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An instrumented creep testing capability is being developed for specimens irradiated in pressurized water
reactor coolant conditions at the Advanced Test Reactor
(ATR). A test rig has been developed such that samples
will be subjected to stresses up to 350 MPa at temperatures up to 3708C in pile. Initial Idaho National Laboratory (INL) efforts to develop this creep testing capability

for the ATR are summarized. In addition to providing an
overview of in-pile creep test capabilities available at
other test reactors, this paper reports efforts by the INL
to evaluate a prototype test rig in an autoclave at INL’s
High Temperature Test Laboratory. Data from autoclave
tests with Type 304 stainless steel and copper specimens
are reported.

I. INTRODUCTION

Reactor ~ATR! National Scientific User Facility ~NSUF!,
efforts were initiated to develop an instrumented creep
testing capability for specimens irradiated in pressurized
water reactor ~PWR! coolant conditions at the ATR. A
creep test rig was developed such that samples will be
subjected to applied loads up to 350 MPa at temperatures
as high as 3708C in pile. This paper summarizes the status of Idaho National Laboratory ~INL! efforts to develop an in-pile creep testing capability for the ATR. In
addition to providing an overview of in-pile creep test
capabilities available at other test reactors, this paper
describes efforts to evaluate a prototype test rig in an
autoclave at INL’s High Temperature Test Laboratory
~HTTL!. Comparison stainless steel data are also summarized and are used for evaluating initial results from
these autoclave tests. Additional details about this effort
may be found in Ref. 9.

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. Performance
of fuel, cladding, reactor pressure vessels, and other core
components of nuclear power reactors can be affected by
dimensional instabilities caused by creep. Hence, it is
necessary to assess the amount of creep expected to occur
for a component during its service time in a reactor. Irradiation creep of materials, in particular stainless steel,
is an important concern for structures subjected to irradiation in fast breeder and fusion reactors.1–8 In addition,
the study of irradiation creep is important in assessing
the ability of core structural materials to survive extended lifetimes in light water reactors ~LWRs!.
Often, irradiation creep is measured using a “cookand-look” approach where samples are irradiated for a
period of time, removed from the reactor, measured, and
then returned to the reactor. Repetition of this process
can be expensive and time consuming. It is therefore
desirable to obtain in-pile measurements of creep samples during irradiation. As part of the Advanced Test
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II. BACKGROUND
II.A. Fundamentals
Creep is a slow and time-dependent strain that occurs in a material subjected to a stress ~or load! at relatively high temperatures. A typical creep curve is shown
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and the true stress s on the specimen is
s ⫽ P0A ⫽ so ~L0L o ! .

~4!

II.B. Existing In-Pile Evaluations

Fig. 1. Representative creep curve.

in Fig. 1. In a creep test, a constant load is applied to a
tensile specimen generally maintained at a constant temperature. Strain is then measured over time. Primary creep,
or stage I creep, is associated with the time during which
the creep rate decreases due to work hardening of the
material. During this stage, initial hardening takes place
and the resistance to creep increases until stage II, or
secondary, creep begins. Secondary creep is associated
with the time during which the creep rate is roughly
constant. Stage II is referred to as steady-state creep because a balance is achieved between the work hardening
and annealing ~thermal softening! processes. The slope
of the curve during stage II creep is the strain rate or the
creep rate of the material. Tertiary creep, or stage III
creep, occurs when there is a reduction in cross-sectional
area due to necking or an effective reduction in area due
to internal void formation. The creep rate increases due
to necking of the specimen and the associated increase in
local stress. If stage III creep is allowed to continue,
specimen fracture will occur.
Creep data are generally analyzed in terms of three
variables: time, stress, and temperature. Most uniaxial
creep is conducted under constant load and0or constant
temperature conditions. Although the method is simple,
the stress in the gauge length of the specimen varies with
time. This can be seen clearly by considering a specimen
of length L o and cross-sectional area A o subjected to a
tensile load P. At time t ⫽ 0, the initial engineering stress
so on the specimen is
so ⫽ P0A o .

~1!

With the assumption of uniform deformation during creep,
the specimen lengthens to L, and the cross-sectional area
decreases to A, because volume must be conserved. Hence,
LA ⫽ L o A o .

~2!

A ⫽ A o ~L o 0L! ,

~3!

