
292

1. Introduction

The reason for development and advancement of 
in-pile mechanical test methods for the materials 
and products of nuclear power engineering is that 
the irradiation-induced changes of some properties 
cannot be explained based on the results of pre-
irradiation and post-irradiation testing. The need 
for such methods grows due to  strengthening the 
requirements to performance, reliability, safety, li-
censing and competitive performance of nuclear 
fuel. The nuclear reactor operation under the 
power maneuvering has become more challeng-
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ing. Nowadays the nuclear fuel burnup increase is 
the pressing issue. The nuclear power engineering 
gave rise to innovative projects. The phenomena 
being examined called for development of models 
in the fame of physical and mechanical concepts 
which provide for methodology including a full set 
of in-pile test methods. 

The strategy of irradiation testing is targeted 
at demonstrating irradiation feasibility of different 
projects in the fi eld of nuclear power engineering 
with the use of conceptual approach to the prop-
erty of the material or product under examination 
(see Fig. 1).

Figure 1. Strategy of in-pile testing for long-term mechanical properties of materials and products.
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Such an approach provides for the following:
 ● Development of the general phenomenon con-

cept based on the available data on its mecha-
nism under irradiation;

 ● Development of research methodology based 
on the general concept providing for the simi-
larity condition by employing RRs and test 
methods;

 ● In-pile testing in accordance with the research 
methodology;

 ● Development of the phenomenon model;
 ● Model verifi cation with the use of data obtained 

in the course of irradiation testing in other RRs 
and examination of nuclear core components;

 ● Integration of the model into the computer 
code intended for demonstrating feasibility of 
nuclear reactor design concept. 

The present paper describes the in-pile test meth-
ods of mechanical properties available at  JSC 
“SSC RIAR” and applied in research reactors MIR, 
SM and RBT-6. Provided here is also information 
on their further development and some experimen-
tal data obtained with the use of these methods. 

2. In-Pile Test Methods for Long-
Term Mechanical Properties of the 
Materials

JSC “SSC RIAR” has developed an effi cient com-
bination of test methods for investigation of me-
chanical properties of structural materials and fuel 

under irradiation in the MIR, SM and RBT-6 reac-
tors (see Fig. 2). Recently these in-pile test meth-
ods have been advanced and updated based on 
the above-mentioned conceptual approach (see 
Fig. 1) [1]. 

The test methods provide for in-pile testing of 
the long-term mechanical properties of structural 
materials under tension, compression, helium or 
water pressure loading, stress relaxation due to 
bending and torsion as well as for creep properties 
of various nuclear fuels.

Each test method was developed to solve the 
tasks in the appropriate reactor and later the exist-
ing in-pile test methods were improved as the op-
erating conditions became more challenging, the 
need for solving similar tasks arise but in another 
reactor, the element base of the loading, measure-
ment and control system underwent further de-
velopment. As the requirements for licensing and 
competitive performance assessment became se-
vere, the need for the conceptual approach and 
methodology based on several test methods as 
well as for development of proper phenomena 
models for computer codes arises. All of this con-
tributed to further development and advancement 
of test methods.

2.1. Test Methods Intended for the NEUTRON 
Test Facilities

There are two tensile load test facilities “NEU-
TRON-8” in the RBT-6 reactor (see Fig. 3) [1]. 

Figure 2. In-pile test methods for investigation of long-term mechanical properties of the materials under 
irradiation in the MIR, SM and RBT-6 reactors.
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They are intended for the fol-
lowing:

 ● Testing of structural materi-
als under the static, incre-
mental and cyclic tensile 
loading conditions at differ-
ent load, tensile rate and 
temperature;

 ● Automatic control over the 
test modes;

 ● Running record of tempera-
ture, load, longitudinal strain 
and sample rupture;

 ● Testing of unirradiated and 
pre-irradiated samples;

 ● Measurements of lateral di-
mensions on test samples 
in the hot cell at regular in-
tervals.

Table 1 provides specifi cations 
of the “NEUTRON-8” test facili-
ties.

The experiments performed 
in the “NEUTRON” facilities 
made it possible to validate 
test methods for transient and 
steady-state creep, creep-
rupture test, life test under the 
steady-state and variable load 
conditions, strain test and re-
laxation resistance of the struc-
tural materials and fuel cladding 
tubes for reactors of different 
application.

