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1. INTRODUCTION

Creep is the slow, time-dependent strain that occurs in a material under a constant stress (or load) at
high temperature. High temperature is a relative term, dependent on the materials being evaluated. A typi-
cal creep curve is shown in Figure 1-1. In a creep test, a constant load is applied to a tensile specimen
maintained at a constant temperature. Strain is then measured over a period of time. The slope of the curve,
identified in the figure below, is the strain rate of the test during Stage II or the creep rate of the material.
Primary creep, Stage I, is a period of decreasing creep rate due to work hardening of the material. Primary
creep is a period of primarily transient creep. During this period, deformation takes place and the resistance
to creep increases until Stage II, Secondary creep. Stage Il creep is a period with a roughly constant creep
rate. Stage Il is referred to as steady-state creep because a balance is achieved between the work hardening
and annealing (thermal softening) processes. Tertiary creep, Stage 111, occurs when there is a reduction in
cross sectional area due to necking or effective reduction in area due to internal void formation; that is, the
creep rate increases due to necking of the specimen and the associated increase in local stress.

In terms of dislocation theory, dislocations are generated continuously in the primary stage of creep.
With increasing time, more and more dislocations are present. These dislocations increasingly interfere
with each other’s movement, thus causing the creep rate to decrease. In the secondary stage, a situation
arises where the number of dislocations being generated is exactly equal to the number of dislocations
being removed by annealing. This dynamic equilibrium causes the metal to creep at a constant rate. Even-
tually, however, the creep rate increases; and the specimen fails due to localized necking of the specimen
(or component), void and micro crack formation at the grain boundaries, and various metallurgical effects
such as coarsening of precipitates. When in service, an engineering component should never enter the ter-
tiary stage of creep. It is therefore the secondary creep rate, which is of prime importance as a design crite-
rion. Components, which are subject to creep, spend most of their lives in the secondary stage, so it follows
that the metals or alloys chosen for such components should have as small a secondary creep rate as possi-
ble. In general, it is the secondary creep rate, which determines the life of a given component.

Total Elongation Fracture
O

P minmum

Stage |, Primary creep
+ »| Creep rate

Strains[ /
Stage Il, Secondary creep r Stagelll,

_I-Inl'tl'al load &, Tertiary creep

E—_
Time, Neutron exposure

Figure 1-1. A typical creep curve.
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Irradiation creep is the additional strain that occurs as a result of the combined effect of irradiation and
stress in materials. The strain occurring in the absence of irradiation is generally called thermal creep. Per-
formance of fuel, cladding tubes, reactor pressure vessel, and other in-core components of nuclear power
reactors can be affected by dimensional changes associated withcreep. Hence, it becomes necessary to
determine the amount of creep expected to be suffered by a component during its lifetime in a reactor. This
will enable the designer to assess the useful life of the component in the reactor and design suitable compo-
nents after taking irradiation creep into consideration.

Often, radiation-induced creep is measured using a ‘cook and look’ approach where samples are irradi-
ated in-situ for a period of time, removed from the reactor, measured, and then returned to the reactor. Rep-
etition of this process can be expensive and time-consuming. Furthermore, it has the potential to disturb the
phenomena of interest. Hence, it is desirable to obtain in-situ measurements of sample creep. This report
documents the status of efforts by the Idaho National Laboratory (INL) to develop an in-situ creep testing
capability for the Advanced Test Reactor (ATR). In particular, this document focuses on efforts to evaluate
a prototype test rig in an autoclave at INL’s High Temperature Test Laboratory (HTTL). In addition, com-
parison data are obtained for evaluating results from these autoclave tests.

1.1. Objective of Creep Test Rig Development Activities

As part of the ATR National Scientific User Facility (NSUF), efforts were initiated to develop an
instrumented creep testing capability for specimens irradiated in Light Water Reactor (LWR) coolant con-
ditions at the ATR. The test rig was developed such that samples will be subjected to similar loads as test
rigs at the Halden Boiling Water Reactor (HBWR), e.g., applied loads ranging from 92 to 350 MPa at tem-
peratures between 290 and 370 °C up to at least 2 dpa. Efforts during FY08 and 09 focussed on finalizing a
prototype test rig design and preparing equipment for autoclave testing of specimens in this prototype test
rig during FY10.! Results from these autoclave tests will be used to develop a final design that will be
inserted into an ATR PWR loop during FY'11.

1.2. Overall Objective of Autoclave Testing Effort

As noted above, FY10 creep test rig development efforts are focussed on testing a prototype at INL’s
HTTL. The objectives of prototype testing include:

e Creep test rig checkout and verification that it can withstand PWR coolant conditions.

*  Verification that signal processing equipment operates properly.

»  Calibration of the creep test rig using samples with known creep behavior.

*  Provide insights to finalize the design for creep test rig evaluations in an ATR PWR loop.

As noted within this document, the third step requires developing an understanding of the behavior of
the creep test rig performance. Multiple autoclave tests were completed with different sample geometries
and test materials to develop this understanding. Although it is recognized that irradiation-enhancement
will make this calibration more difficult, a plan has been developed to allow similar calibration activities
for in-pile testing of this setup.

INL/EXT-10-17779 2



1.3. Outline of Report

As noted above, this report documents efforts to evaluate a prototype test rig in an autoclave at INL’s
HTTL. Section 2 of this report summarizes other efforts to develop in-pile creep testing capabilities at
Materials and Test Reactors (MTRs). Section 3 provides an overview of creep and tensile data for unirradi-
ate materials of interest for in-pile creep testing. These data were used to assess the performance of the new
test rig. Section 4 provides an overview of available data for irradiated materials that will be used for com-
parison with data obtained from specimens in the ATR. Section 5 describes the design of the creep test rig
and the HTTL autoclave test setup. Results from an ABAQUS thermal analysis to evaluate the impact of
gamma heating in the ATR are also presented in this section. Section 6 presents data obtained from auto-
clave tests. Section 7 summarizes conclusions and recommendations from this effort. References cited in
this document are listed in Section 8.

3 INL/EXT-10-17779
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2. BACKGROUND

Generally, the effects of irradiation on material mechanical properties, are evaluated by completing
irradiation tests in MTRs (Material Test Reactors) followed by PIE (Post Irradiation Examination). During
the last 50 years, a large number of these tests have been performed to analyze the degradation of mechan-
ical properties as a function of fluence (or dpa; displacement per atom) and temperature. Then, these
results are used to assess the safety and lifetime of materials used in structural components of operating
nuclear power plants. Recently, it is increasingly emphasized that the research on neutron irradiation
effects of materials is necessary in order to assess the integrity and lifetime extension of operating Nuclear
Power Plants (NPPs) and to develop fuels and materials supporting advanced reactor systems. During irra-
diation tests of materials in MTRs, it is desirable to measure characteristic changes in a variety of ways,
including remote sensing and in situ observations. Of these measurements, the effort is currently progress-
ing to measure dimensional changes (elongation) of materials during in-pile creep tests in MTRs. This sec-
tion summarizes key international in-pile creep testing efforts and results in MTRs.

There are two types of creep tests completed in MTRs. The first are instrumented tests with online
monitoring and controlling of test conditions and real-time detection of creep rate. The second are non-
instrumented tests with specimen evaluations completed outside the reactor and test parameters derived
from reactor operating conditions. In instrumented experiments, parameters, such as specimen tempera-
ture, the load exerted on the specimen, and specimen elongation, are monitored and/or controlled using
suitable sensors (extensometers, LVDTs, bellows, optical transducers, thermocouples, small heaters, etc.)
that are positioned in close proximity to the specimen under investigation. Instrument selection should
consider effects of radiation inside the reactor on their performance. Instrumented experiments are compli-
cated to design and expensive. Very few instrumented experiments can be carried at a time due to limited
test positions and space available in MTRs. Non-instrumented experiments are comparatively simple in
design, enable larger numbers of specimens to be tested at a time, and less expensive to manufacture. How-
ever, irradiation creep using non-instrumented devices is measured using a ‘cook and look’ approach
where samples are irradiated in-situ for a period of time, removed from the reactor, measured outside the
reactor, and then returned to the reactor. Repetition of this process can be expensive, time-consuming, and
has the potential to disturb the phenomena of interest. Creep tests with in-situ measurement of specimen
elongation by instrumentations under irradiation are able to offer more detailed information of creep
behavior of material. Therefore, instrumented experiments offer control over experimental variables and
improved accuracy of data than possible in non-instrumented experiments.

2.1. Belgium (In-Pile Tensile Testing in BR2)

As part of the European Fusion Development Agreement (EFDA), in-reactor uniaxial tensile tests at a
constant strain rate were performed in the BR2 reactor at Mol, Belgiurn.z'3 The purpose of this work was
to design, construct and calibrate a tensile loading module for instrumented tensile tests in the BR2. This
tensile loading module, as shown in Figure 2-1, was developed by the VTT Technical Research Center of
Finland, and the actual test rig with this module was developed as shown in Figure 2-2 by Mol for irradia-
tions in the BR-2. The materials used in this test were thin (0.3 mm) sheets of oxygen free high conductiv-
ity (OFHC) copper containing 10, 3 <I ppm, and <1 ppm, respectively, of Ag, Si, Fe and Mg, and CuCrZr
alloy because these materials are expected to be exposed to thermal and mechanical loads in ITER (Inter-
national Thermonuclear Experimental Reactor). This work has shown that it is technically feasible to carry
out well-defined, controlled dynamic in-reactor tensile tests, making it possible to investigate the intrinsic

5 INL/EXT-10-17779



role of applied stress and displacement damage acting concurrently in determining the global deformation
behavior of the material under dynamic irradiation conditions.

[ N

(6)
)

Figure 2-1. Schematic of tensile test module: (1) gas line, (2) pneumatic loading unit, (3) firm specimen
fixing point, (4) specimen, (5) movable specimen fixing point, (6) LVDT plunger and (7) LVDT holder.

The load generated by the pneumatic loading unit with the metallic bellows is calculated from the pres-
sure difference experienced by the bellows. The stiffness and effective cross section of the bellows impacts
the load produced by the specimen. However, the “stiffness” of the pneumatic loading unit differs from the
stiffness of the bellows. Hence, as shown in Figure 2-3, VTT developed a calibration unit to correlate the
applied gas pressure in the bellows with the actual load acting on the tensile specimen. A two step calibra-
tion procedure was implemented. In the first step, the characteristic stiffness of the bellows together with
friction forces of the moving parts of the module were determined. As shown in Figure 2-4, the pressure
loss (arising from the metal bellows’ stiffness and internal parts) and the friction fall of the pneumatic load-
ing unit can be determined over its working range. In the second step, the load induced on the tensile spec-
imen by the applied gas was measured directly by a load cell. As shown in Figure 2-5, the interaction of
pressure and load was determined by performing constant displacement rate tests with demonstration spec-
imens. Selection of the demonstration specimen depends on the working range of the real test specimens to
be used. Key parameters for the bellows used in the pneumatic loading unit are shown in Table 2-1.
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Pressure Inlet Bellow Tensile Specumen Linear Vanable Differential Transformer
|

o

Thermocouple Thermocouple  Dosimeter Thermocouple

a)

Bellows Tensile Specimen Linear Variable Differential Transformer

b)

Figure 2-2. Actual tensile test rig for BR-2 irradiations: (a) simplified layout and operational features
including necessary instrumentation; and (b) final assembly of test module prior to installation in the test

rig.

Table 2-1. Bellows main dimension of pneumatic loading unit.

Bellows specification Value
Internal diameter 12.5 mm
External diameter 19.0 mm
Elastic deformation per convolution (axial) +/- 0.15 mm/conv
Spring rate per convolution 813 N/mm/conv
Effective bellows cross section 189 mm?
Number of convolution 7
Axial movement for whole bellows +/- 1.05 mm
Maximum pressure 15 MPa

The inside pressure of the bellows, its stiffness (i.e., spring rate), and the friction fall of the pneumatic
loading unit are needed to calculate the force acting on the test specimen. The force induced by the pneu-
matic loading unit can be calculated from the following formula:

7 INL/EXT-10-17779
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Figure 2-3. High temperature calibration device of the pneumatic loading unit.
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Figure 2-4. Bellows stiffness and friction fall of the pneumatic loading unit as a function of displace-
ment.
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350,0

The bellows number 4
Effective cross section: 106 mm’
300,0 1 own stiffness: 4.5'displacement

— Load measured by load sensor
— Load calculated from pressure

Material: CuCrzZr (TL)

Test environment: 23 °C air
Test type: Rising load
Strain rate: 1.9*10™ 1/s
Testing device: Incore load
frame at calibration furnace

0,0 T T T T T T
0,0 0,2 04 0,6 0,8 1,0 12 1,4
Displacement [mm]

Figure 2-5. The measured and calculated loads of the bellows.
F = pA,~F,~F, (2-1)
F, = cs6,m, (2-2)

where

F = load [N]

F, = load required to expand the bellows [N]

F, = friction fall [N]

p = pressure [MPa]

Ay = bellows effective cross section [mz]

cg = axial spring rate for the bellows [N/mm]

0, = required axial movement for the whole bellows [mm]

n,, = number of convolutions.

