that did not respond at low loads. The springs were not available for
remeasurement at the time of discovery of the problem. The measuring ap-
paratus was restored and recalibrated before the SURV-5 measurements.

From the data shown in Table III, a factor was calculated to account
for the stress relaxation that occurred independent of time and irradiation.
In the derivation of Eq. 11, the shear stress, Tp» is the shear stress on the
spring after any immediate relaxation has occurred. If all the control values
of load-relaxation ratios are averaged (excluding those from SURV-6 and those
measured at the time of SURV-4), the average load-rélaxation ratio is 0.918,
with a standard deviation of 0.056. Thus, all the initial loads for the springs
that were irradiated must be reduced by a factor of 0.918 before calculating
the shear-stress ratio, T/T,, with Eq. 11. :

A second essential observation must be made from the data shown in
Table III. The load-relaxation ratio of 0.918 is the load relaxation that oc-
curred quickly at room temperature. Presumably, additional load relaxation
that occurs in-reactor is due to irradiation-enhanced deformation. However,
the possibility could exist, if not proven otherwise, that additional load re-
laxation that occurs in-reactor is due only to the in-reactor springs experi-
encing a higher temperature than the room-temperature controls.

Figure 6 plots, as a function of the initial nominal loads, the load-
relaxation ratios from the room-temperature controls at the time of SURV-4
and from the SURV-6 springs that were kept in the reactor storage basket at
371°C. Also shown on each datum point is an error bar representing plus

1.0

© ROOM- TEMPERATURE CONTROLS

® EXPOSED TO SODIUM AT 3710C
IN REACTOR STORAGE BASKET

094 ERROR BARS REPRESENT PLUS AND MINUS |
: ONE STANDARD DEVIATION

0.8 . . 4

LOAD-RELAXATION RATIO

0.6 1 7

Uy } } ]

0. 1w 20 30 40
INITIAL NOMINAL LOAD, N

Fig. 6. Load Relaxation for Room~temperature-control Springs at Time of SURV-4,
Compared to That for SURV-6 Springs That Resided in Reactor Storage
Basket at 371°C. ANL Neg. No. 103-U5985,



and minus one standard deviation. Although the results are subject to some
question because of the malfunctioning force actuator, we can still conclude
from the results shown in Fig. 6 that no significant temperature effect exists
for the load relaxation observed in the controls. Therefore, any in-reactor
load relaxation significantly less than the calculated ratio of 0.918 must be
attributed to irradiation-enhanced effects.

Before describing the results obtained from the irradiated springs, we
reemphasize, for the sake of clarity, the adjustments made in making the
calculations: '

1. Every in-cell determination of the load on a spring at zero deflec-
tion was adjusted by Eq. 19 to account for the movement of the force-gauge
actuator. ' '

2. The initial loads for the irradiated springs do not require the
above adjustment, since a compensating dial gauge was used for determination
of these loads. However, the initial loads on the irradiated springs were re-
duced by a factor of 0.918 to account for the time- and irradiation-independent
load relaxation. ' :

Appendix C shows the results of the analyses of the information ob-
tained from the springs that were irradiated. In Eq. 11, the stress-reduction
ratio, T/TA, is the ratio of the load after irradiation at zero deflection (cor-
rected for the movement of the force-gauge actuator) divided by the initial load
at zero deflection (corrected for the relaxation of the unirradiated control).
Equation 11 predicts that a semilogarithmic plot of T/TA versus the accumu-
lated neutron-irradiation exposure in displacements per atom should be a
straight line from which the creep coefficients B or B' are directly calculable.
Table IV shows the stress-reduction ratio as well as the corresponding neutron
exposure in displacements per atom for each spring. From the results shown '
in the table, we see that no significant difference exists between the stress-
reduction ratios of the springs exposed to reactor sodium and those encapsu-
lated in a helium atmosphere. Thus, no distinction will be made in subsequent
analyses. '

The neutron exposures shown in Table IV are based upon only the axial
position of the springs. However, if we examine the data in the table closely,
we note that a pattern which repeats itself from one SURV experiment to the
next indicates that the stress-reduction ratio is sensitive to location within
the subassembly. For example, springs 3Y8 and 3Y18 always exhibit stress-
reduction ratios that are somewhat lower than a nominal value for each SURV
experiment. This pattern could not be explained by variations in radial posi-
tions within the core. Thus, it is probably due to variations in shielding within
the subassembly, as some of the tubes contained tantalum and other effective
neutron-absorbing materials. The inability to quantitatively account for the
effect does not appreciably alter the results or conclusions drawn from the
" data. '

19
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TABLE IV. Stress-reduction Ratio (‘T'/TA) and Accumulated Neutron
Exposure in Displacements per Atom (dpa) for Inconel X750 Springs
Irtradiated in Row 12 of EBR-II

SURV-1 - SURV-3 " SURV-4 SURV -5
Sample

Ider'ltifica’ciona T/TA dpa T/TA dpa 'T/TA dpa T/TA dpa

171 0.77

0.16 0.87 0.68 0.90 1.26 0.35 2.00
1Y2 091 0.27 0.80 1.24 0.76 2.29 0.28 3.55
1Y3 0.91 0.32 0.79 1.48 0.69 2.75 0.30 4.20
1Y11-He 0.96 0.16- 0.78 0.68 0.79 1.26 0.4l 2.00
1Y12-He 0.80 0.27 0.82 1.24 0.71 2.29 0.33 3.55
1Y13-He 1 0.91 0.32 0.87 1.48 0.84 2.75 0.35 4.20
2Y4 1.00 0.19 0.73 0.83 0.63 153 0.43 2.40
2Y5 0.92 0.31 0.73 1.42 048 2,65 0.38 4.05
276 0.92 -0.25 0.78 1.11 0.71 2.05 0.53 3.15
2Y14-He 091 0.19 0.71 0.83 0.67 1.53 0.50 2.40
2Y15-He  0.95 0.31 0.71 1.42 0.47 2.65 0.38 4.05
2Y16-He 090 0.25 0.73 1.11 0.68 2.05 0.51 3.15
3Y7 0.83 0.24 0.66 1.10 0.6l 2.02 0.47 3.10
3v8 080 0.23 0.58 1.01 0.55 1:.88 0.37 2.85
3Y9 091 0.19 0.66 084 0.63 1.57 0.59 2.45
3Y17-He 0.92 0.24 0.68 1.10 0.60 2.02 0.44 3.10
3Y18-He 0.75 0.23 0.65 1.01 0.53 1.88 0.40 2.85
3Y19-He 0.90 ©0.19 0.79 0.84 0.64 1.57 0.59 2.45