Therefore,
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During the past 50 years, a large number of tests
have been performed to analyze the degradation of mechanical properties as a function of fluence and temperature. Results from these tests are used to assess the
safety and lifetime of materials used in structural components of operating nuclear power plants ~NPPs!. Recently, it is increasingly emphasized that research on
neutron irradiation effects of materials is also necessary
in order to assess the integrity and lifetime extension of
operating NPPs and to develop fuels and materials supporting advanced reactor systems. During irradiation tests
in materials test reactors ~MTRs!, it is desirable to measure characteristic changes in mechanical properties. In
particular, efforts are currently emphasizing methods to
measure dimensional changes ~elongation! of materials
during creep tests in MTRs.
There are two types of creep tests completed in MTRs.
The first are instrumented tests with online monitoring
and control of test conditions and real-time detection of
creep rate. The second are noninstrumented cook-andlook tests with specimen evaluation completed outside
the reactor and test parameters derived from reactor operating conditions. In instrumented experiments, parameters such as specimen temperature, the load exerted on
the specimen, and specimen elongation are monitored
and0or controlled using suitable components @extensometers, linear variable differential transformers ~LVDTs!,
bellows, optical transducers, thermocouples, small heaters, etc.# that are positioned in proximity to the specimen
under investigation. Instrument selection must consider
radiation effects on sensor performance. Such instrumented experiments are complicated to design and are
expensive to conduct. Furthermore, there are limited test
positions and space available in MTRs for such instrumented tests. Noninstrumented experiments are comparatively simple in design, enable larger numbers of
specimens to be tested at a time, and are less expensive to
complete. However, irradiation creep using noninstrumented devices must be measured using a cook-and-look
approach where samples are irradiated in pile for a time,
removed from the reactor, measured outside the reactor,
and then returned to the reactor. Repetition of this process can be expensive and time consuming and has
the potential to disturb the phenomena of interest.
Creep tests with in-pile measurement of specimen elongation under irradiation are able to offer more detailed
information of creep behavior of the material. Therefore,
instrumented experiments offer more control over experimental variables and improved data accuracy than possible with a “cook-and-look” approach in noninstrumented
experiments.
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Monitored LDVT
Monitored LDVT;
external diameter gauges
also used
Internally pressurized bellows
Yes
Monitored LVDT;
external diameter gauges
also to be used ~under
development for 6008C
and 250 bar!
Internally pressurized bellows
Yes
Monitored LVDT
Self-contained spring washer system Yes ~semicontinuous! Monitored LVDT
Internally pressurized bellows
Yes
Monitored LDVT

In upcoming tests. Previous tests relied on out-of-pile measurements with strain gauges.
a

Yes
Yes
Yes
Japan, JMTR
Inert gas ~5508C!
Netherlands, HFR Inert gas and NaK ~3008C to 6008C!
Korea, HANARO Inert gas ~up to 6008C!

Inert gas ~2408C to 4008C!
Norway, HBWR

Yes

Internally pressurized bellows
Internally pressurized bellows
Yes
Yes

Stagnant reactor coolant ~;908C!
Inert gas, water, and NaK ~from
room temperature up to 3808C!

Test Conditions
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Country
and Reactor

Fig. 2. Tensile test rig for BR2 irradiations: ~a! simplified layout illustrating operational features and instrumentation and ~b! final assembly of test module prior to
installation in the test rig.10,11