2.2. France (Improvement of LVDT by IFE-HRP)

It is well known that Linear Variable Differential Transformers (LVDTs) are usually applied to mea-
sure the position of a magnetically permeable core (attached to a specimen due to the signals that it induces
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in the primary and secondary coils surrounding the core. The Institute for Energy Technology/Halden
Reactor Project (IFE/HRP) has developed a wide range of specialized sensors, equipment and techniques
to perform in-core measurements during irradiation tests in the HBWR (Halden Boiling Water Reactor).
IFE/HRP in-core sensors for fuel and material performance can detect fuel temperature, fission gas release,
fuel swelling/densification, cladding creep, corrosion/crud buildup, and crack-growth rates. 8 Many of
HRP’s in-core instrumentation relies upon LVDTs. The LVDT is a versatile instrument used to transform a
mechanical movement into an electrical signal. The primary coil is activated by a 400 Hz constant-current
generator and the position of the magnetically-permeable core in relation to the coils affects the balance of
the signal from the secondary coils. Thus, any mechanical movement changes the position of the magneti-
cally-permeable core; and the corresponding signal can be measured. The LVDTs are designed to operate
under PWR conditions (350 °C and 150 bar), but they can also be operated for shorter periods up to 500
°C. Figure 2-6 shows the principle design of an LVDT.

Figure 2-6. Principle of LVDT (a: primary coil; b: secondary coils; ¢: magnetically permeable core; d:
signal cables).

As summarized in Reference 1, CEA (Commissariat a I'Energy Atomique) has used LVDTs fabricated
by the IFE/HRP in the OSIRIS reactor with accuracies of + 4 um and displacements up to = 15 mm (total
range) and £ 6 mm (linear range) since 2005. CEA, in collaboration with IFE/HRP, has recently started an
effort to improve the performance of LVDTs. During 2007, CEA performed a series of out-of-pile tests to
characterize and try to improve the performance of these LVDTs and diameter gauges based on LVDT
sensors. Tests were conducted at room temperature and at higher temperatures (up to 380 °C) in inert gas,
water, and sodium potassium conditions. As part of this effort, CEA proposed several improvements to
LVDT designs currently manufactured by IFE/HRP. First, to extend their measurement range, CEA has
requested that a polynomial equation be used to characterize the signal of LVDTs procured from IFE/HRP.
Second, CEA requested that IFE/HRP develop a ‘fifth wire’ or “self compensating electronics setup.”
Figure 2-7 illustrates the wiring used for such a setup (compared to the standard 4-wire setup that only uses
the wires labeled 1, 2, 3, and 4).1" In this configuration, wire 3 and 4 are Type K “B” thermocouple wires
and wire 5 is a Type K “A” thermocouple wire. In a 4-wire configuration, only the voltage difference
between the two secondary coils is measured. In particular, the ratio of signals from the secondary are used
to quantify elongation rather than the combined secondary signal. As long as the LVDT is at a uniform
temperature, the signal should be more accurate (because it is no longer susceptible to Curie temperature
effects if all components are simultaneously subjected to the same temperature).

In the MELODIE and MUSCIA tests, it is planned to evaluate the performance of these improved
designs in the OSIRIS reactor during 2010. As shown in Figure 2-8,! the MELODIE tests will provide
real-time elongation and diameter change data from an in-core irradiation of a PWR fuel cladding tube
(90 mm) at 350 °C. The test capsule includes controlled mechanical loading ranging from 60 to 180 MPa
(with stress steps) and variable bi-axial stress ratio: ranging from 0 (hoop stress) to infinity (axial stress).
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Figure 2-7. Wiring schematic for LVDTs using the five-wire method.
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Figure 2-8. Proposed sensor for detecting elongation and diameter changes in OSIRIS testing.

As described in References 5 and 9, even if these sensors (LVDTs) are now reliable and accurate, their
use can be limited because of their size and mass, which can imply high gamma heating that may affect the
thermal homogeneity of the sample. In addition, their integration and installation is not always straightfor-
ward in small sized and narrow experiments. On the contrary, resistive strain gauges can be adapted to the
geometry of irradiation devices in a more flexible way; however they often require in-situ re-calibration
systems due to the drift of the signal induced by material changes under radiation. Their bonding to a vari-
ety of surfaces in harsh nuclear environments also calls for very specific know-how and their limited sensi-
tivity does not necessarily allow reaching the required measurement specifications. Therefore, in order to
obtain in-situ data during irradiation test, it is necessary to confirm stain gauges’ degradation or drift
induced by neutron radiation and to establish a re-calibration process of them.
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2.3. Norway (IFE-HRP)

Various types of [FE-HRP’s instrumentation, which are primarily based on the LVDT measuring prin-
ciple, are described in References 4 and 5. An overview of in-core corrosion monitoring techniques,
including instruments for measuring crack growth, crack initiation, irradiation creep, in-core water con-
ductivity, fuel cladding thickness and electrochemical impedance spectroscopy is presented in
Reference 10. In the creep tests, the test materials are small tensile specimens (2.5 mm diameter and a
gauge length of ~50 mm) prepared from unirradiated, solution annealed 304 and cold worked 316 stainless
steels. The specimens are subject to constant displacement conditions during irradiation in an inert envi-
ronment to fluences of ~0.25, 1 and 1.4x10%! n cm™ (>1 MeV). Load (stress) is applied to the specimens
via bellows that are compressed by means of gas pressure that is introduced into the chamber housing the
bellows (Figure 2-9). Constant displacement of the tensile specimens is maintained by monitoring sample
elongation by means of LVDTs and adjusting (reducing) the applied load (stress) on the specimens online,
by decreasing the pressure in the bellows housing units. In addition to the bellows gas lines, the test units
are also equipped with gas lines that enable the specimen temperature to be varied in the range from 240 to
400 °C, by altering the composition of helium argon gas mixture surrounding the specimens. An example
of the load reductions made on a 316 N stainless steel lot specimen when length changes on the order of
2 mm are detected by the LVDT is shown in Figure 2-10. Another example is shown in Figure 2-111,
Reference 1 also summarizes IFE-HRP instrumentation activities using LVDTs.

[Gas-gap fr - Slgnal cablss-,
lemperature contral ., \

Linear vailtage differantsl
fransfomer (LVOT)

Fressure-ing
A Gore hoider o7 load cantral ™

Tensle specimen-,

-'-__BEIJ.\E leading

LN Ouer cape devite
et _Oulel e
gasine GaElE i poges ()

Figure 2-9. Illustration of instrumented tensile specimen used in stress relaxation study; instrumentation
includes bellows that allows online variation applied load (stress), temperature control through gas lines
and monitoring of specimen elongation by means of LVDT.

The standard Halden LVDTs can withstand Boiling Water Reactor (BWR) and Pressurized Water
Reactor (PWR) conditions. However, for operation in liquid metal (NaK), as used in fast reactors, or for
operation under super-critical water conditions, the maximum pressure can be up 250 bar and the required
operating temperature can be as high as 600 °C, which is above the maximum-recommended temperature
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Figure 2-11. Elongation data recorded for CW 316 SS and CW 316 LN.

for the IFE/HRP LVDTs. In addition, international research into Gen-IV reactors has led to the High Per-
formance Light Water Reactor (HPLWR) concept, which will operate at ~250 bar and ~500 °C. Therefore,
high temperature (up to 600 °C)/high pressure LVDT’s are now under development and testing by
IFE/HRP.*>
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The IFE/HRP LVDT maximum recommended temperature is based on the Curie point of nickel. The
wire used for the coils of the instruments consists of a copper conductor with nickel cladding. As the tem-
perature passes through the Curie point of nickel (356-358 °C), there is a noticeable change in the output
signal and a change in the instrument sensitivity. Tests by INL found that standard Halden LVDT operate
at temperatures above 500 °C for a limited time (up to approximately 700 hours) prior to signal degrada-
tion.'? To avoid the issue of the Curie point, IFE/HRP is now testing other coil wire materials. Standard
LVDTs have two-wire mineral insulated (Al,O5) cables with an Inconel 600 sheath. In these developmen-
tal LVDTs, the wires are either anodized aluminium or ceramic insulated silver alloy wire. Different wire
materials are being tested for these LVDT’s. Successful operation of these LVDTs has now been demon-
strated by IFE/HRP at 600 °C and 250 bar.!!

2.4. Japan (JMTR)

A study on in-pile/post-irradiation creep under different neutron spectra has been performed using uni-
axial tensile specimens in the Japan Materials Testing Reactor (JMTR), Japan. The objective of this creep
experiment was to contribute to the understanding of the neutron spectral effect on creep behavior. For this
purpose, in-pile creep capsules with uni-axial creep specimens for irradiating under different neutron spec-
tra were developed for JMTR testing. Figure 2-1213 shows a schematic diagram of one of the creep irradi-
ation capsules (94M-2A). Different levels of stress can be applied to two creep specimens using bellows
pressurized by helium gas. The elongation of each creep specimen was measured using an LVDT. The
temperature of the specimen was measured using a thermocouple on the gauge length portion of the speci-
men, and controlled at 550 °C using the electric heater installed in the capsule. The temperatures of the
specimens were to be controlled at 550+1 °C, and at 550+3 °C, even in cases where large temperature fluc-
tuations were produced by irradiation of other capsules. Out-of-core creep tests of both unirradiated and
irradiated material were performed at 550 °C. Irradiation temperatures of specimens for post-irradiation
creep ranged between 485 and 556 °C. In-pile creep tests with high thermal neutron flux were performed at
550 °C using stress levels of 245 and 284 MPa. Under the thermal neutron shield condition, the in-pile
creep test of the lower specimen was performed at 550 °C and 245 MPa because the temperature of the
upper specimen could not reach 550 °C. Detailed irradiation conditions in JMTR are summarized in
Reference 13.

A comparison of creep curves obtained by in-pile creep under different neutron spectra, post-irradia-
tion creep and creep of the unirradiated material is shown in Figure 2-13(a). The creep curve after normal
irradiation is shown as a typical example of a post-irradiation creep curve. Although the in-pile creep
deformation under a thermal neutron shield condition is only a little larger than that of the unirradiated
material, the tertiary creep stage starts earlier under this condition. The early stage of in-pile creep defor-
mation under a high thermal neutron flux condition is larger than observed for other cases. Figure 2-13(b)
also compares the steady-state creep rates. The steady-state creep rate of post-irradiation creep increases in
comparison with that of the unirradiated material although it has a large scatter band. The steady-state
creep rate of in-pile creep under a thermal neutron shield condition is slightly larger than that of the unirra-
diated material. In contrast, the in-pile steady-state creep rate for the high thermal neutron flux condition is
a factor above 10 higher than the unirradiated one and lies at the upper band of the post-irradiation creep.
All creep curves of post-irradiation tests at 550 °C and 245 MPa are shown in Figure 2-14 together with
curves for in-pile tests and unirradiated material. The creep curves of post-irradiation tests vary signifi-
cantly even for specimens irradiated in the same capsule, e.g., three specimens of 93M-37A and two spec-
imens of 94M-1A. For this reason, the creep rate of post-irradiation tests also has widely scattered values.
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Figure 2-12. Schematic diagram of irradiation creep capsule (94M-2A) under a high thermal neutron
flux condition in JMTR.

The results from the irradiation test in JMTR are described in the Reference 13. In-pile creep proper-
ties at 550 °C appear to depend on the neutron spectrum, but a spectral effect on post-irradiation creep
properties is not exhibited. The steady-state creep rate of in-pile creep under a thermal neutron shield con-
dition is slightly larger than observed for the unirradiated material. The steady-state in-pile creep rate
under a high thermal neutron flux condition and post-irradiation creep increases in comparison with that of
the unirradiated material. It is suspected that the cause of the accelerated creep deformation and fracture
observed in irradiation creep tests may be related to enhancement of thermal creep in terms of freely
migrating defects (FMD'#) formed under a high thermal neutron flux in addition to increased helium
embrittlement.