“He signifies that the specimen was encapsulated in a helium atmo-
sphere. The other samples were exposed directly to the flowing
primary sodinm. ‘

Figure 7 shows the stress ratios from Table IV as a function of neutron
dose for the medium- and high-stressed springs. Data from the low-stressed
springs were not included in Fig. 7 or in further analyses to determine creep
coefficient B', because these data were considered unreliable. As mentioned
previously, the results for the low-stressed springs from SURV -4 were ques-
tionable because of the use of a faulty gauge. Furthermore, during measure-
ment of the SURV-5 springs, it was observed that the measurements on low-
stress springs could show large variations due to a small misalignment of the
springs or frictional effects if the spring interfered with the collar of the
force-gauge actuator. ‘
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A least-squares line was fit to the data shown on Fig. 7 The slope of

the line was -0.23 dpa™!, with a standard deviation of 0.014 dpa~! for the slope.

From Eq. 11, the slope of the line is related to the creep coefficient by

Bl = slope ,
3u

‘wherep = 7.58 x 10 Pa.? Thus, B' = 1.0 x 10”2 (Pa‘dpa)™’.
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V. DISCUSSION

The results on the springs from the SURV subassemblies were consis-
tent when it is appreciated that the original intent of the experiment was not
to generate precise information on stress relaxation. We have clearly shown
that the values for stress relaxation presented in Table IV and Fig. 7 are a
result of an irradiation-enhanced effect, since the contribution to stress re-
duction from irradiation-independent effects was removed by use of the infor-
mation generated from the SURV-6 (storage-basket subassembly) and the
room-temperature-control springs.

We have also pointed out that, for exposure times of up to 3751 days at
371°C, no difference existed between the results for springs exposed to reactor
sodium and those encapsulated in helium. It is satisfying to know that the

. presence of sodium does not affect the results for Inconel X750. This observa-

tion indicates that, at this temperature, the short-time in-reactor mechanical
properties of this alloy can be extrapolated without regard to possible compo-
sitional or structural changes.

Early in the derivation of Eq. 11, the springs were assumed to relax
according to an empirical creep relationship that predicts a linear dependence
of the strain rate on stress and neutron dose. A more basic assumption was
involved then: that a creep relationship could even be used to predict defor-
mation when the stress was continuously changing. That this assumption and
the linear dependence of stress on neutron dose are true is verified by the
linear dependence of stress-reduction ratio on dose, as exhibited in Fig. 7,
and the fact thatthe data fromthe two different stress ranges are indistinguishable.

We have recognized for some time, as has Harries® recently in a
review article, that irrespective of the particular austenitic stainless steel,
the creep coefficient, B, is reasonably constant in the absence of appreciable
irradiation-induced swelling. A recent theory predicts that perhaps the
irradiation-creep behavior is not sensitive to the many material variables and
irradiation parameters before the onset of significant irradiation-induced
swelling.” At the low neutron fluences experienced by the Inconel X750 springs,
the irradiation-induced swelling is expected to be negligible.'®

Table V compares the irradiation-induced-creep coefficients from
various investigations on austenitic stainless steels with the creep coefficient
derived from the present work on a nickel-base alloy (Inconel X750). The
creep coefficients listed by Harries were converted to an effective stress-
strain basis by use of Eq. 6, which requires that the creep coefficient derived
from the spring tests be divided by a factor of three.

The data for the stainless steels shown in Table V were obtained under
an extremely wide range of experimental conditions. For example, the defor-
mation information was generated with either pressurized tubes or springs,
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some of the material was cold-worked, and the irradiations took place in
different reactors at different temperatures. Nevertheless, the creep coef-
ficient is reasonably constant. The present work represents an extreme
variation in that the creep coefficient was generated from stress-relaxation
information on a nickel-base alloy that was irradiated at a very low dose rate
for a long duration. '

TABLE V. Creep Coefficients for Several Austenitic Stainless Steels,
Compared with That for Nickel-base Alloy Inconel X750

Creep Coefficient,

Material 107!? (Pa-dpa)! ' ) Reference
Solution-treated Ty.pe 304L 0.8 Flinn, McVay, and Walters'!
Solution-treated Type M316 " 0.93-1.32 Harries
20%-cold-worked Type M316 0.73-1.5% Harries
Solution-treated FV 548 1.52 Harries
20°/o-cold-wofked FV 548 1.4% Harries
Solution-treated En 58B . 1.52 Harries
20%-cold-worked En 58B ' 1.42 Harries
Inconel X750 1.0 Present paper: -

2These creep coefficients originated from the work of D. Mosedale and G. W. Lewthwaite
and appeared in the review paper by Harries.®

The simplified creep relationship derived from the SIPA (stress-
induced preferred absorptlon mechanism) theory by Bullough and Hayns’
shows that the in-reactor creep coefficient is inversely proportional to the
bulk shear modulus through the relationship

[e} ! .
e = 0.47—K, (21)
e
where
€ = creep strain,
g = applied stress,
e = relaxation volume strain associated with an isolated interstitial,
K = neutron dose in displacements per atom,
and

bullt shear modulus.

"

If the relaxation volume strain, e, is assumed to be near unity, then the creep

coefficient in Eq. 21 is 0.47/w, which is equal to about 6 x 10~'? (Pa-dpa)™!

for the alloys listed in Table V. Even though this creep coefficient is some-
what higher than the experimental values listed in Table V, Eq. 21 does predict
a reasonably constant creep coefficient, since the bulk shear moduli do not
vary appreciably for the alloys in the table.
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V1. CONCLUSIONS

1. The creep coefficient derived from the stress-relaxation mea-
surements on Inconel X750 springs was 1.0 x 10712 (Pa.-dpa)'1 for springs
irradiated up to 4.2 dpa (3751 days) at an in-reactor temperature of 37 1°C.

2. The relaxation behavior was adequately described by a creep
equation in which creep varies linearly with neutron fluence and applied stress.