Belgium, BR2
France, OSIRIS a

Method

Yes
Yes

Real-Time
Elongation
Detection
Real-Time
Load Control

Summary of Creep Testing in MTRs

As indicated in Table I, several countries are conducting in-pile creep tests that can provide real-time data
related to specimen elongation and controlled loads applied to the specimens.2,9–25 However, most of the existing and planned tests are conducted in inert gas. The only
tests conducted in reactor coolant were completed at the
BR2 reactor in Mol, Belgium.
Uniaxial tensile tests for specimens irradiated in reactor coolant at a constant strain rate were performed in
the BR2 reactor.10,11 The purpose of the work was to
design, construct, and calibrate a tensile loading module
for instrumented tensile tests in the BR2. The actual test
rig with this module was developed as shown in Fig. 2.
The materials used in this test were thin ~0.3-mm! sheets
of oxygen-free high-conductivity ~OFHC! copper and
CuCrZr alloy. The tensile modules, together with tensile
test specimen, were irradiated with a neutron flux of 3 ⫻
10 17 nm⫺2 s⫺1 ~E . 1 MeV!, corresponding to ;6 ⫻
10⫺8 displacements per atom ~dpa!0s. The temperature
of the test module increased rapidly due to gamma heating power of 4.4 W0g, and the stagnant reactor pool water
close to the test specimen reached an equilibrium temperature of ;908C within ;10 to 15 min. No load was
applied to the tensile specimen during this initial period,
but elongation in the specimen was monitored with an
LVDT. The uniaxial tensile test, using a constant strain
rate of 1.3 ⫻ 10⫺70s, was started about 4 h after the rig
was inserted in the reactor core. Figure 3 shows a representative stress-strain curve obtained during in-reactor
tensile tests for pure ~OFHC! copper specimens. Results
from this effort suggest that it is technically feasible to
carry out well-defined, controlled-load, dynamic tensile
tests in pile.

Method
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Note that key components in the BR2 and the proposed HANARO test rigs are similar. Each design contains a tensile specimen, a bellows for applying a load to
the specimen, an LVDT to detect specimen elongation,
and thermocouples to monitor specimen temperature. In
both designs, gas is supplied to the bellows internally to
control the load applied to the specimen. Cables extending from the LVDT and thermocouples allow specimen
temperature and elongation to be monitored during
irradiation.
II.C. Existing Type 304 Stainless Steel Data

Fig. 3. Representative stress-strain curves of OFHC copper
tested in the BR2 reactor at test temperatures of 363
and 393 K ~Ref. 10!.

Figure 4 shows the conceptual design and representative components of an irradiation creep capsule for testing in inert gas at the HANARO reactor in the Republic
of Korea.22–25 The capsule contains four tensile specimens for an irradiation creep test in inert gas. The Type
316L stainless steel tensile specimens were 1.8 mm in
diameter and 30 mm in gauge length. The objective of
this test was not only to confirm the design of the creep
capsule, but also to compare the performance of an LVDT
made by the Institute for Energy Technology0Halden Reactor Project ~IFE0HRP! and a commercial vendor. The
irradiation creep capsule was designed to expose specimens to temperatures up to 6008C and stresses up to
253 MPa.

Fig. 4. Conceptual design and selected parts of HANARO irradiation creep capsule prior to assembly.22–25
420

Although the INL-developed creep testing capability will ultimately be used for a wide range of materials,
initial efforts focused on Type 304 stainless steel. As an
initial step in this effort, Type 304 stainless steel data
found in the literature were reviewed to gain insights
about the effects of temperature and radiation on its structural properties.
Table II summarizes sources for Type 304 stainless
steel found in the literature.26–34 As indicated in Table II,
Young’s modulus ~YM!, yield strength ~YS!, and tensile
strength ~TS! values of stainless steels exhibit a strong
dependence on various product forms and0or manufacturing histories ~e.g., cold working, hot working, or
annealing, etc.!. Figures 5, 6, and 7 compare available
data for Young’s modulus, yield strength, and tensile
strength of Type 304 stainless steels.
Figure 5 compares Type 304 stainless steel yield
strength and tensile strength data from Refs. 29 through
32. INL data 29 were obtained from specimens fabricated
from round bar that was annealed for 1 h at 1323 K and
forced-air cooled prior to testing. The American Society
of Mechanical Engineers ~ASME! codes for various Type
304 stainless steel product forms and0or manufacturing
histories are minimum values recommended by ASME;
these ASME strengths are averaged values presented in
Ref. 30. As indicated in Fig. 5, all of the references indicate that these alloys exhibit strong temperature dependencies of yield strength and tensile strength where the
strengths decrease as the test temperature increases.
Figure 6 shows Young’s modulus of stainless steels
as a function of temperature.29,31–33 In Fig. 6, the line
indicates Young’s modulus for typical stainless steels,
such as Types 304, 310, 316, 321, and 347. There is also
considerable scatter in the Young’s modulus data shown
in Fig. 6. This is attributed to differences in test uncertainties and material composition. Figure 7 compares selected engineering stress-strain curves for Type 304
stainless steels: typical Type 304 stainless steel,28 Type
304 stainless steel annealed at 10508C for 30 min after
machining,32 and Type 304 stainless steel hot rolled by
solution heat treatment at 11508C for 1 h before machining.31 Curves in this plot illustrate that Type 304 stainless
steel strength decreases as temperature increases. However, the large variations in stress-strain curves suggest
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304, 316

Metals Handbook Vol. 3,
Properties and Selection 28
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304

304, 316, 316LN

304, 310, 316, 321, 347

Cheng 31 and Kang et al.34

Byun et al.32

Engineering Toolbox 33

⫽ room temperature.