2.2. Relaxation Test 
Techniques

2.2.1. In-pile relaxation tests 
of structural materials are car-
ried out in the RBT-6 and SM reactors in the test 
facilities intended for in-pile stress relaxation test-
ing in bending (UVIRIM) (see Fig. 4) with the use 
of ring and fl at samples [2]. The ring samples are 
subjected to wedge-like loading, while fl at samples 
undergo the four-point bend.

Relaxation moment or stress in the outer lay-
ers of test samples are estimated from the in-pile 
test measurements of their force response to the 
wedge or to one of the central load supports by 
applying countervailing force. Such method is a 
unique one and applied for the fi rst time. 

Figure 3. Schematic representation of the “NEUTRON-8” test 
facility.

Table 1. “NEUTRON-8” specifi cations

Parameter Value

The number of test samples, pcs. 1…2

Neutron fl ux (Е > 0.1 MeV), cm-2∙s-1 (1…6)∙1013( 10%)

Damage rate, dpa/h Up to 2·10-4

Peak tensile load, N 5000 ( 1%)

Displacement measurement range, mm 0…6 ( 3..5 μm)

Test temperature, оС 200…900 ( 1%)

Range of predetermined tension velocity, %/ h 1…10-5 ( 5%)

Test environment Inert gas
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Given in Table 2 are specifi cations of the 
UVIRIM test facility.

The UVIRIM test data were used as a basis for 
development of testing methods for relaxation re-
sistance and linear creep characteristics, in partic-
ular the irradiation creep modulus when it reaches 
a value of 10-6 MPa-1∙dpa-1 and higher. 

2.2.2. The RBT-6 reactor has the URIP test facility 
intended for relaxation testing in torsion of springs 
compressed to a target length prior to testing. 
These springs are the springs from the VVER fuel 
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placement of some spring units in the 
storage pool during the scheduled 
reactor outages. Each spring unit 
comprises three springs compressed 
to a target length before testing (see 
Fig. 6). The coolant temperature is re-
corded with six thermocouples which 
are arranged at one cross-section of 
irradiation rig at the outlet of the up-
per spring unit. There are two neutron 
activation detectors (NDs) along the 
center line of two springs to estimate 
the maximum neutron fl uence in the 
mid-core plane. Once the target neu-
tron fl uence value has been achieved 

during the irradiation testing, the spring units are 
removed from the reactor and transported to the 
hot cell to test force characteristics of the springs 
and perform measurements of stress relaxation.

  Table 4 provides specifi cations of the BLOK-P 
irradiation rig.

The test techniques applied to the URIP and 
BLOK-P irradiation rig allow for testing relaxation 
resistance of springs, their ability to withstand a 
target load inside the VVER FAs during the entire 
operation and selecting the most promising candi-
date materials.

2.2.4. Recently a new relaxation test method has 
been developed based on the patent inventions of 
JSC “SSC RIAR” [4, 5]. This test method is intend-
ed for stress relaxation testing of fl at samples of 

Table 2. Specifi cations of the UVIRIM test facility

Parameter Value

Sample description Ring, fl at 

The number of test samples, pcs. 1

Neutron fl ux (Е  0.1 MeV), cm-2s-1 ≤ 1014 ( 10%)

Damage rate, dpa/h Up to 2·10-4

Load applied to the wedge or support, N ≤ 40 ( 1.5%)

Test temperature, оС 300…700 ( 1%)

Test environment Inert gas

Figure 4. Schematic representation of the UVIRIM test facility with the ring (a) and fl at (b) samples.
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assemblies (FAs) (see Fig. 5) [3]. Out-of-pile mea-
surements of the pre-determined compression 
force can be performed at regular intervals to es-
timate stress relaxation. When the measurements 
are not needed during the irradiation testing, it will 
be possible to subject a lot of samples to testing. 
Given in Table 3 are specifi cations of the URIP test 
facility.

2.2.3. The accelerated relaxation test method was 
developed for testing springs from the spring unit 
of the VVER-1000 FAs as applied to the water-
cooled loop facilities in the MIR reactor. Irradiation 
rig (IR) BLOK-P can accommodate several spring 
units at a time in the loop channel provided that 
they are stacked one on another along the core 
height. Such a design enables removal and re-
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structural materials under the four-
point bend loading conditions in the 
UVIRN test facility. Stress relaxation 
is also obtained based on the re-
sults of periodic measurements of 
the sample force towards the load-
ing supports. 