3. At the same stress level and axial position in the reactor, relaxa-
tion rates were identical for springs exposed to flowing primary sodium and '
springs encapsulated in helium. This observation shows that exposure to
liquid sodium at 371°C for times up to 3751 days caused no structural or
compositional changes in the springs that affected the in-reactor deformation
rates. ' : '

4. 'I'he creep coefficients for both the nickel-base alloy Inconel X750
and several austenitic stainless steels were relatively constant. This was '
observed for both the cold-worked and solution-annealed conditions for the
stainless steels as well as for both springs and pressurized tubes irradiated
in different fast reactors. '

5. The information obtained on the Inconel X750 springs represents
long irradiation times at a low neutron dose rate and in a relatively low-
energy neutron spectral region of EBR-11 2.7 x 10* n/cm‘z (E> 0.1 MeV)/dpal.
Therefore, these data represent a test of current theories at low dose rates
and low-energy neutron spectra.
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APPENDIX A

Axial Location, Radial Location, and Neutron Exposure
for Springs from SURYV Subassemblies 1, 3, 4, and 5

Table VI shows the axial location of the Inconel X750 springs, which
is common to all SURV subassemblies. Table VII shows the neutron exposure
of the center tube of the SURV subassemblies as a function of axial location.
The neutron dose in dpa (displacements per atom) shown in Table IV and
Fig. 7 in the text of this report was determined from the data shown in these
two tables. No allowance was made for differences in radial location within
each SURV subassembly.

TABLE VI. Axial Position of Inconel X750 Springs in SURV Subassemblies

Sample Distance from Core Sample Distance from Core
Identification Midplane,@ m Identification Midplane,® m
1YL -0.315 2Y14 ’ -0.271
1Y2 -0.150 2Y15 -0.073
1Y3 -0.026 2Y16 0.190
1Y11 -0.315 3Y7 -0.194
1Y12 -0.150 3Y8 0.222
1Y13 -0.026 3Y9 0.266
2Y4 -0.271 3Y17 -0.194
2Y5 -0.073 3Y18 0.222
2Y6 0.190 3Y19 0.266

2A negative sign before a number means that the spring is below midplane.,

TABLE VII. Neutron Exposu're as a Function of Axial Distance from
Core Midplane for SURV Subassemblies 1, 3, 4, and 5

. SURV-1 SURV-3 SURV-4 SURV-5
Distance above Core
Midplane, m dpa  10%pt,2 n/m? dpa  10%gt, n/m® dpa  10%%pt, n/m*® dpa  10%%gt, n/m®
0 0.321 8.64 1.49 4.05 2.76 7.51 4.25 1.15
0.05 0.314 8.50 1.46 3.96 2.70 7.34 4.15 1.12
0.10 0.295 8.00 1.36 3.71 2.52 6.86 3.88 1.05
0.15 0.271 7.31 1.23 3.33 2.27 6.16 3.51 0.949
0.20 0.236- 6.37 1.06 2.87 1.96 5.31 3.05 0.823
0.25 0.200 5.36 0.887 2.39 1.64 4.40 "2.57 0.689
0.30 0.165 4.36 0.717 1.92 1.32 3.54 2.07 0.554
0.36 0.129 - 3.41 0.560 1.49 1.03 2.75 1.65 0.440
0.41 0.098 2.58 0.426 1.13 0.785 2.09 1.28 0.338
0.46 0.072 1.87 0.313 0.82 0.580 1.53 0.957 0.252
0.51 0.051 1.32 0.222 0.58. 0.415 1.09 0.699 0.183
0.56 0.035 0,91 0.152 0.39 0.284 0.74 0.494 0.129
0.61 0.022 0.57 0.092 0.24 0 0.085

172 0.45 0.322

2Ncutron fluence (E> 0.1 MeV).

Figure 8 shows the radial location of the springs in SURV subassem-
blies 1, 3, 4, and 5 with respect to the center of the reactor core. This informa-
tion was not used in determining the neutron exposures shown on Table IV and
Fig. 7 in the text, because no consistent dependence of relaxation rates on
radial location was observed.
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APPENDIX B

Data and Analysis for Room-temperature-control
Springs and SURV -6 Springs

Tables VIII-XII list the measurements of load and deflection for the
room-temperature-control set of springs. The measurements weére obtained
on the apparatus shown in Fig. 2. For the initial measurements (Table VIII),
the apparatus had the dial gauge B (Fig. 2); thus, the measurements include
the movement of the force-gauge actuator. For the data shown on Tables IX-
XII, however, dial gauge B was absent from the apparatus. Each time an ir-
radiated set of springs was measured, the control set was measured.

Tables XIII and XIV, respectively, give the original load and deflection
measurements for the springs from the SURV-6 subassembly before exposure
in the reactor storage basket to the sodium coolant at 371°C and after exposure
in the basket. The initial measurements (Table XIII) were taken with the use
of dial gauge B; the measurements shown on Table XIV, after exposure in the
basket, were obtained without the use of dial gauge B.

Table XV shows the results of linear-least-squares analysis of the
data for the room-temperature-control set from Tables VIII-XII. The inter-
cept at zero deflection is b; the slope of the line is m. The intercept from
the initial measurements required no correction, as the movement of the
force-gauge actuator was taken into account by the use of dial gauge B.
Intercept b for all other measurements was corrected to b, by the use of
Eq. 19 in Sec. IV of this report.

TABLE VIIL. Load (lbg) vs Deflection for Room-temperature-control
Set of Springs: Initial Measurements Taken June 22, 19652

Deflection, in.

Sample :
Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 3.45 4.35 5.10 6.10 6.95
1Yz 3.30 4.15 5.05 5.90 6.75
1Y3 3.40 4.35 5.10 6.00 6.85
1YLl 3.20 4.10 4.95 5.80 6.65
1Y12 3.35 4.25 5.10 6.10 6.90
1Y13 3.30 4.15 5.00 5.85 6.70
2Y4 5.40 6.25 7.10 7.95
2Y5 5.50 6.40 7.25 8.10
2Y6 5.50 6.35 7.20 8.10
2Y1l4 6.35 7.25 .8.05 8.95
2Y15 6.30 7.20 8.00 8.75
2Y1é 6.35 7.20 8.05 8.80
3Y7 8.10 8.60 9.00
3Y8 7.80 8.20 8.80
3Y9 8.75 9.15 9.50
3Y17 8.65 9.05 9.40
3Y18 8.80 9.20 9.60
“3Y19 8.90 9.20 9.60

aConversion factors: 1 lbg = 4.448 N; 1 in. = 25.4 mm.
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TABLE IX. Load (1bf) vs Deflection for Room-temperature-control Set of
Springs: Measured at Time of SURV-1 Measurements, July 27, 19672

Deflection, in.