304, 304H, 304L,
316, 304LN, 316N,
316LN

ASME Boiler and Pressure
Vessel Code 30

a RT

304

Solution heat
treated at
11508C for 1 h

⻬

Annealed at
10508C for
30 min after
machining

Annealed at
10508C for 1 h,
forced-air cooled

RT to 6508C

RT
2008C
4008C

RT
2008C
4008C

RT to 5408C

RT
704
777

RT

⻬

Rempe et al.29

RT

⻬

RT
RT

⻬

RT a
RT
RT
RT

⻬
⻬

Annealed

Test
Temperature
Range

⻬

Hot
Worked0Annealed

304LN, 316LN

⻬

⻬

Cold
Worked0Annealed

304N, 316N

304L, 316L

304, 304H, 316
304L, 316L

Atlas Steels 26 and
Touloukian et al.27

Source

Materials
~Stainless Steel!

Summary of Stainless Steel Data Found in the Literature

TABLE II

~See Fig. 6!

185
176
173
~See Fig. 6!

233
212
194
~See Fig. 6!

195
138
130
~See Fig. 6!

170

193
193

YM
~GPa!

200
120
100
~See Fig. 5!

338
200
144
~See Fig. 5!

~See Fig. 5!

252
98
93
~See Fig. 5!

205

240

480
310

205
310

205
170

YS
~MPa!

600
450
400
~See Fig. 5!

~See Fig. 5!

642
285
197
~See Fig. 5!

515

550

620

515
620

515
485

TS
~MPa!
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Fig. 7. Temperature dependence of engineering stress-strain
curves for Type 304 stainless steel.

Fig. 5. Temperature dependence of the yield strength and the
tensile strength of stainless steels ~Type 304!.

Fig. 6. Young’s modulus of stainless steels as a function of
temperature. See Refs. 29, 31, 32, and 33.

that material composition and testing methods also impact results.
Type 304 stainless steel is widely used in NPPs. Data
suggest that at temperatures .4008C, these austenitic
422

stainless steels have low resistance to irradiation-induced
swelling and creep compared to ferritic0martensitic ~F0M!
steels. However, at temperatures ,4008C, data suggest
that Type 304 stainless steel may have much better resistance to irradiation-induced embrittlement effects than
F0M steels.7
Although irradiation data for Type 304 stainless steel
are limited, available data 32,35,36 suggest that increasing
fluence accelerates the total strain. Figure 8 shows measured DD0Do for Type 304 stainless steel as a function of
dose in capsules irradiated in the Experimental Breeder
Reactor II ~EBR-II! at 3908C. Data are presented for
capsules containing specimens without any load ~P-19
and P-21!, capsules containing specimens subjected to
hoop stresses of 69 MPa ~P-32, P-39, and P-49!, and
capsules containing specimens subjected to hoop stresses
of 188 MPa ~P-38 and P-48! ~Refs. 7 and 35!. Each
specimen ~tube! was 152 cm in length, with an outer
diameter of 0.737 cm and 0.051-cm wall thickness. The
initial diameters ~Do ! were taken to be the measured D
after the first irradiation cycle. The measured strains do
not begin with “0” because the first irradiation cycle was
not considered.36 Curves in Fig. 8 represent irradiated
data from low-dose regions ~e.g., up to 17 dpa! to highdose regions ~from 17 to 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 simply an artifact of ignoring the irradiation
strain accumulated during the first irradiation cycle ~e.g.,
the strain does not start at zero!. As shown in these figures, elongation ~diametral change! is significantly increased in high-dose regions. However, traditional cookand-look methodologies may yield less-accurate data
because the measurements are not made under prototypic
NUCLEAR TECHNOLOGY
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tions in the ATR. A prototype creep test rig was first
tested in an autoclave at INL’s HTTL to evaluate the
performance of this design. Results from autoclave evaluations were used to finalize a test rig design for use in an
ATR PWR loop. This section provides a summary description of the test rig design, the autoclave evaluation
approach, and representative results. More detailed information may be found in Refs. 9 and 19.
III.A. Design
Figure 9 identifies major components of the INL
prototype test rig and positioning standoffs for autoclave
testing. Similar to the test rigs discussed in Sec. II, major
components in the INL test rig include a tensile specimen, a bellows, an LVDT, and fixturing to connect these
components. The IFE0HRP provided the LVDT and
welded the LVDT, bellows, and connecting fixturing in
this test rig using electron-beam and seal welding techniques. Figure 10 shows the test rig inserted in the
autoclave.
III.B. Autoclave Setup
Figure 11 shows the autoclave and supporting equipment layout for prototype creep test rig evaluations. The
autoclave was designed for operation at a maximum
allowable working pressure of 22.8 MPa. A pressure relief valve, currently set at 19.3 MPa, prevents overpressurization of the autoclave. The heater is controlled by a
proportional-integral-derivative controller, which uses the