2.5. Netherlands (HFR)

Irradiation creep elongation has been investigated in the High Flux Reactor (HFR) at Petten using two
types of irradiation creep facilities for uniaxial stresses.!® In the Trieste facility, 49 specimens can be irra-
diated simultaneously at various stresses and temperatures. Then, creep elongations are measured out-of-
pile at ambient temperatures in a hot cell using a photoelectric incremental linear measuring system. The
typical neutron flux density in the Trieste irradiation position in the HFR is 2 x 108 m2 ¢! corresponding
to a displacement rate of 1.7 x107 dpa s for AMCR alloys (AMCR-0033, -7758, and -7763) and US
stainless steels (CE-316, US-316 and US-PCA). In order to check whether the e-phase, which is formed in
the manganese-containing steels during cooling, disturbs creep elongations measurements, Crisp, a second
type of irradiation creep facility was developed. In this facility, the in-situ creep elongation of three speci-

mens can be measured during irradiation.
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Figure 2-13. (a) Effect of neutron irradiation on creep curves and (b) Effect of neutron irradiation on the
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Figure 2-14. Comparison of creep curves of in-pile (94M-2A [high thermal flux] and 94M-3A [thermal
shielded]), post-irradiation (93M-33A, 93M-37A and 94M-1A) tests and unirradiated material.

2.6. Korea (KAERI)

KAERI has developed specialized capsules for creep and fatigue ‘[es‘[ing.16'18 These capsules often
include thermocouples, fluence monitors, and heaters. In these capsules, stresses on specimens can be
loaded using bellows that are internally pressurized with He gas. The temperatures of the specimen can be
controlled by varying gap sizes among the internal parts of capsules and using small electric heaters
installed in the capsule. Temperatures are measured using thermocouples near the specimen. Real-time
changes in specimen length changes are measured using LVDTs.

Figure 2-15 shows the conceptual design and selected components prior to assembling an irradiation
creep capsule for testing in HANARO. This conceptual design is similar to the in-pile uniaxial tensile test-
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ing performed in the BR2 reactor shown in Figure 2-1, but creep tests in HANARO are performed with
specimens in an inert atmosphere. The HANARO creep test capsule contains four tensile specimens. The
first HANARO creep test investigated four stainless steel 316L tensile specimens that were 1.8 mm in
diameter and 30 mm in gauge length. Test objectives included confirming the design of the creep capsule
and to compare the performance of IFE-HRP’s LVDT and commercial LVDTs. This creep test, which was
completed in July 2006, was performed with specimens subjected to temperatures of up to 600 °C and
stresses as high as 253 MPa for 23 full power days (the 45th cycle) of HANARO operation.

During this creep test, the temperatures and the displacements were measured real-time for the four
specimens. The temperatures of the specimens varied from 367 to 555 °C when subjected to 1 bar (internal
pressure in the capsule) of He gas at a HANARO power of 30 MW. These temperatures depended on the
specimen position in the HANARO irradiation position. During the irradiation test, the temperatures of the
specimens were measured at 600+5 °C by controlling He gas pressure and heater power. Data indicated
that LVDT temperatures remained below 300 °C during this irradiation test. As noted above, two kinds of
LVDTs were used to measured the displacements of specimens in this capsule. There were one IFE/HRP
LVDTs and three commercial vendor LVDTs. The displacement of the specimen measured with the
IFE/HRP’s LVDT was measured without any failures. Results were within the range of displacements esti-
mated in out-pile performance test, but specimen property data were not compared with literature data to
assess accuracy of estimated loads applied by the test rig. Displacements from the commercial LVDTs
were not detected due to failures that occurred at the beginning of the test. Due to budget limitiations, the
program was terminated. However, it is hoped that the program will be restarted in the future.
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Figure 2-15. Conceptual design and selected components of HANARO irradiation creep capsule.
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2.7. Summary

Table 2-2 summarizes the information reviewed in this section. As indicated in this table, several inter-
national research organizations are already conducting in-pile creep tests that can provide real-time data
for detecting specimen elongation and controlling loads applied to the specimens. As discussed in
Section 5, the proposed INL setup will be conducted with specimens in contact with coolant at PWR pres-
sures and temperatures. Hence, the INL setup will be the second organization to pursue testing specimens
in contact with coolant. The first INL test rig is not as advanced as the test rig evaluated at the BR-2.
Although the system will be able to provide real-time data with respect to specimen elongation, it does not
include the capability to control the load to the specimen. Nevertheless, it is a significant first step. I[f ATR
testing of the first INL creep rig is successful, it is anticipated that follow-on INL efforts will include the
capability to provide real-time data with respect to elongation and the capability to monitor and control the
load applied to the specimen.

Table 2-2. Summary of Creep Testing in MTRs.

Real Time Real Time
Country/Reactor Test Conditions Load Method Elongation Method
Control Detection
Belgium /BR-2 stagnant reactor Yes internally- Yes monitored
coolant (about pressurized LDVT
90 °C) bellows
France / OSIRIS? Inert gas, water, Yes internally- Yes monitored
and NaK (from pressurized LDVT;external
room temperature bellows diameter
up to 380 °C) gauges also
used
Norway/ HBWR Inert gas Yes internally Yes (External monitored
(240-400 °C) pressurized diameter LVDT (under
bellows gauges also developing for
used) 600°C and 250
bar)
Japan /JMTR Inert gas Yes internally Yes monitored
(550 °C) pressurized LVDT
bellows
Netherlands /HFR | Inert gas and NaK Yes self-contained Yes (semi- monitored
(300-600 °C) spring washer continuous) LVDT
system
Korea /HANARO Inert gas (up to Yes internally- Yes monitored
600 °C) pressurized LDVT
bellows

a. In upcoming tests. Previous tests rely on out-of-pile measurements with strain gauges.
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3. UNIRRADIATED COMPARISON DATA

Irradiation creep is an important concern for nuclear reactor structures and materials. In particular, the
study of irradiation creep is essential for core structures and RPVs (Reactor Pressure Vessels) of light water
reactors (LWRs) operating in the US in light of efforts to extend their life time. Currently, the oldest oper-
ating reactors are 40 years old; and most US reactor licenses will be extended to 60 years. Recently, Allen
and Busby19 reported on radiation damage concerns for extended LWR service. As shown in Figures 3-1
and 3-2, most components of PWRs and BWRs are located in very harsh environments. These materials
include low alloy steel, carbon steel, stainless steel, Inconel, etc. This section provides comparison data for
materials of interest to industry to be used for in-pile creep testing. Primarily, comparison data are provided
for SS304, SS316, Inconel 600, Inconel 718, Inconel X-750 and XM-19 (Nitronic 50). Note that Nitronic
has not yet been incorporated into operating LWRs. However, as discussed in this section, its superior
properties make it of interest.
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Figure 3-1. An outline of PWR components and materials. (Image courtesy of R. Stachle.'”)

Stainless steel:*° Stainless steel 300 series refers to austenitic stainless steels containing chromium
and nickel. The stainless steels in the austenitic group have different compositions and properties, but
many common characteristics. These stainless steels can be hardened by cold working, but not by heat
treatment. In the annealed condition, all are essentially nonmagnetic, although some may become slightly
magnetic by cold working. They have excellent corrosion resistance, unusually good formability, and
increase in strength as a result of cold work. Type 304 (sometimes referred to as 18-8 stainless) is the most
widely used alloy of the austenitic group. It has a nominal composition of 18% chromium and 8% nickel.
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Figure 3-2. An outline of BWR components and materials. (Image courtesy of R. Staehle.!?)

Inconel:*! Inconel 600 is a nickel-chromium alloy with good oxidation resistance at high temperatures
and resistance to chloride-ion stress-corrosion cracking, corrosion by high-purity water, and caustic corro-
sion. It is used for furnace components, in chemical and food processing, in nuclear reactors, and for spark-
ing electrodes. Inconel 718 is a precipitation-hardenable nickel-chromium alloy also containing significant
amounts of iron, niobium, and molybdenum along with lesser amounts of aluminum and titanium. It com-
bines corrosion resistance and high strength with outstanding weldability including resistance to post-weld
cracking. The alloy has excellent creep-rupture strength for temperatures up to 700 °C. It is used in gas tur-
bines, rocket motors, spacecraft, nuclear reactors, pumps, and tooling. Inconel X-750 is a nickel-chromium
alloy similar to Inconel 600, but it has been precipitate-hardened by adding aluminum and titanium. It has
good resistance to corrosion and oxidation along with high tensile and creep-rupture properties for temper-
atures up to 700 °C. Its excellent relaxation resistance is useful for high temperature springs and bolts. This
material is often used in gas turbines, rocket engines, nuclear reactors, pressure vessels, tooling, and air-
craft structures.

Nitronic 50:** Nitronic 50 (XM-19) provides a combination of corrosion resistance and strength not
found in any other commercial material available in its price range. This austenitic stainless steel has cor-
rosion resistance greater than that provided by 316, 316L, 317 and 317L plus approximately twice the yield
strength at room temperature. In addition, it has very good mechanical properties at both elevated and sub-
zero temperatures. Unlike many austenitic stainless steels, Nitronic 50 does not become magnetic when
cold worked or cooled to sub-zero temperatures. It is an effective alloy for the petroleum, petrochemical,
chemical, fertilizer, nuclear fuel recycling, pulp and paper, textile, food processing and marine industries.
Components using the combination of excellent corrosion resistance and high strength currently include
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pumps, valves and fittings, fasteners, cables, chains, screens and wire cloth, marine hardware, boat and
pump shafting, heater exchanger parts, springs and photographic equipment. The chemical composition
and some available mechanical and thermal (coefficient of expansion) properties of these materials are
described in this section.

For each of these materials, the chemical composition is first identified. Then, available mechanical
properties at room and elevated temperatures for unirradiated materials is provided. If available, irradiated
data are provided. Although data for irradiated materials aren’t currently needed for comparison with
results from autoclave testing at INL’s HTTL, they are of interest for comparison with data obtained in
future evaluations.

3.1. Composition

The chemical compositions of stainless steel 304 and 316, Inconel 600, 718, X-750, and Nitronic 50
are listed in Tables 3-1, 3-2, and 3-3, respectively.zo'25

Table 3-1. Typical chemical composition of stainless steel 304 and 316 (in wt%).

Element SS 3042 SS 304L2 SS 304HP SS 316 SS316L2
Cr 18-20 18-20 18-20 16-18 16-18
Ni 8-10.5 8-12 8-10.5 10-14 10-14
Fe Balance Balance Balance Balance Balance
C 0.08 0.03 0.04-0.10 0.08 0.03
Mn 2.0 2.0 2.0 2.0 2.0
Si 0.75 0.75 0.75 0.75 0.75
P 0.045 0.045 0.045 0.045 0.045
S 0.03 0.03 0.03 0.03 0.03
N 0.1 0.1 0.1 0.1 0.1
Mo - - - 2.0-3.0 2.0-3.0

a. See Reference 21.
b. See Reference 22.

3.2. Mechanical Properties

Room temperature material properties (tensile strength, yield strength, and Young’s Modulus of stain-
less steel (304 and 316), Inconel (600, 718, X-750), and Nitronic 50 are summarized in Table 3-421-23
Temperature-dependent structural properties for each material of interest are also summarized in this sec-
tion. Specifically, the yield strength, Young’s Modulus, and ultimate strength are provided for SS304,
SS316, Inconel 600, Inconel 718, and Nitronic 50.
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Table 3-2. Typical chemical composition of Inconel 600, 718 and X-750 (in wt%

).22

Element Inconel Inconel Inconel Element Inconel | Inconel Inconel
600 718 X-750 600 718 X-750
Ni 72.0 50.0-55.0 | 70.0 min. Al - 0.20-0.80 -
Cr 14.0-17.0 | 17.0-21.0 | 14.0-17.0 Ti - 0.65-1.15 | 2.25-2.75
Fe 6.0-10.0 Balance 5.0-9.0 Si 0.5 0.35 max. 0.5 max.
Nb - 4.75-5.50 - C 0.15 0.80 max. -
Mo - 2.8-3.3 - S 0.015 | 0.015 max. 0.01
Co - 1.0 max. 1.0 max. P - 0.015 max. -
Mn 1.0 0.35 max. - B - 0.006 max. -
Cu 0.5 0.30 max. 0.5 max.
Table 3-3. Typical chemical composition of Nitronic 50 (in Wt%).24
Element Min Max Element Min Max
Fe Balance Balance N 0.24 0.3
C 0.03 0.05 Ti - 0.02
Mn 4.0 5.5 Al - 0.02
P - 0.04 B 0.0008 0.0025
S - 0.015 Cb 0.12 0.2
Si 0.2 0.6 Ta - 0.1
Cr 20.5 22.0 Sn - 0.03
Ni 11.75 13.0 \" 0.10 0.3
Mo 2.0 2.5 - 0.15
Cu 0 0.75

3.2.1. Stainless Steel

Austenitic stainless steels of the 300 series generally have good resistance to irradiation embrittlement.
They show no significant shift of ductile to brittle transition temperature by irradiation at low temperatures
(below 400 °C), although they show low resistance to irradiation swelling and creep above about 400 °oC?7
These steels have been not only widely used in conventional nuclear power plants, where operation tem-
peratures are limited below 400 °C, but are also selected for advanced reactor components such as the first
wall and shield of ITER?® and the container vessel for the liquid metal target of the spallation neutron

source27'30.
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Table 3-4. Typical room temperature (20 to 25 °C) properties of SS, Inconel and Nitronic.