Sample .
Identification 0.05 0.10 0.15 0.20 0.30 0.40 - 0.50 °
1Y1 3.00 3.90 4.75 5.65 6.45
1Y2 2.85 3.55 4.55 5.30 6.25
1Y3 2.90 3.75 4.60 5.50 6.35
1Y11 2.90 3.75 . 4.65 5.45 6.30
1Y12 3.05 3.95 4.80 5.70 6.75
1Y13 2.90 3.70 4.60 5.45 6.25
2Y4 4.95 5.85 6.65 7.50 8.35
2Y5 5.00 5.95 6.70 7.60 8.45
2Y6 4.80 5.70 6.55 7.55 8.25
2Yl4 5.25 6.20 7.10 7.95 8.70
2Y15 5.40 6.20 7.00 7.95 8.70
2Y16 5.10 5.95 6.70 7.65 8.40
3Y7 - 7.15 7.50 8.00 8.40
3Y8 7.30 7.65% 8.20 8.60
3Y9 7.85 8.35 8.95 9.50
3Y17 7.35 7.75 8.35 8.60
3Y18 6.88 7.28 7.70 8.20
3Y19 7.85 8.30 8.80 ‘9.25

4Conversion factqrs: 1 by = 4.448 N; 1 in. = 25.4 mm.

TABLE X. Load (1bf) vs Deflection for Room-temperaturc-control Set of
Springs: Measured at Time of SURV-3 Measurements, May 5, 19712

Deflection, in.

Sample -

Identification "0.05 0.10 0.156 0.20 0.30 0.40 0.50
1Y1 3.00 . 3.80 4.60 5.60 6.30
1Y2 3.00 3.79 4.25 5.30 6.20
1Y3 2.85 3.65 4.50 5.25 - 6.10
1Y1i 3.00 3.79 4.60 5.40 6.25
1Y12 2.85 3.80 4.60 5.45 6.25
1Y13 3.00 3.80 4.60 5.40 6.25
2Y4 4,95 5.60 6.60 7.60 8.45
2Y5 4.90 5.80 6.59 7.30 8.20
2Y6 4.95 5.80  6.60 7.70 8.40
2Y1l4 5.65 6.50 7.35 8.15 9.15
2Y15 5.70 6.40 7.20 7.95  9.00
2Y16 . 5.15 : 5.85 6.55 7.45 8.30
3Y7 6.10 8.00 8.25 8.70
3Y8 7.10 7.90 8.20 8.80
3Y9 7.45 8.20 9.00 9.10
3Y17 7.85 8.55 9.25 - 11.35
3Y18 7.20 8.00 8.80 9.90
3Y19 8.00 8.20 8.70 10.00

2Conversion factors: 1 lbf = 4.448 N; 1 in. = 25.4 mm.
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TABLE XI. Load (1bg) vs Deflection for Room-temperature-control Set of

Springs: Measured at Time of SURV-4 and -6 Measurements,

February 7, 19742

Deflection, in.

Sample - - :

Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Yl 2.45 3.30 4.15 5.00 5.75
1Y2 2.40 3.30 - 4.20 4.95 5.70
1Y3 2.45 3.30 4.15 4.95 5.80
1Y11 2.45 3.28 4.23 5.00 5.75
1Y12 2.23 3.20 4.05 4.87 5.88
1Y13 2.55 3.50 4.35 5.20 5.95
2Y4 4.73 5.50 6.43 7.20 8.15
2Y5 4.28 5.20 6.05 6.95 7.75
2Y6 4.72 5.60 6.30 7.10 8.00
2Y1l4 4.68 - 5.43 6.28 7.00 8.20
2Y15 4.62 5.50 6.43 7.38 8.24
2Y16 4.67 5.57 6.43 7.32 8.20
3Y7 7.15 7.70 8.70 9.15 : :
3Y8 6.75 7.28 7.60 8.07
3Y9 7.43 7.85 8.62 9.20
3Y17 6.70 7.15 7.50 7.98
3Y18 6.60 7.00 7.50 7.90
3Y19 7.62° 8.17 8.62 9.06

2Conversion factors: 1 lbgf = 4.448 N; 1 in. = 25.4 mm.

. TABLE XII. Load (lbg):vs Deflection for Room-temperature-control

Set of Springs:

Measured October 22, 1976, near Time of
SURV-5 Measurements (January 10, 1977)2

Deflection, in. .

. Sample

Identification ' 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 3.05 3.85 4.75 5.55 6.40
1Y2 3.00 3.80 4.65 5.45 6.35
173 2.60 3.45 4.25 5.15 6.00
1Y11 3.00 3.80 4.60  -5.40 6.30
1Y12 2.75 3.55 4.40  5.25 6.10
1Y13 3.05 3.85 4.75 5.55 6.40
2Y4 4.95 5.80 6.60 7.60 8.45
2Y5 5.05 5.90 6.80 7.60 8.60
2Y6 5.00 5.85 6.70 7.60 8.50
2Y14 5.55 6.40 7.25 8.20 9.15
2Y15 5.50 6.40 7.30 8.20 9.05
2Y16 5.00 5.90 6.80 7.75 8.60
3Y7 7.40 7.85 8.35 8.95
3Y8 7.45 7.90 . 8.35 8.90
3Y9 7.80 8.30 8.80 9.30
3Y17 7.70 8.10 8.55 9.05
3Y18 7.75 8.15 8.60 9.20
3Y19 8.00 8.40 8.90 9.40

2Conversion factors: 1 lbgy = 4.448 N; 1 in. = 25.4 mm.
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TABLE XIII. Load (lbg) vs Deflection for Unexposed SURV-6

(Storage-basket-control) Springs: Measurements Taken
June 22, 19652

Deflection, in.