Fig. 8. Measured DD0Do 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!: ~a! high dose and
~b! low dose regions. The capsules were irradiated in
EBR-II at a temperature of 3908C ~Refs. 7 and 35!.

conditions and the process of removing the sample from
the reactor, making the measurements in a hot cell, and
then returning the samples to the reactor may disturb
results. Hence, it is desirable to obtain real-time measurements of irradiation creep under the anticipated conditions ~temperature, pressure, fluence, etc.! of
components in operating or advanced NPPs.

III. INL APPROACH
An instrumented creep test rig was developed to perform creep testing of specimens in PWR coolant condiNUCLEAR TECHNOLOGY

VOL. 179

SEP. 2012

Fig. 9. Schematic of test rig positioned in autoclave for testing.
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TABLE III
Experimental Parameters for Autoclave Coolant
Coolant
Temperature ~8C!
System pressure ~MPa!
Coolant pH ~at 258C!

Pressurized H 2O
280 to 350
15.5 to 15.9
4.2 to 10.5

and
Ftotal ⫽ Psystem{~A ext-eff ⫺ A specimen ! ,

~7!

where
SR ⫽ bellows spring rate @N0m ~lbf 0in.!#
d ⫽ sample elongation @m ~in.!#
Fig. 10. Test rig inserted into fixture with autoclave-positioning
structures.

thermocouple inserted into the thermowell to detect and
control temperature. An overtemperature thermocouple,
which is located between the heater and the vessel body,
shuts 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 backpressure regulator, which
is manually set for the specific experiment. The vent
valve is used to manually vent the air as the system fills
and also to vent air that is released from solution as the
water is heated. Instrument leads from the test rig exit the
autoclave through an appropriately configured Conax fitting. A data acquisition system records data from the
LVDT, the temperature from a second thermocouple inserted into the thermowell, and the pressure from the
pressure transducer installed in the system tubing. Proposed coolant conditions for autoclave testing at the ATR
PWR loop conditions are listed in Table III.
III.C. Tensile Specimen Selection
Tensile specimen size was selected based on anticipated loads during creep testing at PWR pressures. In
addition, specimen geometry was influenced by the need
to minimize size during irradiation testing and the need
to obtain elongations that can be detected by the LVDT.
Using Eqs. ~5!, ~6!, and ~7!, the force that will be exerted
on the specimen, Fspec , is estimated by subtracting the
force required to compress the bellows, Fbellows , from the
total force applied to the bellows, Ftotal :
Fspec ⫽ Ftotal ⫺ Fbellows ,
Fbellows ⫽ SR{d ,
424

A ext-eff ⫽ bellows external effective area @m 2 ~in.2 !#
A specimen ⫽ area of the test section of specimen @m 2
~in.2 !#
Psystem ⫽ system pressure @N0m 2 ~lbf 0in.2 !#.
For the bellows SR ~e.g., 3514 N0m! and the anticipated
maximum sample elongation in these creep tests, d ~e.g.,
25.4 ⫻ 10⫺9 m!, the force to compress the bellows is
negligible compared to the total force applied to the bellows at system pressure ~e.g., Fbellows ⬍⬍ Ftotal !. Using the
effective external bellows area ~0.84 cm 2 !, the specimen
test area, and a representative PWR pressure ~15.5 MPa!,
the peak force exerted on the specimen is 1300 N. Applying Eq. ~8!, an appropriate specimen radius rspec can
be selected to obtain the desired range of stresses ~90 to
350 MPa! for this PWR pressure:
sspec ⫽

Fspec
2
prspec

.