; s
Material TS MPa (min.) Y(?)%/I:ii(‘gel:])) Young( Gsll)\: ;) dulus Remarks Ref.
SS 3042 515 205 193 annealed plate 21,25
SS 304L2 485 170 193 annealed plate 21,25
SS 304H? 515 205 193 annealed plate 21,25
SS 316 515 205 193 annealed plate 21,25
SS 316L 485 170 193 annealed plate 21,25
Inconel 600 665 310 200 22
Inconel 718 ~1380 ~1100 208 22,23
Inconel X-750 1250 870 214 22,23
Nitronic? 827~862 414~448 199 annealed 24,31
Nitronic 50 690 380

a. Mechanical properties shown are for the commonly available forms. Properties of other forms of the grade may vary.
b. Annealed 1121 °C + water quench, annealed 1066 °C + water quench.

Results from a literature review of available data are summarized in Table 3-5. As indicated in this
table, figures and tables in this section compare results for Young’s modulus, yield strength and tensile
strength for SS304 because this material was selected for initial testing in the INL-developed creep test rig.
Also, selected data are presented for SS316. Table 3-5 also summarizes the fabrication processes and heat
treatments applied to specimen data presented in this section. Where possible, comparison figures and
tables in this section note whether the material has been annealed or cold-worked. As discussed in
Section 6, specimen data from the test rig are compared with data obtained from a load frame on an iden-
tical specimen. However, initial comparison data available to INL were limited to results from room tem-
perature tests. Hence, comparison data provided INL useful information for assessing creep test rig
performance. Typical stress-strain curves for Types 301 and 304 stainless steel at room temperature are
shown in Figure 3-3.3! Figure 3-4°? compares $S304 room temperature and elevated temperature stress
strain curves.

As shown in Figure 3-3, certain meta-stable types of austenitic stainless steel, such as type 301 can
develop higher strengths and hardnesses than type 304 for a given amount of cold work (although the heat-
treatment and cold-work for specimens used to obtain these curves isn’t specified in Reference 31). In
meta-stable austenitic stainless steels, deformation triggers transformation of austenitic to martensite. The
effect of this transformation on strength is illustrated in Figure 3-3, which compares the stress-strain curve
for type 304 with that for type 301. The parabolic shape of the curve for type 304 indicates that strain hard-
ening occurs throughout the duration of the application of stress, but that the amount of strain hardening
for a given increment of stress decreases as stress increases. On the other hand, the stress-strain relation-
ship for type 301 indicates an accelerated rate of strain hardening after an initial increment of 10 to 15%
plastic strain. This accelerated strain hardening is a direct result of deformation induced transformation to
martensite.>!

Elevated/low temperature stress-strain diagrams are similar in appearance to those obtained at room
temperature (see Figure 3-4). Relative to ambient temperature, materials become stronger, but less ductile,
as temperature decreases. > Although simple, stable alloys exhibit increased ductility with rising tempera-
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Table 3-5. Summary of stainless steel data reviewed from the literature.

. Cold- Hot Temp.
Source Materials worked | worked Annealed T YM (GPa) | YS (MPa) US (MPa) | Reference
Touloukian, SS 304 o RT 193 205 515 21,25
et al.
SS304L o RT 193 170 485 21,25
SS304H o RT 193 205 515 21,25
SS 316 o RT 193 205 515 21,25
SS316L o RT 193 170 485 21,25
Engineering SS 304, 310, o RT- (See Figure 26
ToolBox 316, 321, 347 650°C 3-7)
Metal SS 304 o o RT 205 515 31
Handbook
Vol. 3 0 o RT 310 620
304L 0 o RT 170 480 31
0 o RT 310 620
304N 0 RT 240 550 31
304LN 0 RT 205 515 31
316 0 0 RT 205 515 31
0 o RT 310 620
316L 0 o RT 170 480 31
0 o RT 310 620
316LN 0 RT 205 515 31
316N 0 RT 240 550 31
Rempe et al. 304 annealed RT 195 252 642 33
at 1050°C | 704 °C 138 98 285
for 1 hr, 777 °C 130 93 197
forced- air (See Figure | (See Figure | (See Figure
cooled 3-7) 3-5) 3-5)
ASME Code 304, 304H, RT- (See Figures | (See Figures 35
304L, 304LN, 540°C 3-5 and 3-6) | 3-5 and 3-6)
316, 316N,
316N
Cheng et al. SS304 solution RT 233 338 36
heat 200°C 212 200
treatment 400°C 194 144
at (See Figure | (See Figure
1150°C 3-7) 3-5)
for 1hr
Byun et al., SS304, 316, annealed RT 185 200 600 38
316LN at 1050°C | 200°C 176 120 450
for 30 400°C 173 100 400
min. after (See Figure | (SeeFigures | (See Figures
machining 3-7) 3-5 and 3-6 ) 3-5 and 3-6 )
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Figure 3-3. Typical stress-strain curves for Types 301 and 304 stainless steel.
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Figure 3-4. Stress-strain diagrams for type 304 stainless steel as a function of temperature.

tures, the temperature-ductility behavior for most engineering materials varies greatly. Such discontinuities
in ductility with increasing temperature usually can be traced to metallurgical instabilities - carbide precip-
itation, for example - that affect the failure mode.>*

Figure 3-5 compares SS304 yield strength and tensile strength data from References 33, 35, 36 and 38.
In addition, this figure includes Reference 36 data for specimens that were formed into hot-rolled bars and
annealed at 1150 °C for 1 hour, and then machined into round and solid bar specimens for uniaxial test and
tubular specimens for multi-axial tests. Reference 35 values are minimum values recommended by the
ASME code for various product forms and/or manufacturing histories (e.g., cold-working, hot working,
annealing, etc.). In Figure 3-5, the strengths for SS304 are averaged from Reference 35. INL data pub-
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lished in Reference 33 were obtained from specimens fabricated into round bars that were annealed for
1 hour at 1323 K and forced-air cooled prior to testing.
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Figure 3-5. Temperature-dependent SS304 yield strength and tensile strength data.

Figure 3-6 shows SS316 yield strength and tensile strength data from References 35 and 38.
Reference 35 values are also minimum values recommended by the ASME code for SS316 various prod-
uct forms and/or manufacturing histories (e.g., cold-working, hot working, annealing, etc.). The strengths
for SS316 are also averaged from Reference 35. Byun et al.’s data shown in Reference 38 were obtained
from specimens annealed at 1050 °C for 30 min. after machining, 20% cold-rolled from a 1-mm thick
sheet. As shown in this figure, the resultant yield strengths and tensile strengths differ significantly. These
differences are primarily attributed to difference in specimen fabrication history. However, all curves
clearly exhibit a decrease in strength at higher temperatures. Figure 3-6 also compares minimum SS304
yield strength data published in Reference 35 and 38. Again, large differences in these curves are attributed
to differences in specimen fabrication history.
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Figure 3-6. Temperature-dependent SS316 yield and tensile strength data. 338

Young’s moduli for SS304 are compared in Figure 3-7. As shown in this figure, all of the data exhibit
a decrease in Young’s Modulus as temperatures increase. With the exception of Cheng et al.’s data,
Young’s Modulus data also appear to be consistent with relatively little scatter. Cheng et al.’s data®® were
obtained from specimens formed into hot-rolled bars and solution heat treated at 1150 °C for 1 h before
machining and Byun et al.’s data® were obtained from specimens annealed at 1050 °C for 30 min after
machining. Data differences are attributed to differences in material composition, specimen fabrication
history, and test uncertainties.
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Figure 3-8 compares engineering stress—strain curves for selected SS316 and SS304 austenitic stain-
less steels.33” These steels showed temperature dependencies relative to strength and ductility. Specifi-
cally, the strength decreased as temperature increased. Contrary to most other metals, the ductility did not
decline systematically with decreasing temperature; rather, it peaked between -100°C and room tempera-
ture (20°C). Except for the 20% cold-worked specimens tested at room temperature or higher, tensile spec-
imens showed high uniform elongations and relatively small necking elongations. (Hereafter, engineering
strain will be expressed in percent [%] to distinguish it from the true strain expressed as a fraction.)

As shown in Figure 3-9, stainless steel yield strength (YS) and ultimate tensile strength (UTS)
decrease with increasing temperature.3 8 (Data shown were from specimens annealed at 1050 °C for 30 min
after machining from a 1-mm thick sheet that was 20% cold-rolled.) In the annealed steels, the yield
strengths at -150 °C were in the range 430-570 MPa, or 4-6 times those at 400 °C. In the cold-worked
stainless steel, however, the YS temperature dependence was much smaller; the YS at -150 °C is
1040 MPa, less than 2 times that at 400 °C. The UTS displayed less significant temperature dependence
than YS. For all tested materials, UTSs at -150 °C were in the range 1000—1400 MPa, whereas those at
400 °C were 400-610 MPa. Excluding the cold-worked material, the difference in the strength between the
test materials was reduced a little at elevated temperatures. Meanwhile, at about 100 °C or higher, the 20%
cold-worked 316LN stainless steel showed prompt necking at yield, resulting in zero uniform ductility.
The other remarkable feature of the temperature dependence is the change in curve shape with test temper-
ature. Above room temperature, except for some of the 20% cold-worked 316LN specimens showing
prompt necking at yield, the engineering stress increased monotonically with engineering strain until neck-
ing intervened. At -50 °C or below, however, the austenitic steels showed two-stage hardening behavior;
the initial parabolic hardening stage, where strain-hardening rate decreased with strain, ending at an engi-
neering strain between 3 and 20%, and an increase-decrease cycle of strain-hardening rate in a second
hardening stage. Among the test materials, the annealed 316 steel displayed the weakest temperature
dependence in the curve shape.

INL/EXT-10-17779 28



1600 1600
316LN-annealed 316-annealed
1400 1400 +
nﬂ_l 1200 &u 1200 }
E |
i =
g 1000 I g 1000
@
= o
w | —
) 800 aé 800 |
Q =
® 600 | 8 600}
i=) £
5 2
w400 w400
0 0 , , , :
g 10 20 30 40 50 0 10 20 30 40 50
Engineering strain, % Engineering strain, %
(a) (b)
1600 1600
304-annealed L 316LN-20% cold-worked
1400 1400
& 1200 f & 1200
= =
g 1000 | @ 1000
s J
o 800 | o 800
£ £
g 600 | 65‘3 600
2 2
w400 w400 |
o0 200 | 400
200 200 |
0 : : : : 0
0 10 20 30 40 50 0 10 20 30 40 50
Engineering strain, % Engineering strain, %
(c) (d) 10-GAS0001-23

Figure 3-8. Temperature-dependent engineering stress - strain curves for (a) annealed 316LN, (b)
annealed 316, (c) annealed 304, and (d) 20% cold-worked 3 16LN.38-39

Figure 3-1036 compares temperature-dependent SS 304 stress-strain data with a proposed bilinear

kinematic hardening model. The material used in this work is SS304 stainless steel. Its chemical composi-
tion (in wt%) is C, 0.03%; Ni, 9.8%; Cr, 18.0%; Mn, 1.7%; P, S < 0.05%; with the remainder, Fe. The hot-
rolled bar of the material was first treated by solution heat treatment at 1150 °C for 1 hour, and then
machined into round and solid bar specimens for uniaxial test and tubular specimens for multi-axial tests.>’
In this figure, there are no material data available for the temperature range 700-1400 °C, for which linear
interpolation method was used to obtain model parameters. It is seen that the tensile stress—strain curves
decrease at higher temperatures. Likewise, the temperature increases, the yield strength and flow stress of
the material decreases.
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Figure 3-10. Temperature-dependent SS304 stress-strain data and the corresponding bilinear fit.