Sample
Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 3.40 4.20 5.10 5.90 6.70
1Y2 3.30 4.25 5.05 5.90 6.75
1Y3 3.30 4.10 5.05 5.90 6.75
1Y11 3.25 4.10 5.00 5.80 6.65
1Y12 - 3.30 4.18 5.00 5.85 6.70
1Y13 3.35 4.25 5.10 6.00 6.85
2Y4 5.55 6.45 7.30 8.15
2Y5 . 5.65 6.50 7.45 8.30
2Y6 5.45 6.30 7.10 8.00
2Y14 6.30 7.15 8.00 8.75%
2Y15 6.35 7.05 8.05 8.85
2Y16 6.20 : 7.10 7.95 8.70
3Y7 8.10 8,50 9.00
3Y8 8.70 9.10 9.40
3Y9 8.70  9.10 9.45
3Y17 8.50 9.15 9.50
iv1s 8.65 9.05 9.40
3Y19 8.70 9.05 9.40
2Conversion factors: 1 by = 4.448 N; 1 in. = 25.4 mm.
TABLE XIV. Load (lbf) vs Deflection for Exposed SURV-6
(Sterage-baekot-control) Springor Mcaouremento Talen
March 6, 19752 :
., Deflectinn, in.
Sample
Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 2.30 3.40 4.20 5.10 - 6.40
1Y2 2.30 3.30 4.10 5.00 6.00
173 2.20 3.00 4.20 4.80 5.60 -
1Y11 2.20 3.00 3.95 4.65 5.60
1Y12 2.45 3.20 4.10 4.95 6.00
1v13 2.40 3.20 4,00 4.90 5.80
2Y4 5.00 6.20 6.90 7.80 10.20
2Y5 5.60 6.40 7.20 8.00 10.40
2Y6 5.00 6.20 7.00 8.00 9.80
2Yl4 4.95 5.90 6.70 7.60 8.45
2Y15 5.30 6.10 6.90 7.90 8.60
2Y16 5.40 6.25 7.00 7.95 8.70
3Y7 7.20 8.00 9.20 11.40
3Y8 7.60 " 8.10 8.40 10.60
3Y9 7.40 8.50 8.80 9.60
3Y17 7.60 8.00 8.40 9.00
3Y18 7.40 7.80 8.30 9.00
3Y19 . 7.20 7.55 8.00 8.35
2Conversion factors: 1 lbf = 4.448 N; 1 in. = 25.4 mm.



TABLE XV. Results from Linear-least-squares Analysis of Data Shown in ) -
Tables VIII-XII for Room-temperature-control Springs?

s SURV-1 SURV-3 : SURV-4 and -6 SURV-5
Sample Initial

Identification b, by m, lbg/in. b, Ibf be, 1bf m, lbg/in. b, by bg, Ibf m, lbg/in. b, Ibs b, lbf m, lbg/in. b, by b, lbg

1Y1 2.57 8.65 2.16  2.40 8.40 2.14  2.38 8.30 1.64  1.86 8.40 2.20  2.45
1Y2 2.44 8.55  1.94  2.17 7.91 2.14.  2.38 8.25 1.64  1.86 8.35 215 2.39
1Y3 2.38 8.65 2,03 2.26 8.10 2.04  2.28 8.35 1.63 184 8.50 1.74  1.96
1Y11 - 2.36 8.50 2.06  2.30 8.11 2.18  2.42 8.32 1.65  1.87 8.20 2.16  2.40
1Y12 2.46 9.15 2.11 2.35 8.45 2.06  2.29 8.91 1.36-  1.57 8.40 1.89 212
1Y13 2.45 8.45  -2.05  2.28 8.10 2.18  2.42 8.50 1.76  1.99 8.40 2.20  2.45
2Y4 4.55 8.45  4.13  4.48 9.00 3.94  4.28 8.54 3.84  4.18 8.80  4.04  4.39
2Y5 4.€5 8.55  4.18  4.53 8.10 413 4.48 8.69 3.44  3.76 8.80 4.15  4.50
2Y6 4.€3 8.75 3.95  4.29 8.80 4.05 - 4.40 8.06 3.93  4.27 8.75 4.11  4.46
2Y14 5.50 8.65 4.45 4.81 8.65 4.77 5.15 8.61 3.74 4.07 9.00 4.61 4.98
2Y15 5.£3 8.35°  4.55  4.92 8.15 4.81 519 9.12 370 4.03 8.90 4.62  5.00
2Y16 5.55 8.30 4.27  4.63 7.90 4.29  4.65 8.81 3.80  4.13 9.05 410  4.45
3Y7 7.67 8.50 6.70  7.23 16.10 ~ 5.75  6.23 14.00 6.43 .6.94  10.30  6.85  7.39
38 7.27 8.90  6.83  7.36  10.80 6.65  7.18 8.56 6.36  6.87 9.60 6.95  7.50
3Y9 8.18 11.10 7.28  7.84 11.50 7.00  7.55 12.20 6.76  17.29 10.00 7.30  7.86
3Y17 '8.28  8.70 6.93  7.47 22.40 6.45  6.97 8.38 6.29  6.80 9.00 ©  7.23 ° 7.78
3Y18 8.40 9.00 6.38  6.89 17.80 6.25  6.76 8.80 6.15  6.65 9.60.  7.23  1.78
3Y19  8.53 9.40 7.38  7.94 13.00 7.10  7.65 9.54 7.18  7.73 9.40 7.50  8.07

aConversion factors: 1.1bf = 4.448 N; 1 lbf/in'. = 175.1 N/m.
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Table XVI shows the results of linear-least-squares analysis of the
data from the SURV-6 subassembly in Tables XIII and XIV. The intercept at
zero deflection is b. The intercept from the initial measurements required
no correction, but the other intercepts were corrected to bc by the use of
Eq. 19 in Sec. IV of this report.

TABLE XVI. Results from Linear-least-squares Analysis
of Data Shown in Tables XIII and XIV for SURV-6
(Storage-basket-control) Springs?