Shown in Figure 7 is the con-
ceptual design of device intended 
for this test procedure. The sample 
is positioned between the base with 
two pairs of inside supports and the 
loading case cover with two pairs of 
outside supports. The sample un-
dergoes bending when the cover 
is pushed towards the base with 
clamping nuts. The pressing force is 
equal to the double response of the 
loading supports, 2Р. The procedure 
is interrupted at regular intervals, 
the clamping nuts are turned so that 
the cover is moved a little upward 
above the base then the force is ap-
plied to push the cover towards the 
base to record its value 2Рr once the 
coved has been held down to the 
base. The stress relaxation is calcu-
lated from the Рr data.

Other design modifi cations of 
the loading case were developed 
where the case cover is always held 
tightly to the base but one pair of 
supports in the movable element is 
provided with freedom of movement 
towards the other pair. Such a load-
ing case is capable of loading fi ve 
samples at different initial stresses. 
Several cases of this type can be 
placed in one irradiation rig thus 
making the measurement proce-
dure much easier. When measure-
ments are done, the countervailing 
force created by the loading system 
is applied to the movable element 
and after that its value is measured 
as the moving element displaces 
(see Fig. 8). Figure 9 shows the 
sketch drawing of one of available 
design modifi cations of the irradia-
tion rigs developed for in-pile stress 
relaxation tests of fl at samples in 
the water loop facilities of the SM 
and MIR reactors.

321

Mid-core plane

Aluminium unit

Springs

Table 3. Specifi cations of the URIP test facility

Parameter Value

Test samples Springs of the VVER FAs

The number of test samples, pcs. 24

Neutron fl ux (Е > 0.1 MeV), cm-2·s-1 1012…1013 (± 10%)

Damage rate, dpa/h ≤ 3×10-5

Applied force, N ≤ 4000 (± 1..2%)

Length measurement error, μm ± (10…20) 

Test temperature, оС 300…350 (± 1%)

Test environment Inert gas

Figure 5. Schematic representation of the URIP test facility.

Figure 6. Schematic representation of BLOK-P 
irradiation rig.

1 – springs; 2 – spacer tube; 3 – pre-stressing fl anges
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Figure 7. Loading case with the sample.

Table 4. Specifi cations of the BLOK-P irradiation rig

Parameter Value

Test samples Springs of the VVER FAs

The number of test samples, pcs. 15

Neutron fl ux (Е > 0.1 MeV), cm-2×s-1 (1…2)∙1013 (± 10%)

Applied force, N < 1000 (± 1…2%)

Test temperature, оС 300…330 (± 1%)

Test environment Water

Base

Cover

Clamping nut

Sample2P

Slot

Table 5 provides specifi cations of the UVIRN 
test facility.

This method was successfully applied for re-
laxation resistance testing of the LWR FA top noz-
zle spring material. It provides for investigation of 
stress relaxation and creep characteristics of dif-
ferent class structural materials.

2.3. Pressure Load Test Methods

JSC “SSC RIAR” has a large number of UITO fa-
cility modifi cations to test internally and externally 
pressurized tube samples [1]. In several facilities 
operated in the SM and RBT-6 reactors samples 
are connected to a gas loading facility. Sample 
pressure can be adjusted during the test, and rup-
ture is recorded by pressure gauges. 

Most of facilities are designed to test large 
batches of gas-fi lled sealed tube samples (see 
Fig. 10). The sample diameter and length are 
measured in hot cells at regular intervals to study 
the kinetics of strain along two main axes and ob-
tain additional data on the creep anisotropy. When 
conducting the creep-rupture test, the samples are 
placed in capsules. Rupture is detected by pres-

sure jump in them. 
Quite an easy pressurization way 

makes it possible to conduct testing 
in any environment including high-
parameter water in the loop chan-
nel (temperature can achieve up to 
~ 320 оС, and pressure - up to ~ 20 
MPa, which allows for creating posi-
tive and negative tangential stresses 
[3]), as well as boiling water and wa-
ter of supercritical parameters in the 
SM reactor capsule channels. Table 
6 provides specifi cations of the UITO 
test facility.

A combination of the test methods 
based on the use of the “NEUTRON”, 
UVIRIM and UITO facilities allows 
for the implementation of a research 
program focused on the methodology 
of a conceptual approach to the phe-
nomenon. When these facilities are 
used in combination, it enables both 
obtaining equivalent characteristics 
of the examined property and using 
these characteristics to describe the 
phenomenon under different loading 
types and test conditions by employ-
ing a 3D coordinate system. This is 

particularly important for anisotropic materials and 
products such as zirconium alloy cladding tubes 
that are widely used in the water-cooled reactors.