The temperature-dependent engineering stress—strain curves for unirradiated 304 stainless steels
(SS304) found in the literature are compared in Figure 3-1 1333638 The temperature dependencies of true
strain-hardening and plastic-instability properties are investigated for austenitic stainless steels; including
annealed 304, 316, 316LN, and 20% cold-worked 316LN (cold-worked samples were machined from a
sheet that was 20% cold-rolled from a 1-mm thick sheet.), at test temperatures from -150 to 450 °C.38 The
chemical compositions and thermo-mechanical histories of the materials are listed in Reference 38. The
gauge section dimensions of sub-sized tensile specimens are 7.62 mm long, 1.5 mm wide and 0.75 mm
thick. The temperature dependence of deformation and failure behaviors in these stainless steels in terms
of equivalent true stress-true strain curves is analyzed,39 and the irradiation dose dependencies of strain
hardening behavior during unstable deformation and fracture properties are studies based on the calculated

true stress strain curves.40
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Figure 3-11. Temperature-dependent engineering stress-strain curves for 304 stainless steel.

3.2.2. Inconel

Inconel alloys are generally used in nuclear power reactors as spacer grids for fuel assemblies, for
springs for safety rod accelerators, and other in-core components. There are limited data on mechanical
properties as a function of temperature in the literatures although Inconel alloys, such as 600, 718, and X-
750, are widely used in many fields of industry. Figure 3-12 compares typical yield and ultimate stress val-
ues and elongation of Inconel as a function of temperature recommended by their vendor.?? As the temper-
ature increases, the yield strength and the tensile strength of Inconel alloys decrease. Tensile properties for
temperatures up to 1373 K, and creep data from 1005 to 1366 K for Inconel 600 are summarized in
References 33 and 41. Figure 3-13 plots temperature-dependent ultimate strengths and compares it with
data provided by the vendor. Figure 3-14 compares Young’s Modulus of Inconel 600, 718 and X-750 as a
function of temperatulre.zz’23 Table 3-6 gives heat treatment conditions of Inconel 600, 718, and X-750 for
data plotted in Figure 3-14.

Table 3-6. Heat treatment for Inconel alloy data plotted in Figure 3-14.

age @ 704 °C (1300 °F), 20 hr, air cool

Inconel Condition
600 870 °C (1600 °F) for 1 hr and air cooling
718 1 hr @ 982 °C (1800 °F), air cool + 8 hrs @ 718 °C (1325 °F), furnace cool @ 56 °C/hr to 621 °C
(100 °F/hr to 1150 °F), hold for 8 hr and air cool
X-750 1149 °C (2100 °F), 2 to 4 hr, air cool, intermediate age @ 843 °C (1550 °F), 24 hr, air cool, final
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Figure 3-12. Mechanical properties of (a) Inconel 600, (b) Inconel 718 and (¢) Inconel X-750.

3.2.3. Nitronic Alloys

Nitronic alloys, such as Nitronic 50 and 60, are produced by Electralloy under license from Armco,
Inc. Room temperature yield strengths for these materials are nearly twice that of Types of 304 and 316
stainless steels. Figure 3-15 compares Nitronic 50 yield strength, tensile strength, and elongation as a func-
tion of annealing temperature.24 This figure shows there are some discrepancies of strength depending on
the condition of heat treatment. That is, the higher the temperature of heat treatment (at either 1066 °C or
1121 °C), the lower the yield strength and the tensile strength. Figure 3-16 shows data illustrating the tem-

perature-dependent Young’s Modulus of Nitronic 50.

Nitronic 50 has very good mechanical properties at both elevated and sub-zero temperature. It also has
corrosion resistance greater than that provided by stainless steel Types 316, 316L. In addition, High
Strength (HS) Nitronic 50 has a yield strength about three or four times that of Type 316. Generally,
Nitronic 50 is supplied with annealing at 1066 °C and water quenching because this treatment provides a

higher level of mechanical properties along with excellent corrosion resistance.
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Figure 3-16. Young’s Modulus of Nitronic 50 as a function of temperature.

3.3. Summary

The study of irradiation creep is an important concern for the core structures and the RPV of LWRs
operating in the US with respect to life time extension. Most components of PWRs and BWRs are located
in very harsh environments. These materials include low alloy steel, carbon steel, stainless steel, Inconel,
etc. Existing data reviewed in this section for unirradiated materials illustrate the need for material-specific
tests for stainless steel. Comparisons of data in the literature illustrate that there are large variations in
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parameters such as Young’s Modulus, Yield Strength, and Ultimate Strength at room and elevated temper-
atures. Data were even more limited data for materials such as Inconel and Nitronic.

Stainless steels can be hardened by cold working, but not by heat treatment. Heat-treated stainless
steels have excellent corrosion resistance, unusually good formability, and increase in strength as a result
of cold work. Inconel alloys (600, 718 and X-750), nickel-chromium alloys, have good oxidation/corrosion
resistance, and higher strength than that of stainless steels. Inconel 718 and X-750 have been precipitate-
hardened adding some elements, such as iron, niobium, molybdenum, aluminum and titanium, etc.
Nitronic 50 (XM-19) is a type of austenitic stainless steels with enhanced corrosion resistance and approx-
imately twice the yield strength at room temperature.
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4. IRRADIATED COMPARISON DATA

As noted previously, the reactor vessel and its internal components are subjected to damage from high-
energy neutron radiation. Large property and dimensional changes can occur in these materials due to radi-
ation damage associated with radiation-induced segregation, precipitation hardening, embrittlement, and
dimensional changes. The induced damage may impact the materials performance over an extended ser-
vice period in LWRs, as discussed in Reference 19. The effects of irradiation on creep properties of various
materials has been investigated by in-pile or/and post-irradiated creep test conducted using several meth-
ods; including MTRs, fission reactors, cyclotron or other setups.42’48 Irradiation creep has been exten-
sively investigated to provide data that can be used for component analysis.

This section provides results from a review of irradiated data found in the literature for stainless steel,
Inconel, and Nitronic materials. Available data for each material are presented in this section.

4.1. Stainless Steel

Irradiation creep of materials, in particular stainless steel, is an important concern in nuclear reactor
structures, especially of fast breeder reactors and fusion reactors. 3134935 Most irradiation creep studies
on austenitic stainless steels focused on Type 316. Irradiation creep results of stainless steels are summa-
rized in this section.

According to Reference 15, irradiation creep elongation was measured on stainless steel alloys
(AMCR steels, 315 CE-reference steels, US-316 and US-PCA steels) of the irradiation temperature
between 300 and 500 °C and stresses between 25 and 300 MPa in the HFR at Petten. Table 4-1 shows the
compositions of steel alloys tested in this investigation.

Table 4-1. The main compositions of steels (wt%).

Designation C Mn Ni Cr Si Ti
AMCR-0033 0.105 17.50 - 10.12 0.555 -
AMCR-7758 0.062 28.6 - 10.0 0.87 0.87
AMCR-7763 0.10 19.4 - 10.2 0.94 0.85
CE-316 0.0024 1.81 12.32 17.44 0.46 -
US-316 0.06 2.0 10-14 16-18 1.0 -
US-PCA 0.06 1.5-2.25 15-17 13-15 0.4-0.6 0.2-0.4

As indicated in this table, the AMCR steels contained larger amounts of chromium and smaller
amounts of manganese than SS304 or SS316. However, results suggest that the AMCR and US steels
would experience similar changes in the low dose region. As noted in Section 2.5, two kinds of irradiation
creep facilities for uniaxial stresses were used at the HFR. One was the Trieste facility, in which 49 speci-
mens could be irradiated at a time at various stresses and temperature, and the other the Crisp facility, in
which the creep elongation of only three specimens could be measured at a time in situ during irradiation.
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The neutron flux density in the irradiation position in the HFR at Petten was 2x 108 m2 gl corresponding

to a displacement rate of 1.7x 1077 dpa sl After one or more reactor cycles, the irradiation rigs were
removed. After a cooling down period of about two months, the lengths of the specimens were measured in
a hot cell by means of a photoelectric incremental linear measuring system.

In the Trieste facility, dimensional changes as small as = 1.5 pm could be measured. This precision is
much higher than that obtained in the Crisp facility in which the elongation changes were obtained in-situ
at temperature during irradiation. The irradiation temperature of each measuring point could be determined
with a precision of = 10 °C and the applied stresses with a precision of + 15 MPa.

The length changes of five specimens of AMCR-0033 annealed at 400 °C prior to irradiation are plot-
ted versus the neutron dose in Figure 4-1. The total length changes of the materials annealed at 400 °C
after the solution anneal are much smaller than those of AMCR-7763. This was attributed to: (i) the solu-
tion annealed state could not be maintained on cooling the large bars of the AMCR-0033 alloys from
which the specimens were cut, and (ii) the volume change due to carbide formation in AMCR-0033, which
does not contain titanium, is much smaller than that in AMCR-7763. It appears inconsistent that the length
decreases with increasing irradiation temperature as shown in Figure 4-1. It is known that this feature is
connected with a-ferrite formation, which increases with increasing irradiation temperature. It is also puz-
zling that creep elongation and creep rate are smaller for 75 MPa than for 50 MPa at the lower irradiation
temperature (see Figure 4-1a.). This phenomenon has been frequently observed and is attributed to stress-
assisted formation of a-ferrite. It was also found that a-ferrite is formed without irradiation if nucleation

sites are provided.15
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Figure 4-1. The length changes of specimen of AMCR-0033 annealed at 400°C are plotted versus the
neutron dose.

As mentioned in Reference 15, at the beginning of irradiation, a type of “primary” creep stage was
observed for doses up to 3-5 dpa. The “primary” creep strain decreased in cold-worked steel materials with
decreasing stress and decreasing irradiation temperature. Negative creep strains, depending on the pre-
treatment of the materials, are possible. The “primary” creep strain is mainly attributed to volume changes
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due to the formation of radiation-induced phases, e.g., to the formation of a-ferrite below about 400 °C and
of carbides below about 700 °C, rather than irradiation creep. The “secondary” creep , which occurs after
primary creep at doses larger than 3 to 5 dpa, is primarily attributed to irradiation creep. The irradiation
creep rate is almost independent of the irradiation temperature (Q;, = 0.132 V) and linearly dependent on
the stress.

4.1.1. SS304

Most irradiation creep experiments on stainless steels have emphasized the influence of concomitant
swelling in some fast breeder reactors, fusion reactors and spallation neutron devices. The test data were
used to evaluate the creep behavior at high dose (or high swelling) for breeder reactor application because
of the relatively high swelling behavior of SA 304L relative to 20% CW 316SS. Usually, the low dose data
are not analyzed in detail. Solution-annealed (SA) 304L stainless steel irradiation creep test data have pre-
viously been reported and analyzed.49 Irradiation tests on annealed 304L stainless steel, helium pressur-
ized tubes varying from 0 to 188 MPa of hoop stress, were performed in EBR-II at a temperature of 390 °C
to a maximum dose of 93.3 dpa. The low fluence data are applicable to LWRs, where swelling is signifi-
cantly reduced relative to other reactors. In the case of PWRs, the service behavior of baffle-former bolts
and split pins are dependent upon irradiation creep. Hence, irradiation creep behavior at low doses needs to
be carefully evaluated for application to light water reactors. These irradiation tests were performed using
a ‘cook and look’ approach, where samples are irradiated in-situ for a period of time, removed from the
reactor, measured in a hot cell, and then returned to the reactor. Results were used to evaluate irradiation
creep behavior.