After Exposure

Sample Initial
Identification b, 1bg b, 1bg be, lbf .
1Y1 2.57 1.31 1.52
1Y2 2.49 1.41 1.62
1Y3 2.41 1.38 1.59
1Y11 2.41 | 1.35 1.55
1Y12 Y 1.4Y 1.0
1Y13 2.49 1.51 1.72
2Y4 4.70 3.62 3.95
2Y5 4.75 4.16 4.51
2Y6 . 4.60 3.78 4.12
2Y14 5.50 4.11 4.46
2Y15 5.45 4.44 4.81
2Y16 5.40 4.57 4.94
3Y7 7.63 _ 5.50 5.97
3Y8 8.37 6.35 6.86
3Y9 - 8.33 6.85 7.39
3Y17 8.05 7.10 7.65
3Y18 8.28 6.80 7.34
3Y19 8.35  6.80 7.34

2Conversion factor: 1 lby = 4.448 N.

The units used in Appendix B are not SI units (although conversion
factors are footnoted). "Hard" conversion to only SI units was not done, be-
cause the data and results given here are intended to be used as a convenient
reference when subsequent SURV experiments are removed from the reactor
and measured. o



APPENDIX C

Data and Analysis for Springs from SURV
Subassemblies 1, 3, 4, and 5

Tables XVII-XXIV list the measurements of load and deflection for the
springs from SURV-1, -3, -4, and -5 before and after irradiation. The mea-
surements were obtained on the apparatus shown in Fig. 2. For all the initial
measurements taken before irradiation, the apparatus had dial gauge B (Fig. 2);
thus, the measurements include the movement of the force- gauge actuator.

For all the postirradiation measurements, d1a1 gauge B was absent from the
apparatus. ‘

TABLE XVII. Load (1bf) vs Deflection for SURV-1 Springs:
_ Initial Measurements Taken June 19652

Sample Deflection, 1n

Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50

.15 6.00 6.85

171 3.35 430 5
1Y2 3.45 435  5.20 6.05  6.90
1Y3 3.45 435 5.15  6.05  6.95
1711 3.35 . 430 5.10 6.00  6.85
1Y12 3.35 4.30 5.10  6.00  6.80
Y13 3.35 4.30 5.10 6.00 6.85
2Y4 5.85 ¥ 6.75 7.60 8.45

2Y5 5.85 6.75 - 7.65  8.45

2Y6 5.70 6.55  7.45  8.25

2Y14 5.50 6.40 7.35  8.10

2Y15 5.40 6.30  7.15  8.00

2Y16 5.40 630 7.20  8.05

377 870 9.10  9.70

3Y8 - . R.75 9.1% 9.40

3Y9 8.45 890  9.35

3Y17 8.60 9.05  9.35

3Y18 8.65 9.05  9.40

3Y19 - 8.65  9.10

aConversidn factors: l'lbf = 4,448 N; 1 in. = 25.4 mm.



TABLE XVIII. Load (lbf) vs Deflection for SURV-1 Springs:
Postirradiation Measurements Taken July 19672

Deflection, in.

Sample : i
Identification 0.05 0.10 0.15 0.20 0.30 - 0.40 0.50
1Y1 2.60 3.70 4.40 5.60 6.70
1Y2 2.80 3.70 4.65 5.45 6.35
1Y3 2.85 3.70 4.70 5.55 6.50
1Y11l - 2.90 3.65 4.75 5.55 . 6.40
1yl1z 2.50 3.45 4.40 5.40 6.05
1Y13 2.75 3.60 4.60 5.40 6.30
2Y4 5.00 6.15 7.00 7.65
2Y5 4.95 5.50 6.70 7.45 8.60
2Y6 4.70 5.45 6.35 7.35
2Y14 4.35 5.20 6.15 7.00 7.65
2Y15 4.55% 5.35 6.30 7.10 8.10
2716 « 4.25 5.15 A.00 A.R0 7.70
3Y7 6.90 7.45 8.45 9.75
3V 6:15 6.65 . .08 7.75
3Y9 , 6.50 7.10 7.35 7.80
©3Y17 . 6.95 7.25 7.75 8.25
3Y18 5.75 6.35 6.90 7.30
3Y19 6.70 - 7.40 8.00 8.30

2Conversion factors: 1 l1bf = 4.448 N; 1 in. = 25.4 mm.

TABLE XIX. Load (lbg) vs Deflection for SURV-3 Springs:
Initial Measurements Taken June 19652

Deflection, in.

Sample

Identification 0.05 u.1u U.1b U.20 0.30 0.40 0.50
iyi 2.60 3.50 1.10 5.26 6.10
1Y2 2.70 3.60 4.50 5.35 6.20
1Y3 2.95 3.80 4.70 5.55 6.40
1v11 2.65 3.55 4.40 5.25 6.10
1Y12 2.75 3.65 4.55 5.40 6.25
1Y13 2.65 3.55 4.45 5.30 6.10
2Y4 5.45 6.35 7.20 8.10
2Y5 5.45 6.30 7.1% 8.00
2Y6 5.45 6.30 7.15 8.00
2Y14 6.30 7.10 7.90 8.70
2Y15 6.30 7.20 8.05 8.80
2Y16 6.35 7.20 '8.05 8.85
3Y7 8.00 8.50 9.00 :
3Y8 8.70 9.15 9.50
3Y9 8.65 9.00 9.35
3Y17 8.65 9.10 9.45
3Y18 8.70 9.10 9.45
3Y19 8.70 9.15 9.50

3Conversion factors: 11bf = 4.448 N; 1 in. = 25.4 mm.



TABLE XX. Load (lbf) vs Deflection for SURV-3 Springs:
Postirradiation Measurements Taken May 7, 19713

Deflection, in.

Sample _ )

Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 2.00 3.00 © 3.80 4.60 5.50
1Y2 2.10 2.80 3.80 4.40 5.60
1Y3 2.10 3.00 3.80 4.40 5.50
1Y11 2.00 2.80 3.70 4.40 5.50
1Y12 2.10 2.80 4.00 4.50 5.50
1Y13 2.10 2.90 3.80 4.50 5.50
2Y4 3.80 4.70 5.80 6.60 7.80
2Y5 3.90 4.50 5.40 6.30 7.60
2Y6 4.10 4.60 5.50 6.30 7.60
2Y14 4.20 . 5.20 5.70 7.10 7.80
2Y15 4.00 4.60 5.40
2Y16 4.50 5.30 6.50 " 7.50 8.50
3Y7 ’ 5.00 5.30 5.90 7.00
3Y8 4.70 5.30 5.80 6.70
3Y9 6.20 6.60 8.10 9.80
3Y17 .5.50 6.30 7.00 7.80
3v18 5.00 6.40 7.00 7.30
3Y19 6.10- 6.70 7.10 7.80

4Conversion factors: 11lbg = 4.448 N; 1 in. = 25.4 mm.