Following such methodology RIAR has com-
pleted a research program on multi-component 
anisotropic irradiation-thermal creep of cladding 
tubes made of alloys E110 and E635 (see Fig. 11, 
12). The whole range of the test methods was ap-
plied for out-of pile tests, irradiation tests and PIE. 
The following factors were taken into consideration 
in the creep concept: irradiation and thermal com-
ponents, irradiation impact on thermal components, 
transient and steady-state process stages, effect of 
the loading type, and anisotropy characteristics of 
each component. As a result, a creep model was 
created that describes creep behavior under in-pile 
and out-of-pile conditions [6]. This model describes 
adequately dimensional changes of the VVER-440 
and VVER-1000 fuel rods and predicts their evolu-
tion at high fuel burnup under PCMI [7, 8]. 

2.4. Dispersed Fuel Creep Test Method 

This method is based on the use of the URIPT-1 
facility (see Fig. 13). It is applied in the SM reactor 
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Figure 8. Loading case and facility for the countervailing force application.

Figure 9. Conceptual design of irradiation rig intended for stress relaxation testing of fl at samples.

1 – hold-down device; 2 – supporting tube; 3 – loading cases with the samples; 4 – spacer plate;
5 – cover; 6 – NDs; 7 – sample; 8 – base; 9 – retainer pins

ampoule channels and intended for the in-pile test-
ing of dispersed fuel creep [3]. 

A cylinder-shaped sample is tested under 
longitudinal compression provided by a bellows 
where pressurized helium is supplied. Liquid Sn-
based alloys and aluminium structural components 
are used to remove effi ciently generated heat in a 

sample. The URIPT-1 irradiation rig is equipped 
with two displacement sensors, a load sensor and 
thermocouples to measure temperature. One of 
the thermocouples is pushed towards the sample 
top end and the remaining thermocouples are in-
stalled in aluminium structural components thus 
making it possible to calculate a temperature pro-
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fi le and averaged temperature in a 
sample. Table 7 provides specifi ca-
tions of the URIPT-1 test facility.

The test method based on the 
use of the URIPT-1 facility allows 
for testing of transient and steady-
state creep and creep-rupture test-
ing of fuel sample in the fi ssion 
products accumulation range from 
0 to 1 g/cm3.

2.5. VVER Fuel Creep Test 
Method

This method was developed for 
longitudinal compression testing 
of creep behavior of standard and  
modifi ed oxide fuel as well as other 
VVER fuel types. The experience 
gained by the experts from NRNU 
MEPhI [9, 10, 11] and RIAR [3, 12] 
was used in the method develop-
ment process.

The method is based on using 
the URIPT-2 facility that consists 
of an irradiation rig, a gas vacuum 
stand, a data-processing system, 
and a temperature control system.

The irradiation rig (Figure 14 
shows its schematic representa-
tion) comprises samples, loading 
components, displacement and 
temperature measurement compo-
nents, an electric heater, gas and 
electric lines of communication with 
the out-of-pile equipment, biological 
shielding, and sealing components. 

To reduce thermal stress cre-
ated by the temperature gradient, samples are 
manufactured in the form of thin-wall plugs fully 
surrounded by molybdenum with high thermal 
conductivity and heat resistance. The temperature 
and length of the samples are measured by ther-
mocouples and an inductive gauge, respectively. 
The inductive gauge is installed outside the irra-
diation area. It is connected to the bottom and up-
per end of the samples by using unstressed drafts.

Compr  ession force is created by a bellows 
pressurized by helium from the outside. The irra-
diation rig internal space is also fi lled with helium 
of slight excess pressure. The force affecting the 
samples is calculated by a calibration curve de-
pending on helium differential pressure in the bel-

Table 5. Specifi cations of the UVIRN test facility 

Parameter Value

Sample shape Flat

The number of test samples, pcs. 20

Neutron fl ux (Е > 0.1 MeV), cm-2·s-1 1012…3·1015 (± 10%)

Damage rate, dpa/h ≤ 3∙10-3

Applied force, N ≤ 500 (± 2..3%)

Test temperature, оС 300…900 (± 1%)

Test environment Helium, water

Table 6. Specifi cations of the UITO test facility

Parameter Value

Sample shape Tube 

The number of test samples, pcs. ≤ 30

Neutron fl ux (Е > 0.1 MeV), cm-2·s-1 1012…3∙1015 (± 10 %)

Damage rate, dpa/h ≤ 2∙10-3 

Tangential stress, MPa -200…350 (± 2...4 %)  

Dimension measurement error, μm ± (3…7) 

Test temperature, оС 250…900 (± 1 %)

Test environment Water, liquid sodium, gas

Figure 10. Pressurized tube sample.

lows inner and outer space. Specifi cations of the 
URIPT-2 test facility are provided in Table 8.
The test method applied to the URIPT-2 facility al-
lows for testing of transient and steady-state creep 
and obtaining its rate as a function of stress, tem-
perature and thermal neutron fl ux density. 