From the end of the 1970s, studies on the irradiation characteristics of Type 304 have mainly focused
on the evaluation of swelling-induced irradiation at lower fluence levels (30-45 dpa).53 ~4 Recently,
detailed evaluations on the swelling independent steady state creep rate coefficient were completed on
annealed 304L stainless steel.”> The irradiated data of annealed 304L stainless steel used for the swelling
evaluation were obtained from Reference 49. The results show that the swelling (AV/V)- independent
steady state irradiation creep coefficient is equal to 0.380><10'6/MPa-dpa. Figures 4-2 shows measured
AD/D,, versus dose in the high dose region for unstressed capsules (P-19 and P-21), the capsules with hoop
stresses of 69 MPa (P-32, P-39 and P-49) and the capsules with hoop stresses of 188 MPa (P-38 and P-48).
Figure 4-3 also shows measured AD/D,, versus dose in the low dose region for unstressed capsules and the
capsules with hoop stresses of 69 and 188 MPa and presents an enlarged view of the low dose region and
the least square fits. The low dose region is in the range of 0—17 dpa, and the high dose region is 17-89 dpa
(the average of the maximum dose for all of the capsules). It is shown that in all cases, the 0 dpa intercept
of the least square fit is negative. This is a result of not considering the irradiation strain accumulated dur-
ing the first irradiation cycle and therefore the strain does not start at zero. The adjustment of the AD/D,,
values by the low dose intercept of the least square fit assumed that all of the AD/D,, strain was due to
swelling and irradiation creep. This assumption was considered to be approximate for the unstressed data;
and in the case of the stressed data, reasonable for the following reasons. There are two possible effects
that would result in deviations from the strain values initiating from zero. The effects are (1) second phase
precipitation/densification and (2) transient irradiation creep. The negative value for the low dose inter-
cept, shown in Figure 4-3, could be partly due to second phase precipitation rather than swelling during the
first irradiation period. On the other hand, stress increases the negativity of the strain intercept at zero dose
in the case of the stressed samples. For the stressed (69 and 188 MPa), the low dose intercepts are greater
than for second phase precipitation/densification. Meanwhile, Reference 56 has shown that austenitic
creep coefficient appear to be relatively independent of variables such as cold work, temperature and com-

39 INL/EXT-10-17779



position. This can be seen that the effects of cold-working and composition on the creep coefficient appear
to be relatively insignificant.
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Figure 4-2. Measured AD/D,, versus dose for the unstressed capsules (P-19, P-21), the capsules with a
hoop stress of 69 MPa (P-32, P-39, P-49), and the capsules with a hoop stress of 188 MPa (P-38, P-48).

4.1.2. SS316

Numerical calculations for radiation-induced creep and stress relaxation were performed to predict
radiation-induced deformation of an Inconel X-750 bolt in an LWR core and of a 316 stainless steel blan-
ket in experimental fusion reactors.””

Figure 4-4 shows some engineering stress-strain curves for irradiated 316 SS and EC316LN SS to ana-
lyze irradiation dose dependence.40 As shown in this figure, most engineering stress—strain curves are
impacted by irradiation, exhibiting increases in strength and decreases in elongation. The one exception
being 316 SS tested at 288 °C, for which radiation effects were minimal. The chemical composition and
thermo-mechanical treatment of the test materials and the irradiation and test conditions are summarized in
Reference 40. There were two types of small-sized flat specimens for 316 SS and EC316LN SS, whose
gage section dimensions are 8 mm X 1.5 mm x 0.25 mm and 5 mm x 1.2 mm x 0.25 mm, respectively.

Figure 4-5 shows the calculated stress dependence of creep strain at 60 and 300 °C for the accumulated
displacement of 2 dpa. In this figure, ‘SA’ and ‘CW’ designate ‘solution annealed’ and ‘cold worked’,
respectively. At 60 °C, the stress dependence is little stronger than that of 300 °C but still very weak. This
low dependence on stress is believed to cause a very significant stress relaxation, as reported in
Reference 57. Although the accumulated creep strain after 2x10% s of continuous irradiation at 60 °C is
more than that of 300 °C, the accumulated creep strain after 2x 107 s of continuous irradiation at 300 °C is
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Figure 4-3. Measured AD/D,, versus dose for the unstressed capsules (P-19, P-21), the capsules with a
hoop stress of 69 MPa (P-32, P-39, P-49), and the capsules with a hoop stress of 188 MPa (P-38, P-48) in

the low dose region.

more than that of 60 °C. The accumulated creep strain at 300 °C, 1x 107 dpa/s, is more than 1%, while that
at 60 °C, 1x1078 dpa/s, is much smaller (although large enough to cause significant radiation-induced stress
relaxation).

4.2. Inconel

Nickel-base alloys as Inconel 600, 718 and X-750 has been successfully used in fission reactors for
grid spacers for fuel elements and for springs for safety rod accelerators, etc. Alloy X-750 of Inconel is
used to repair hardware of boiling water reactor (BWR) core shrouds. However, very few data are found in
the literature on the dimensional stability of Inconel alloys under neutron irradiation. Several neutron irra-
diation studies were carried out on commercial Ni-base alloys, including Alloys 600, 625, 702, 718, 800,
706, PE16, Hastelloy X, and Rene 41, in the 1958-1974 time frame.>® Proton irradiations were completed
to investigate effects of irradiation on the microstructure of Inconel 600 alloy.>%®? In addition, tensile
properties of Inconel 718 have been investigated after neutron irradiation to 0.0006—1.2 dpa at 60—100 °C
in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL), as well as SA 316LN
stainless steel are also included for comparison.®! In this section, available irradiation creep results for Inc-
onel alloys are summarized.

Figures 4-6 and 4-7 show the engineering tensile test curves and true stress-true strain curves of pre-
cipitation-hardened Inconel 718 (PH IN718) and solution-annealed Inconel 718 (SA IN718), respec-
tively.61 The chemical composition of the alloy (Inconel 718) was, in wt%, 18.3Fe, 18.13Cr, 5.07Nb,
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Figure 4-4. Enginecering stress-strain curves for irradiated austenitic stainless steels.

3.0Mo, 1.1Ti, 0.54Al, 0.4Co, 0.21Mn, 0.13Si, 0.05C with the balance Ni. Flat tensile specimens of nomi-
nal gage section dimensions of 0.76 mm thick, 1.5 mm wide, and 7.6 mm long were cut from sheet mate-
rial in the rolling direction. Machining and sanding operations were completed before the specimens were
heat-treated. All specimens were solution-annealed in a vacuum at 1065 °C for 30 min. Then, some SA
specimens were aged, or precipitation hardened, at 750 °C for 10 h followed by 20 h at 650 °C to form y’
and y’’ precipitates in the austenitic matrix. As shown in Figure 4-6, the engineering stresses of the
PH IN718 are high and are not strongly affected by irradiation. Elongation reduces with increasing dose. In
the dose range 0-0.054 dpa, the material retained positive strain-hardening rate until plastic strain reached
9% or more. At higher doses, the specimens showed short strain hardening in early deformation but started
to deform in an unstable mode at small plastic strains of about 1.5%. The SA IN718 is much weaker than
the PH IN718, and it shows larger fractional increase in radiation-induced strengthening. Small yield
drops and/or short plateaus are present at yield in the stress—strain curves after irradiation. Unlike the
PH IN718, the SA IN718 retained high elongation after irradiation; the uniform elongation was more than
20% at the highest dose of 1.2 dpa. Figure 4-7 presents the true stress (G)—true strain (g) curves in the uni-
form deformation range calculated from the engineering stress—strain curves in Figure 4-6. The slopes of
the curves, strain-hardening rate (do/de), decreased as dose increased. After yield, or yield plateau, for the
annealed and irradiated specimens, the stress—strain curves showed positive strain hardening until a plastic
instability occurred at the uniform deformation limit, which corresponds to the ultimate load.
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Figure 4-5. Calculated stress dependence of irradiation creep strain of SS316 at 2 dpa for 60 °C and
300 °C.

As summarized in Reference 61:

(1) In the SA IN718, an almost threefold increase in yield strength was found at 1.2 dpa; and the mate-
rial retained a strong strain-hardening capability and a high uniform ductility of more than 20%. However,
the originally much stronger PH IN718 displayed little radiation-induced hardening in yield strength and
significant softening in ultimate tensile strength.

(2) The strain-hardening behavior of the SA IN718 was shown to be similar to that of SA 316LN aus-
tenitic stainless steel and their average strain-hardening rate decreased slightly with dose. The IN718 in PH
condition displayed much higher strain-hardening rates than in SA condition; however, it experienced
larger deterioration of strain-hardening capability after irradiation.

Figure 4-8 shows the temperature dependence of hardening for Alloy 718 in a solution treated (ST)
condition.>® For a dose of 20 dpa, hardening persisted up to 600 °C; then decreased with increasing irradi-
ation temperature, becoming negligible at 735 °C. Ductility values were strongly reduced by irradiation
with a ductility decrease at 550~625 °C in tests carried out at the irradiation temperature. In this range, fail-
ures occurred at maximum load with total and uniform strains of 1~2%. An even more severe level of
embrittlement was encountered when testing was carried out at temperatures above the irradiation temper-
ature (T;), in order to simulate possible off-normal temperature excursions in a fuel pin. Under these condi-
tions, failure occurred soon after yielding with uniform and total strains in the range 0.1~0.2%.
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Figure 4-6. Engineering stress-strain curves of precipitation-hardened Inconel 718 (PH IN718) and solu-
tion-annealed Inconel 718 (SA IN718) at various doses.
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Figure 4-7. True stress-true strain curves of precipitation-hardened Inconel 718 (PH IN718) and Solu-
tion-annealed Inconel 718 (SA IN718).

SCK-CEN conducted irradiation creep test of Inconel 718 exposed to 0.3 and 0.5 dpa at 300 °C in BR2
to obtain data for loading conditions typical of the actual operation conditions of the bolts in ITER.* In
these tests, specimens were irradiated, and creep data were obtained during PIE. The pressurized tube
specimens were prestressed to about 80% of the yield strength. Irradiation-induced creep deformation is
then used to determine the equivalent stress relaxation ratio. Two test geometries were selected for irradia-
tion: the tensile round specimen to determine the tensile properties, and the pressurized tube for the creep
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Figure 4-8. Yield stress versus irradiation temperature, T;, for Alloy 718 in the solution treated condi-
tion, irradiated ~20 dpa and tested at three different temperatures.

experiments. The specimen geometry and size are selected to fit within available space in the irradiation
rig. The tensile specimen is such that the gauge length is cylindrical with a nominal length of 18 mm and
3 mm diameter. Tubing with 6.0 mm OD (outer diameter) and 5.4 mm ID (inner diameter) was used to
manufacture the specimens (see Figure 4-9). The tubes were laser welded and pressurized to operate at
hoop stresses close to 1000 MPa at the nominal irradiation temperature (T=300 °C). The laser welding
parameters were optimized to allow high pressures without failure. As shown on Figure 4-9, one end cap
had a capillary hole to allow specimen pressurization. The tubes are filled with argon at liquid nitrogen
temperature. The volume or weight of argon introduced in the tube is such that after sealing the capsule
and heating to the operating temperature, the desired pressure (or stress) was reached.

The irradiation rig is schematically shown in Figure 4-10. Based on the flux distribution of the BR2
reactor, the specimen arrangement is chosen such that two irradiation levels are reached, i.e. ~100% and
~65% of the maximum fluence. A third position located outside the active zone is used for the reference
specimens. Five Fe-neutron flux monitors were incorporated in each of the three irradiation needles con-
taining the specimens (see Figure 4-10). The specimens were irradiated for 2 cycles in the BR2 reactor,
i.e., cycles 3/99 and 5/99. The average cumulated fast neutron (E>1 MeV) after two cycles, calculated
from the power delivered from the surrounding fuel elements, is estimated to be 3.52x10%" n/cm? at the
mid plane level (maximum flux location). The specimens were irradiated in the Callisto loop in a pressur-
ized flowing water at 310 £+ 10 °C and 155 bar. The temperature of the water is continuously monitored.

The measured creep strain is plotted as a function of neutron fluence in Figure 4-11. Within the inves-
tigated range, the effective strain varies linearly with the neutron fluence. Figure 4-12 shows how the
effective creep strain varies with the applied effective stress and neutron exposure. The differences
between the various dose levels are the most significant at the highest applied stress (~880 MPa). At the
two other stress levels, an average 0.1% creep deformation is measured at 0.3 and 0.5 dpa. However, it
should be kept in mind that the initial specimen diameter was assumed to be constant (5.995) for all sam-
ples within a 90% confidence band of + 2.6 um, and therefore, the creep strain is known with a £0.05%-
accuracy (see Figure 4-12). It also is found that the stress level does not affect the stress relaxation ratio.
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Moreover, thermal creep is negligible at 300 °C for 1000 h. At 0.5 dpa, the strain relaxation ratio is about
40% £10%. The results obtained on the pressurized tubes are in very good agreement with available pub-
lished data,®?-%® mainly obtained on bent beams.
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Figure 4-11. Creep strain as a function of neutron fluence.

According to the Reference 50, the irradiation creep rate of Inconel X-750 is almost linear in stress
below about 200 MPa. This low stress dependence cause significant stress relaxation, which is similar to
that of stainless steel 316 described in Section 3.2.1.

4.3. Nitronic

High strength and excellent corrosion resistance were reasons Nitronic 50 (XM-19) was chosen for a
new prototype vessel for nuclear waste calcination. It is used in the scrubber tower which clean the hot
gases coming off the calciner; the unit that drives off volatile material. Nitronic 50 is also used in repair
hardware of BWR core shrouds. However, no data were found in the literature on the dimensional stability
of Nitronic 50 under neutron irradiation.