TABLE XXI. Load (lbg) vs Deflection for SURV-4 Springs:
Initial Measurements Taken June 19652
Sample Deflection, in.

Identification 0.05 .0.10 0.15 0.20 0.30 0.40 0.50
1Y1 2.50 3.35 4.20 5.10 5.95
1Y2 2.70 3.60 4.45 5.30 6.10
1Y3 " 2.65 3.60 4.45 5.35 6.20
1Y11 2.65 3.50 4.40 5.25 6.10
1Y12 2.65 3.50 4,45 5.30 6.15
1Y13 2.60 3.50 4.35 5.20 6.05
2vY4 5.50 6.45 7.30 8.10
2Y5 5.60 6.50 7.30 8.15
2Y6 5.50 6.35 7.25 8.10
214 6.25 7.15 7.90 8.80
2vY15 6.30 7.25 8.05 8.70
ZY!,6 6.30 7.10 . 8.00 8.80
3Y?7 8.20 8.70 9.10
3ys8 8.80 9.25 9.60
3Y9 8.70 9.15 9.45
3Y17 8.60 9.05 9.45
3yls 8.80 9.20 9.55
ivi19 8.70 9.10 9.45

a-‘Cénversion factors: 1 1lbg = 4.448 N; lin. = 25.4 mm.



TABLE XXII. Load (lbf) vs Deflection for SURV-4 Springs:
Postirradiation Measurements Taken March 6, 19752

Deflection, in.

Sample : '

Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1v1 2.00 2.80 3.80 4.60 5.40
1yv2 2.00 2.60 3.40 4.20 5.10
1Y3 1.90 2.50 3.40 4.20 5.20
1Y11 - 2.00 2.65 3.55 4.30 5.25
1Y12 1.80. 2.60 3.40 4.20 5.10
1Y13 2.00 2.70 3.50 4.35 5.15
2Y4 3.60 4.60 5.60 6.60 8.00
2Y5 3.20 : 4.20 5.00 5.90 8.00
2Y6 . 3.70 . 1.60 6.00 7.00 7.60
2Y1l4 ' 4.00 : 4.80 " 6.00 6.75 7.70
2Y15 ©3.10 1.00 4.90 5.80 6.80
2Y16 4.00 4.70 5.60 6.65 7.30
3Y7 4.20 5.50 5.80 6.00 -
3Y8 4.80 5.20 5.90 7.00
3Y9 5.20 6.20 7.50 7.70
.3Y17 4.65 4.80 5.40 5.90
3Y18 4.20 4.70 . 5.10 5.60
3Y19 . 4.90 5.40 5.90 6.20

3Conversion factors: 1 lbf = 4.448 N; 1 in. = 25.4 mm.

TABLE XXIII. Load (lbf) vs Deflection for SURV-5 Springs:
Initial Measurements Taken June 19652
Sample Deflection, in.

Identification 0.05 0.10 0.15 0.20 0.30 0.40 0.50
1Y1 3.30 4.10 5.00 5.85 6.65
1v2 3.30 4.15 5.05 5.85 6.70
1Y3 3.40 4.25 5.10 5.95 6.85
1Y11 3.25 4.15 5.00 5.85 6.70
1v12 3.30 4.25 5.10 5.95 6.80
1Y13 3.35 , 4.25 0,10 5.9% €&.80
2Y4 5.55 6.45 7.30 8.10 -
2Y5 5.50 6.40 .25 8.10
2Y6 5.50 . 6.45 7.30 8.10
2Y14 6.40 . 7.20 8.00 8.80
2Y18 6.30 7.20 8.00 8.75
2Y16 6.30 7.10 7.95 8.70
3Y7 8.10 8.50 9.00
3Y8 8.65 9.10 9.45
3Y9 8.75 9.20 9.55
3717 8.55 8.90 9.30
3Y18 8.70 9.20 9.55
3Y19 8.70 9.10 9.40

3Conversion factors: 11bf = 4.448 N; 1 in. = 25.4 mm.



TABLE XXIV. Load (lbf) vs Deflection for SURV-5 Springs:
Postirradiation Measurements Taken January 10, 19772

Deflection, in.

Sample :
.10 0.15 0.20 0.30 0.40 0.50

Identification 0.05

o

1Y1 1.45 2.30 3.10 3.95 4.80
1Y2 1.35 2.10 3.00 3.80 4.70
1Y3 1.35 2.20 2.95 3.80 4.65
1Y11 1.60 2.30 3.10 3.95 4.80
1Y12 1.50 2.40 3.10 3.95 4.80
1Y13 1.60 2.25 3.00 3.85 4.75
2Y4 2.50 3.35 4.20 5.05 6.00
2Y5 2.30 3.15 4.00 4.95 - 5.80
2Y6 2.95 3.75 4.60 5.55 6.40
2Y1l4 3.20 4.15 5.00 5.90 6.80
2Y15 2.60 3.55 4.40 5.30 6.20
2Y16 3.20. 4.10 5.00 5.85 6.85
3Y7 3.45 3.90 4.40 4.85
3Y8 3.00 3.40 3.85 4.40
39 4.60 5.00 5.50 6.00
3Y17 3.45 3.85 4.35 4.80
3Y18 3.20 3.60 4.15 4.60
3Y19 4.60 5.00 5.45 5.95

@Conversion factors: 1 1bf = 4.448 N; 1 in..= 25.4 mm.

Tables XXV -XXVIII show the results of linear-least-squares analyses
of the data given in Tables XVII-XXIV. ‘_The intercept of the least-squares f{it
to the preirradiation data is bj. This value for the intercept requires no cor-
rection for movement of the force-gauge actuator, because dial gauge B was
used to compensate for the movement. The value bA is the intercept b; re-
duced by a factor of 0.918 to account for irradiation-independent relaxation.
This correction was discussed in Sec. IV of this report. The intercept of the
least-squares fit to the postirradiation data is b. The intercept b was cor-
rected to b, by the use of Eq. 19 in Sec. IV of this report. This correction
was necessary to account for movement of the force-gauge actuator, since
dial gauge B was removed from the measuring apparatus for the postirradia-
tion measurements. The ratio bc/bA is the ratio of the shear stresses re-
corded in Table IV and plotted in Fig. 7 of the text. :

The units used in Appendix C are not SI units (although conversion fac-
tors are footnoted). "Hard" conversion to only SI units was not done, because
the data and results given here are intended to be used as a convenient ref-
erence when subsequent SURV experiments are removed from the reactor and

measured.