~8!

Ultimately, the test rig will be used to evaluate several
types of specimen materials, including Type 304 stainless steel, INCONEL威 alloy 600,a and Type 316 stainless
steel. However, initial checkout focused on Type 304
stainless steel and copper specimens. As noted above,
elongation measurements were initially compared with
data presented in Sec. II and with data obtained from INL
load frames for samples that come from the same batch
of material with similar fabrication and heat treatment
processes. Ultimately, elongation measurements were
compared with posttest measurements made with a
micrometer.

~5!
a INCONEL

~6!

is a registered trademark of the Special Metals
Corporation group of companies.
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Fig. 11. Autoclave and supporting equipment layout.

IV. INITIAL AUTOCLAVE RESULTS
IV.A. Test Objectives
Objectives for the autoclave evaluations of the prototype test rig included the following:
1. check out test rig design and verify that it can
withstand PWR coolant temperatures and pressures
2. verify operation of signal processing equipment
3. calibrate test rig design using samples with known
creep behavior
4. obtain insights for an enhanced creep test rig design that will be inserted into an ATR PWR loop.
IV.B. Checkout Tests
To address the first two objectives, a Type 304 stainless steel specimen, with a gauge diameter of 2 mm and
a gauge length of 28 mm, was loaded into the creep test
rig; and the entire assembly was placed inside the autoclave. Instrument indications for temperature, pressure,
and the LVDT output voltage were noted while the autoNUCLEAR TECHNOLOGY
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clave 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 ultimately stabilized at
;3008C 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 normal 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 functioned as designed and that the creep test rig
can withstand the PWR coolant conditions. In addition,
instrument indications for temperature, pressure, and the
LVDT output voltage indicated that signal processing
equipment operated properly. It should be noted that simple observations, like those just described, were made
during the course of completing all autoclave testing.
Those observations confirmed satisfactory performance
of the creep test rig and associated instrumentation relative to the first two objectives.
425
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IV.C. Testing
Although evaluation of creep behavior is the primary
design goal for this fixture, testing in the elastic region
was initially pursued to assess the performance of the test
rig design. Room temperature measurements were made
using two Type 304 stainless steel 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 was
initially pursued because it ensured that the sample remained intact, precluding concerns regarding possible
adverse affects on the creep test rig that might accompany specimen failure. However, data obtained from such
tests were inconclusive because of accuracy limitations
associated with this method.
Evaluations were then conducted in which copper
~Cu! and Type 304 stainless steel specimens were loaded
beyond their yield strengths as a result of elevated autoclave pressures and temperatures. These evaluations were
of interest because specimen deformations beyond elastic limits should be much larger than any deformations
that may develop in the creep test rig itself. As a result,
these evaluations provided an understanding of the LVDT
response relative to the actual specimen elongation while
minimizing any complications introduced by small deformations of the creep test rig. A ~nominal! gauge diameter of 2 mm and a ~nominal! gauge length of 28 mm
were adopted for all specimens in these tests.
In each test, specimen measurements based on the
LVDT outputs were compared with micrometer measurements. These comparisons were limited to measurements
at the end of each test because micrometer measurements
were impossible while the autoclave was pressurized.
Although comparisons were limited to the “end state” for
each specimen, the comparisons were used to indicate
whether specimen elongations can be correctly detected

and recorded using the creep test rig. A summary of results for all tests conducted in the plastic region is provided in Table IV. As indicated in Table IV, Cu and Type
304 stainless steel ~304SS! specimens were tested at
elevated pressures at room temperature and at elevated
temperatures. In all cases, disparities between the LVDT
and micrometer measurements with respect to final lengths
were found to be very small ~,0.9%!. These disparities
correspond with errors in length of 0.26 mm or less,
which is considered to be close agreement given the measurement techniques that were used.