4.4. Summary
Existing data found for irradiated material illustrate that the strength of material degrades during irra-

diation, especially at high temperatures. Irradiation data indicate that at temperatures above 400 °C and/or
at high doses up to a maximum dose of 93.3 dpa, austenitic stainless steels (SS304 and SS316) have low
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Figure 4-12. Creep strain as a function of applied stress and neutron dose.

resistance to irradiation-induced swelling and creep. However, at lower temperatures, they may have much
better resistance to irradiation-induced embrittlement effects as compared to ferritic/martensitic (FM)
steels. However, very few data are found in the literature on the dimensional stability of Inconel alloys
under neutron irradiation. No data were found in the literature on the dimensional stability of Nitronic 50
under neutron irradiation.

In summary, available information indicate that key insights can be gained from obtaining real-time
irradiation creep data obtained at LWR operating conditions.
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5. CREEP TEST RIG DESIGN AND EVALUATION APPROACH

An instrumented creep test rig is being developed to perform creep tests of specimens in LWR (Light
Water Reactor) coolant conditions in the ATR. As discussed in this section, this creep test rig is initially
evaluated in an autoclave at INL’s HTTL (High Temperature Test Laboratory). Results from this autoclave
evaluation will be used to finalize a design for use in an ATR PWR loop. This section provides details
about the test rig design, analyses completed to evaluate the effects of gamma heating in the ATR, and the
current autoclave evaluation approach.

5.1. Design

Figure 5-1 shows the INL creep test rig design. Major components include a tensile specimen, a bel-
lows, an LVDT fabricated by IFE/HRP, and fixturing to connect these components. IFE/HRP welded the
LVDT, bellows, and connecting fixturing in this test rig using e-beam and seal welding techniques. A
schematic that shows the positioning of the creep test rig in the HTTL autoclave is shown in Figure 5-2.
Figure 5-3 contains a photo of the test rig, the tensile specimen, and the autoclave fixturing. Figure 5-4
shows the test rig inserted in into the autoclave fixturing with the standoffs used to position the fixture in
the autoclave. Table 5-1 provides additional information about each of the components in this test rig.
More detailed dimensions and material information can be found in Reference 69.

Tensile specimen

Bellows A

=

Dimensions in mm
09-GAB0023-25

Figure 5-1. Creep test rig design.
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Figure 5-3. Photo of creep test rig assembly, tensile specimen and autoclave fixturing.
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Figure 5-4. Test rig inserted into fixture with positioning stand-offs used in the autoclave.

Table 5-1. Summary description of components in creep test rig.

Component Manufacturer Model Number Material
Bellows Miniflex 1718-320-110- 790 Rev: | Inconel 718, unaged
-C
LVDT IFE/HRP Type 5 Inconel 600; Core - AISI 403
Connecting Fixturing IFE/HRP NAZ Inconel 600
Tensile Specimen INL NA SS304, Inconel 600, etc.

a. Although no model number is applicable, detailed IFE/HRP specifications can be found in Reference 69.

An unaged Inconel 718 bellows, manufactured by Miniflex, was selected because of its superior
mechanical properties (e.g., yield strength, ductility, and radiation resistance) although bellows could be
fabricated from other materials (e.g., Inconel 625, Inconel X-750 or stainless steel). Table 5-2 summarizes

specifications provided by the vendor for this bellows.

51

INL/EXT-10-17779




Table 5-2. Bellows specifications for creep test rig.

Bellows part number 1718-320-110-790
Convolution Inner Diameter, D;. cm (inches) 0.719(0.283)
Convolution Outer Diameter; D,,; cm (inches) 1.295(0.510)
Wall Thickness, cm (inches) 0.02794 (0.011)
Neck OD / Neck ID, cm (inches) 0.818/0.762 (0.322/0.300)
Neck Length, cm (inches) 0.376 (0.148)
Convolution Free Length, cm (inches) 2.134 (0.84)
Maximum Deflection (compression), cm (inches) 0.361 (0.146)
Spring Rate, SR; kg¢/cm(lbsg/inch) 14.1(790)
External Effective Area, cm? (sq. inch)? 0.794(0.123) / 0.810%(0.125)?
[ External Effective Area - Sample Area, cmz(sq.inch) ] [ 0.763(0.118) 0.778%(0.120)* ]
Squirm Rating, MPa (psig) 26.2 (3800)
Burst Rating, MPa (psig) 55.2 (8000)
Number of convolutions 13
a. Per the vendor recommendations, the external effective area is calculated using: D,+D,+2

2
Aext—eff = ﬂ?( 4 ')

5.2. ABAQUS Evaluations for Gamma Heating Effects

Calculations to quantify the possible effects of gamma heating during creep test rig irradiation in the
ATR have been completed. These calculations focussed on LVDT temperatures primarily because of
potential Curie point effects/limitations. (For purposes of this analysis, the Curie point limitation was
assumed to be 633 K, which is consistent with the IFE/HRP estimate.) Details associated with the calcula-
tions are described below.

5.2.1. Model

Abaqus (Version 6.8-2)70 was used to model selected key components of the creep test rig as shown in
Figure 5-5. This model accounts for steady-state radial heat transfer based on the indicated nodalization of
a two-dimensional slice through the LVDT in the creep test rig. Corresponding model dimensions and
materials are listed in Table 5-3. Gamma heating was assumed to develop only in metallic materials. As
indicated, it was necessary to estimate some dimensions in the absence of drawings and a reluctance to
attempt destructive evaluation. A description of pertinent modeling details, progressing from the sleeve
toward the core, is provided below. (Note that axial heat transfer is ignored in this model.)

Although a fixture partially surrounds key components of the creep test rig, gamma heating contribu-
tions from the fixture to the outer surface of the sleeve were ignored because cooling water flow will effec-
tively cool the fixture. Consequently, there was no need to include any part of the fixture in this model.
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Figure 5-5. Abaqus model of a radial cross-section through key components of the creep test rig.

The outer boundary of the creep test rig (and all exterior surfaces of the fixture) are exposed to water at
568 K flowing at a rate of 0.00126 m3/s.”l A forced convective coefficient of 7950 W/m?-K was calcu-
lated as a constant boundary condition for this surface.

The sleeve appears to have an interference fit onto the outer wall of the LVDT body. In addition,
numerous holes in the sleeve are expected to allow cooling water to flood into gaps if any exist between
the sleeve and the body. For these reasons, a contact conductance sufficient to virtually eliminate sleeve-
to-body thermal resistance was used in all calculations.

A gap exists between the inside surface of the LVDT outer wall and the LVDT coils. This gap is filled
with Al,O3 powder in an atmosphere of 90%He10%Ar. IFE/HRP originally added the Al,O5 powder to
the gap as a way to improve heat transfer. However, their testing has indicated that the effective conductiv-
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Table 5-3. Abaqus model dimensions.

Component Material ID (m) | OD (m) Comments
Sleeve Inconel 600 0.012 0.014
LVDT wall, outer Inconel 600 0.0098 0.012
Outer wall-to-coil gap 90%He10%Ar 0.0072 0.0098 ID estimated
Coils Inconel 600 0.0052 0.0072 Assumed material; estimated OD
LVDT wall, inner Inconel 600 0.004 0.0052
Inner wall-to-probe gap Water 0.0035 0.004
Probe Inconel 600 0.0022 0.0035
Probe-to-core gap 90%He10%Ar 0.002 0.0022
Core Iron na® 0.002

a. Selected as a way to produce a conservative estimate of gamma heating.
b. Not applicable (na) because the core is a solid cylinder.

ity of the gap is dominated by the conductivity of the inert gas mixture. For that reason, heat transfer
through the gap was modeled based on the conductivity of 90%He10%Ar. Associated thermal conductivi-
ties are provided in Section 5.2.2. Note that the presence of Al,O5; powder was assumed to preclude any
radiation heat transfer in this gap.

LVDT coils are wound onto the outer surface of the LVDT inner wall after the inner wall has been
plasma spray coated with an electrically-insulating ceramic material. In this analysis, the coils were treated
as a block of Inconel 600 as a way to conservatively bound gamma heating of that region of the model. A
layer of Al,O5 (0.02 mm thick) was assumed to be the insulating material. Corresponding thermal conduc-
tivies and resulting conductances for this insulator are provided in Section 5.2.2.

Holes are provided to allow cooling water penetration into and out of the annulus between the inner
surface of the LVDT body and the outer surface of the probe. However, the holes are small so convective
conditions are expected to be negligble. For that reason, conduction through a water-filled gap was
assumed. Corresponding thermal conductivities are listed in Section 5.2.2.

Finally, there is a gap between the probe and the LVDT core, which is needed to permit movement of
the core relative to the coils. It was assumed that this gap is filled a mixture of 90% He and 10% Ar,
thereby supporting heat transfer via radiation and conduction. Properties used in calculating this heat trans-
fer are provided in the following section.

5.2.2. Properties

Creep test rig modeling required both thermal and gamma heating properties as discussed below.

5.2.2.1. Thermal

Required properties included thermal conductivities for all materials listed in Table 5-3 and the corre-
sponding conductance values for coil-to-body contact and for the probe-to-core He/Ar gap. Those proper-
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ties are provided in Tables 5-4 and 5-5, respectively. Radiation emissivities and view factors also used in
the probe-to-core He/Ar gap are listed in Table 5-6.

Table 5-4. Thermal conductivies used in modeling key components of the creep test rig.

Thermal Conductivities (W/m-K) for
Temperature (K)
90%Hel0%Ar* | Water? Inconel 600° ALEE Iron®
300 0.119 36.
350 0.133 30.7
373 11.9 57.
394 0.695
400 0.146 26.4
422 0.695
450 0.159 0.687
473 13.6 52.
478 0.672
500 0.172 20.2
505 0.649
533 0.618
550 0.184
561 0.577
573 15.2 48.
589 0.522
600 0.197 15.8
650 0.209
673 16.9 45.
700 0.221 12.6
750 0.233
773 18.5
800 0.244 10.4
873 20.2 36.

. Reference 72.
. Reference 73.
. Reference 74.
d. Reference 75.
. Reference 76.

o o e

[¢]
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Table 5-5. Conductance values used in modeling key components of the creep test rig.

Conductance (W/m*-K) for
Temperature (K)
Coils-to-Inner LVDT Wall Contact Probe-to-Core He/Ar Gap

300 360000

350 307000

400 264000 337.
450 371.
500 202000 404.
550 436.
600 158000 466.
650 495.
700 126000 523.
750 551.
800 104000 578.
850 603.

Table 5-6. Radiation properties used in creep test rig He/Ar gaps.

Emissivities? View Factors
Model Location
A B AtoB Bto A
Probe (A)-to-Core (B) He/Ar Gap 0.59 0.77 0.83 1

a. At 633 K, where Inconel 600 values were taken from Reference 77 and AISI 403 values were taken from
Reference 78.

5.2.2.2. Gamma Heating

Gamma heat rates for Inconel 600 and iron (representative of AISI 403 used in the LVDT core) are
shown in Figure 5-6.7% These rates are consistent with projected powers for Cycle 143B, with a center lobe
power of 27.6 MW.

5.2.3. Results

The Abaqus model was used to calculate temperatures as a function of the position of the creep test rig
relative to the ATR core midplane. This approach was necessary to determine a position that could be
acceptable without exceeding the LVDT Curie temperature (of 633 K). Results shown in Figure 5-7 indi-
cate that the coil temperatures will exceed the Curie point unless the LVDT is positioned at least 76.7 cm
above the core midplane. Corresponding temperature contours for the creep test rig and the coil portion of
that rig are shown in Figures 5-8 and 5-9, respectively. From Figure 5-9, note that the coil temperature pro-
file is relatively flat. In other words, coil temperatures are nearly uniform radially at or very near 633 K.
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Figure 5-6. Inconel 600 and iron gamma heat rates (as projected for Cycle 143B).
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Figure 5-7. Maximum LVDT coil temperature as a function of position relative to the core midplane.
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Figure 5-8. Temperature contours (in K) for key components of the creep test rig irradiated 76.7 cm
above the ATR core midplane during Cycle 143B (with a projected center lobe power of 27.6 MW).

5.2.4. Conclusions

Results from this analysis indicate that the LVDT within the creep test rig must be positioned at least
76.7 cm above the core midplane in order to keep coil temperatures at or below 633 K. This assumes
deployment of the creep test rig during Cycle 143B (with a center lobe power of 27.6 MW). Alternately,
the LVDT position can be established for any other test at locations where Inconel 600 and stainless steel
gamma heat rates are 0.79 and 0.72 W/g, respectively (or less).
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Figure 5-9. Temperature contours (in K) for the LVDT coil irradiated 76.7 cm above the ATR core mid-
plane during Cycle 143B (with a projected center lobe power of 27.6 MW).