37



TABLE XXV. Results from Linear-least-squares Analysis of
Data Shown in Tables XVII and XVIII for SURV-1 Springs?

Preirradiation Postirradiation
Sample -

Identification bj, 1bg ba, 1bg b, lbg be, lbg be/ba
1Y1 2.52 2.31 1.57 1.79 : 0.77
1Y2 2.61 2.40 1.94 2.17 0.91
1Y3 2.58 2.37 1.92 2.15 0.91
1Y11 2.51 2.30 1.98 2.22 0.96
1Y1Z 2.53 2.32 1.65 1.87 0.80
1Y13 2.51 2.30 1.86 2.09 091
2Y4 5.00 4.59 4.25 . 4.61 1.00
2Y5 5.00 4,59 3.87 4.20 0.92
2Y6 4.85 4.45 3.75 1.08 0.92
2Y14 4.65 4.27 3.55 3,87 0.91
2Y15 4.55 4.18 3.63 3.95 0.95
2Y16 4.53 4.15 3.42 3.73 0.90
3Y7 8.17 7.50 5.75 6.23 0.83
378 8.32 7.64 5.60 . 6.07 0.80
3Y9 8.00 7.34 6.15 6.65 0.91
3Y17 8.25 7.57 6.45 6.97 . 0.92.
3Y18 CR.28 7.60 5.28 ' 5.73 0.75
3Y19 8.20 7.53 6.25 6.76 0.90

2Conversion factor: 1 by = 4.448 N.

TABLE XXVI. Results from Linear-least-squares Analysis of
Data Shown in Tables XIX and XX for SURV-3 Springs?®

Preirradiation Postirradiation
Sample

Identification b, 1bg by, Lbg b, Lbf b, 1bg b /ba
1Y1 1.75 1.60 1.20 1.40 0.87
1Y2 1.85 1.69 1.16 1.36 0.80
1Y3 2.09 1.91 1.30 1.51 0.79
1Y11 1.81 1.66 1.10 1.30 0.78
1Y12 1.90 1.74 1.23 1,43 . 0.82
1Y13 1.82 1.67 1.24 1.44 ‘ 0.87
2Y4 4.58 4.20 2.77 3.06 0.73
2Y5 4.60 4.22 2.78 3.07 0.73
2Y6 4.60 4.22 3.01 3.31 0.78
2Y14 5.50 5.05 3.27 3.58 0.71
2yl15 5.50 " 5.05 3.27 3.58 .71
2Y16 5.53 5.07 3.40 3.72 0.73
3Y7 7.50 6.89 4.15 4.54 0.66
3Y8 8.32 7.64 4.00 4.39 0.58
3Y9 8.30 7.62 4.60 - 5.02 0.66
3v17 8.27 - 7.59 4.75 5.18 0.68
3Y18 8.33 7.65 4.55 4.97 0.65
3Y19 8.32 7.64 5.55 6.02 0.79

2Conversion factor: 1 lby = 4.448 N.



TABLE XXVII. Results from Linear-least-squares Analysis of
Data Shown in Tables XXI and XXII for SURV -4 Springs?

S Preirradiation Postirradiation

ample

Identification b;, 1bg by, lbg b, lbg be, 1bg be/bp
1Y1 1.63 1.49 1.14 1.34 0.90
1Y2 1.88 1.73 1.12 1.32 0.76
1Y3 1.80 1.65 0.95 1.14 0.69
1Y11 1.79 1.64 1.11 1.30 0.79
112 1.77 1.63 0.96 1.15 0.71
1Y13 1.76 1.62 1.16 1.35 0.84
2Y4 4.68 4.29 2.44 2.71 0.63
2Y5 4.78 4.38 1.87 2.12 0.48
2Y6 4.63 4.25 2.72 3.01 0.71
2Y14 5.43 4.98 3.05 3.35 0.67
2Y15 5.58 5.12 2:16 2.42 0.47
2Y16' 5.45 5.00 3.09 3.39 0.68
3Y7 7.77 7.13 3.95 4.34 0.61
3Y8 8.42 7.73 3.90 4.28 0.55
3Y9 8.35 7.67 4.45 4.86 0.63
3Y17 8.18 7.51 4.10 4.50 0.60
3Y18 8.43 . 7.74 3.75 4.13 0.53
3Y19 8.33 - 7.65. 4.50 4.92 0.64

2Conversion factor: 1 by = 4.448 N.

TABLE XXVIII. Results from Linear-least-squares Analysis of
Data Shown in Tables XXIII and XXIV for SURV-5 Springs®

Preirradiation . Postirradiation
Sample
Identification b;, lbg- by, lbg b, lbg b, lbg be/ba
1Y1 2.45 2.25 0.62 0.79 0.35
1Y2 2.46 2.26 0.47 0.64 0.28
1Y3 2.53 2.32 0.53 0.70 0.30
1Y11 2.41 2.21 0.74 0.91 0.41
1yia2 2.47 .27 0.71 0.75 0.33
1Y13 2.51 2.30 0.72 0.82 0.35
2Y4 4.73 4.34 1.61 1.84 0.43
2Y5 4.65 4.27 1.40 1.62 0.38
2Y6 4.68 4.30 2.04 2.29 0.53
2Y14 5.60 5.14 2.33 2.59 0.50
2Y15 5.58 5.12 1.73 1.96 0.38
2Y16 5.50 5.05 2.29 2.55 0.51
3y7 7.63 7.00 2.98 3.31 0.47
3v8§ 8.27 7.59 2.50 2.81 0.37
3Y9 8.37 7.68 4.10 4.49 0.59
© 3717 8.17 7.50 2.98 3.31 0.44
3Y18 8.30 7.62 2.70 3.02 0.40
3Y19 8.37 7.68 4.13 4.52 0.59

2Conversion factor: 1 lbf = 4,448 N.
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