V. SUMMARY AND CONCLUSION
As part of the ATR NSUF, an instrumented creep
testing capability was developed to allow specimens to
be tested during irradiation in PWR coolant conditions,
e.g., applied loads up to 350 MPa at temperatures up to
3708C. Results from laboratory evaluations of a prototype creep test rig were incorporated into a final design
that will be inserted into the ATR PWR loop.
As noted in this paper, there are other international
research efforts to develop in-pile creep testing capabilities at MTRs. In-pile creep tests that can provide realtime data for detecting specimen elongation and controlling
loads applied to the specimens have already been completed in these international research efforts. However, the
setup evaluated in the BR2 in Belgium was the only setup
capable of testing samples subjected to prototypic LWR
coolant temperatures and pressures.
Although the INL-developed creep testing capability will ultimately be used for a wide range of materials,
initial efforts focused on Type 304 stainless steel. Existing tensile and creep data for unirradiated and irradiated

TABLE IV
Results from Testing in the Plastic Region
Final Length ~mm!
Specimen a

Length Disparity

Description

LVDT

Micrometer

~mm!

~%!

SSX
SS01
SS02
SS03
SS04

304SS-x, to 19.9 MPa at room temperature
304SS-1, to 19.3 MPa at room temperature
304SS-2, to 19.1 MPa at room temperature
304SS-3, to 16.3 MPa with a peak of 2458C
304SS-4, to 15.9 MPa with a peak of 1568C

29.16
29.85
29.67
29.90
29.83

29.25
30.05
29.85
29.95
29.93

⫺0.09
⫺0.02
⫺0.18
⫺0.05
⫺0.10

0.31
0.65
0.61
0.17
0.33

Cu01
Cu02
Cu03
Cu04

Cu-1, to 11.9 MPa at room temperature
Cu-2, to 11.9 MPa at room temperature
Cu-3, to 11.1 MPa with a peak of 1708C
Cu-4, to 12.6 MPa with a peak of 2008C

30.32
30.21
28.98
28.55

30.36
30.32
29.24
28.64

⫺0.04
⫺0.11
⫺0.26
⫺0.09

0.13
0.36
0.09
0.31

a After

machining, all stainless steel specimens, except SSX, were annealed in Ar at 10508C for 30 min then cooled in air. After
machining, all Cu specimens were annealed at 6508C for 35 min then quenched in water.
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stainless steels ~Type 304! were reviewed to gain insights about the impact of temperature and radiation on
the structural properties of this material. Existing data
for irradiated materials illustrate that the strength of
Type 304 stainless steel degrades during irradiation, especially at high temperatures. Irradiation data indicate
that at temperatures .4008C and0or at high doses up to
a maximum dose of 93.3 dpa, austenitic stainless steels
~Type 304! have low resistance to irradiation-induced
swelling and creep. However, at lower temperatures,
Type 304 stainless steels may have much better resistance to irradiation-induced embrittlement effects as compared to F0M steels.
Laboratory evaluations of an INL-developed prototype creep test rig in an autoclave testing system were completed. Major components of this creep test rig include a
tensile specimen, a bellows, an LVDT, and fixturing to connect these components. The initial performance of this test
rig was assessed using pressurization tests for a 2-mm gauge
diameter, 28-mm gauge length, Type 304 stainless steel
specimen. Results indicate that the signal processing equipment did perform as anticipated. Although evaluation of
creep behavior is the primary design goal for this fixture,
testing in the elastic region was initially pursued to assess
the performance of the test rig design. However, data obtained from such tests were inconclusive because of accuracy limitations associated with this method.
Evaluations were then conducted in which copper
~Cu! and Type 304 stainless steel specimens were loaded
beyond their yield strengths as a result of elevated autoclave pressures and temperatures. In each test, specimen
measurements based on the LVDT output were compared
with micrometer measurements. Disparities between the
LVDT and micrometer measurements with respect to final
lengths were found to be very small ~,0.9%!. These
disparities correspond to errors in length of 0.26 mm or
less. Hence, the LVDT data were in close agreement with
micrometer data given the measurement techniques that
were used.
In summary, testing of the prototype test rig confirmed the viability of the proposed design. Only minor
modifications were incorporated into a revised design
that is planned to be deployed in an ATR PWR loop in
2012.
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