5.3. Autoclave and Associated Equipment

Figure 5-10 shows the autoclave and supporting equipment layout for tests conducted at the HTTL.
Table 5-7 lists specific equipment included in this setup.

Table 5-7. Autoclave and supporting equipment information

Component Vendor Model Number/Specification
Autoclave Autoclave Engineers Drawing No 40C-0116
Pressure Relief Valve Farris Engineering 27CA23H-M20 / Set pressure 2800 psig
Vent Valve Autoclave Engineers 10V4081TG
Pressure Gauge Autoclave Engineers P-0481-CG
Pump Milton Roy XT1177SRNNMINNNN
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Table 5-7. Autoclave and supporting equipment information

Component Vendor Model Number/Specification
Block Valve Autoclave Engineers 2B4S15L4HT
Back-Pressure Regulator Haskel 27741-1 S/N V809-36
Power Controller Autoclave Engineers CT-1000
Pulse Dampener Pulse Guard PIG 61 B44X75
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Figure 5-10. Autoclave and supporting equipment layout.

The autoclave was designed by and procured from Autoclave Engineers for operation at a Maximum
Allowable Working Pressure (MAWP) of 22.75 MPa (3300 psi) at 454 °C (850 °F). A pressure relief
valve currently set at 19.31 MPa (2800 psi) prevents over pressurization of the autoclave.

The heater is controlled by a proportional-integral-derivative (PID) controller which uses the thermo-
couple inserted into the thermowell to detect and control temperature. An over temperature thermocouple
is located between the heater and the vessel body and will shut off the heater if the vessel temperature
exceeds the user specified high temperature limit. The subcooled water pressure is maintained by the high
pressure pump, which will run throughout each experiment. The system pressure is controlled by the back
pressure regulator which is manually set for the specific experiment. The vent valve is used to manually
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vent the air as the system fills and also to vent air that is released from solution as the water heats up.
Instrument leads from the device being tested exit the autoclave through an appropriately configured
Conax fitting. A data acquisition system records data from the instrument, the temperature from a second
thermocouple inserted into the thermowell, and the pressure from the pressure transducer installed in the
system tubing.

5.4. Proposed Test Procedure

The test rig is evaluated at anticipated ATR PWR loop conditions. The loop operating conditions will
be simulated in a laboratory setting using an autoclave. Proposed coolant conditions for autoclave testing
are listed in Table 5-8.

Table 5-8. Experimental parameters for autoclave coolant.

Coolant Pressurized H,O
Temperature (°C) 280-350
System pressure MPa (psi) 15.51 - 15.86 (2250-2300)
Coolant chemistry

pH (at 25 °C) 4.2-10.5

Autoclave test objectives that have been defined include:

*  Checkout of test rig design and verification that it can withstand PWR coolant temperatures and
pressures

* Verification of signal processing equipment

» (Calibration of test rig design using samples with known creep behavior

* Provide insights related to the final creep test rig design that will be inserted into an ATR PWR
loop.

In general, testing consists of the following steps:

e Place fixture in the autoclave

»  Fill autoclave with cold water, test water chemistry and adjust, as needed, to insure that the pH is
within the values specified in Table 5-8

* Secure lid on autoclave and assemble tubing

» Using the pump, pressurize the autoclave to the pressure level established by the back-pressure
regulator

* Determine LVDT initial reference point.

With the pump running, the autoclave is vented through the vent valve until it is liquid solid. Heat up of the
autoclave is then initiated. The autoclave is manually vented periodically during heat up to remove any air
that may come out of solution. Several degrees of subcooling are maintained in the autoclave. The pump
operates continuously throughout the test period to make up for any fluid loss. The back pressure regulator
maintains the pressure constant throughout the test period and can be used to adjust the system pressure if
so desired. During testing, coolant may be periodically sampled to allow the pH to be recorded. LVDT sig-
nals from an IFE/HRP signal processing unit and autoclave temperature and pressure is monitored using
LabView based software on a PC.
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The LVDT signal processing system provided by IFE/HRP excites the primary coil with 400-1000 Hz,
20-50 mA constant current. With this constant current system, the input voltage to the LVDT is directly
proportional to the wire/coil resistance of the LVDT. At room temperature, a typical resistance is ~90 ohm
for the primary coil and 16 m of cable. At temperature, typical values are 200 ohm at 350 °C. 200 ohms at
50 mA equals to a voltage of 10 VAC. The secondary voltages that are transmitted back to the data acqui-
sition system are very low, typically less than 1 VAC (but the output from the electronics unit is higher due
to the electronic gain in the unit). Note that the input signal to the LVDT is sinusoidal, and the output sig-
nal is VDC.

Autoclave tests are typically conducted at these conditions for long durations. In addition, several test
cycles are completed to verify that this test rig can withstand several pressure/temperature cycles. After
testing, the autoclave is disassembled; and components visually inspected to assess what, if any, damage
occurred during testing. Specimen elongation is measured and compared with data obtained during load
frame tensile testing.

5.5. Tensile Specimen

Tensile specimen size is selected based on anticipated loads during creep testing at LWR pressures.
Using Equations (5-1) through (5-3), the force that will be exerted on the specimen, F is estimated by

specs
subtracting the force required to compress the bellows, F,.;;,,.s from the total force applied to the bellows,

Ftotal'
Fspen = Ftotal_Fbellows (5_1)
Fbellows = SR x d (5-2)
Ftotal = Psystem X Aext—eff (5-3)
where
SR = Bellows spring rate, N/m (lb/in)
d = Sample elongation, m (in)

Aevref~  External effective area, m? (in?)
P

system=

System pressure, N/m (1bg/in)

For the bellows SR (e.g., 790 Ib¢/in) and anticipated maximum sample elongation in these creep tests, d,,, ..
(e.g., 107 inch), the force to compress the bellows is negligible compared to the total force applied to the
bellows at system pressure (€.g., Fyjjomws << Frora)- Using the effective bellow area (0.841 cm? / 0.130 in?
from Table 5-2) and a representative PWR pressure (2250 psi from Table 5-8), the peak force exerted on
the specimen is 1,305.4 N or 293 psi).

Applying Equation (5-4), an appropriate specimen radius, ry,.. can be selected to obtained the desired
range of stress loads (90-350 MPa) for this PWR pressure.
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Gspec = . 902 (5-4)
r

spec

Figure 5-11 plots estimated stress as a function of specimen radius for samples tested at 2250 psig. As
shown in this figure, the desired range of stress loads (90-350 MPa) can be obtained if the specimen radius
ranges from approximately 1.1 to 2.2 mm.

The test rig is evaluated using several types of specimen materials, including SS304, Inconel 600, and
SS316. As noted in Section 5.4, elongation measurements are compared with data presented in Section 3.
Results are then used to ‘calibrate’ the stress applied by the test rig to tensile specimens and adjust, if nec-
essary, data inferred from the LVDT.
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Figure 5-11. Estimated stress for candidate specimen sizes assuming 2250 psi test pressure.
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6. RESULTS

A creep test rig was developed as a prototype of a device that will ultimately be used to perform speci-
men tests in PWR coolant conditions in the ATR. As previously discussed, initial testing of this prototype
was performed in an autoclave at INL’s HTTL. As discussed in Section 5, objectives of the autoclave test-
ing include:

*  Creep test rig checkout and verification that it can withstand PWR coolant conditions.
*  Verification that signal processing equipment operates properly.
»  Calibration of the creep test rig using samples with known creep behavior.

*  Provide insights to finalize the design for creep test rig evaluations in an ATR PWR loop.

Initial results are described below.

6.1. Initial Autoclave Testing

To address the first two objectives, a SS304 specimen, with a gauge diameter of 2 mm and a gauge
length of 28 mm, was loaded into the creep test rig and the whole assembly was placed inside the auto-
clave. Instrument indications for temperature, pressure, and the LVDT output voltage were noted while the
autoclave temperature and pressure remained at normal conditions. All indications were consistent with
the autoclave conditions. The autoclave temperature and pressure were then gradually increased and ulti-
mately stabilized at ~300 °C and ~15.5 MPa. The corresponding instrument indications for temperature,
pressure, and the LVDT output voltage were again noted. Those indications were also consistent with the
autoclave conditions. Furthermore, changes in the instrument indications, relative to readings under nor-
mal conditions, were reasonable. Finally, the autoclave temperature and pressure were allowed to return to
normal conditions. When the system stabilized, instrument indications returned to those consistent with
normal conditions.

This sequence provided indications that the creep test rig functions as designed and that the creep test
rig can withstand PWR coolant conditions. In addition, instrument indications for temperature, pressure,
and LVDT output voltage indicate that signal processing equipment operates properly. It should be noted
that simple observations, like those just described, were made during the course of completing all auto-
clave testing. Those observations confirmed satisfactory performance of the creep test rig and associated
instrumentation relative to the first two objectives.

Although evaluation of creep behavior remains an ultimate goal, initial testing in the elastic region was
pursued to address the latter two test objectives. Specifically, room temperature measurements were made
using two SS304 specimens (with a gauge diameter of 2 mm and a gauge length of 28 mm). In these tests,
the autoclave pressure was gradually increased from atmospheric pressure to pressures producing a stress
level below the SS304 yield strength (assumed to be ~200 MPa). Limiting the stress to a level below the
yield strength ensures that the sample remains in the elastic region, allowing the possibility of its reuse. In
addition, this approach ensures that the sample will remain intact, which also precludes concerns regarding
possible adverse affects on the creep test rig that might accompany specimen failure.

Because initial testing was limited to the elastic region, Young’s Modulus comparisons were com-
pleted to assess the response characteristics of the creep test rig. To that end, stress / strain data for the
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SS304 specimen corresponding with the previously described pressure ramp is shown in Figure 6-1. The
slope of that stress / strain curve, which is Young’s Modulus for the SS304 specimen, was estimated to be
206 GPa (as indicated).

200 ‘

- —H&— 2 mm up, room temp -
m = 206 GPa

180

160

Stress (MPa)

140

120 ‘ ‘
0 0.0001 0.0002 0.0003

Strain

Figure 6-1. Creep test rig results for a 2 mm diameter / 28 mm long SS304 specimen.

SS304 specimens were also subjected to tensile testing in a load frame as a way to validate the creep
test rig results (shown in Figure 6-1). The load frame results are shown in Figure 6-2. In addition to the
load frame stress / strain results, the slope of the stress / strain data (or Young’s Modulus) was estimated to
be 200 GPa as indicated in the figure. Clearly, Young’s Modulus as estimated through use of the creep test
rig is in close agreement with Young’s Modulus as estimated through load frame testing. Consequently,
these results provide some indication that the creep test rig can be used to measure elongation of a speci-
men in the elastic region. Further testing is needed to confirm these findings.
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Figure 6-2. Load frame results for a 2 mm diameter / 28 mm long SS304 specimens.
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7. SUMMARY AND RECOMMENDATIONS FOR ATR PWR
LOOP TESTS

An instrumented creep testing capability is being developed for specimens irradiated in PWR coolant
conditions in the ATR at the INL. The test rig is developed such that samples will be subjected to applied
loads ranging from 92 to 350 MPa at temperatures between 290 and 370 °C up to at least 2 dpa. Testing at
the HTTL confirmed several aspects about the proposed test rig design and the methods for assessing its
performance. Specifically, testing confirmed that the test rig could withstand anticipated temperatures and
pressures in an ATR PWR loop and that the autoclave and signal processing equipment performed as
designed.

Although evaluation of creep behavior remains an ultimate goal, initial testing in the elastic region was
initially pursued to assess the performance of the test rig design. Specifically, room temperature measure-
ments were made using two SS304 specimens (with a gauge diameter of 2 mm and a gauge length of
28 mm). Limiting the stress to a level below the yield strength ensures that the sample remains in the elas-
tic region, allowing the possibility of its reuse. In addition, this approach ensures that the sample will
remain intact, which also precludes concerns regarding possible adverse affects on the creep test rig that
might accompany specimen failure.

Because initial testing was limited to the elastic region, Young’s Modulus comparisons were com-
pleted to assess the response characteristics of the creep test rig. SS304 specimens were also subjected to
tensile testing in a load frame as a way to validate the creep test rig results. Initial results for Young’s Mod-
ulus, as estimated through use of the creep test rig, is in close agreement with Young’s Modulus, as esti-
mated through load frame testing. Consequently, these results provide some indication that the creep test
rig can be used to measure elongation of a specimen in the elastic region. However, further testing is
needed to confirm these findings.
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