Irradiation creep of modifi ed uranium diox-
ide fuel with a grain size of at least 25 μm was 
tested in the RBT-6 reactor using this method and 
IR. Three tests were conducted at temperatures 
734°C, 865°C, and 978°C measured in the cen-
tral hole of the upper sample at stresses equal to   
10 MPa, 20 MPa, 30 MPa, and 40 MPa. During 
the tests the fi ssion density in the samples made 
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Figure 12. Experimental (points) and calculated (lines) strain as a function of burnup for the VVER-1000 
fuel rod claddings at 340оС (1), 325оС (2), 355оС (3).

up 1.2·1013 cm-3∙s-1. The test duration made up 
1000…1200 h provided that the temperature was 
the same and the reactor power was constant. 
The irradiation creep diagrams were obtained at 
three temperature values in the stress range of 
10…40 MPa [13].

There are signifi cant radial and axial tempera-
ture gradients in the nuclear fuel samples due to 

high internal heat rate in the course of irradiation. 
The temperature in the samples was obtained 
based on the given test data with the use of the 
ANSYS code [14]. Figure 15 provides the calcu-
lated temperature profi ling in the upper and lower 
samples during the fi rst test.

Figure 16 shows recorded strain as a function 
of time under samples loading during the fi rst test, 
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Table 7. Specifi cations of the URIPT-1 test facility

Parameter Value

The number of test samples, pcs. 1

Thermal neutron fl ux density, cm-2∙s-1 (0.1…1)∙1014 (± 10 %)

Heat rate in a sample, W/cm3 ≤ 1700

Fission product accumulation rate, g/(cm3∙h) ≤ 7∙10-5

Peak compression load, N 5000 (± 1 %)

Strain measurement range, mm 0…6 (± 3...5 μm)

Test temperature, оС 300…500 (± 2 %)

Test environment Sn-based alloy

Figure 13. Schematic representation of the URIPT-1 
test facility.
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and the steady-state creep rate 
values of uranium dioxide fuel 
obtained in processing the sam-
ple strain diagram by the math-
ematical statistics. Figure 17 
provides temperature in relation 
to creep rates of uranium diox-
ide fuel normalized to the stress 
values of 20 MPa and 30 MPa.

3. Trends for Further 
Development of 
the In-Pile Testing 
Methods

A combination of the given test 
methods can resolve a wide 
range of reactor material sci-
ence issues in terms of ensuring 
performance and safety of the 
existing nuclear reactors oper-
ated under sophisticated condi-
tions and high fuel burnup, and 
implementing innovative proj-
ects of nuclear power engineer-
ing in the future. 

A good illustration of the 
method applications is testing of 
the anisotropic irradiation-ther-
mal creep laws with reference 
to cladding tubes made of zirco-
nium alloys. These laws made 
it possible to develop a model 
for the given phenomenon [6, 7] 
and apply it successfully to de-
scribe changes in the VVER fuel 
rods dimensions [15].

These methods have potential that will be con-
siderably extended after the completion of their 
development program in the near future. The SM 
reactor core upgrades gave rise to new methodical 
capabilities. The fuel assemblies now have space 
24.5 mm in diameter to accommodate irradiation 
rigs with samples. Several core cells of 69×69 mm 
lateral dimensions can be used today for the same 
purposes. Irradiation rig design modifi cations 
have been developed and partially implemented 
to test creep, creep rupture, stress relaxation and 
irradiation growth of structural materials in the pri-
mary water at temperature of (50…150)оС, high-
parameter water (with pressure up to ~ 20 MPa, 
and temperature up to ~ 320оС), pressurized boil-
ing water, inert gas with the temperature achiev-

ing (500…600)оС. The peak fast neutron density 
makes up 3.0×1015 cm-2∙s-1, and the peak damage 
dose accumulation rate is equal to 25 dpa/year. 

The aforementioned irradiation rigs will allow 
for testing under uniaxial tension and compres-
sion, gas pressurization and bending. Tube sam-
ples can be sealed or pressurized to achieve the 
value of ~ 100 MPa with the use of the existing gas 
stand. In the latter case it is possible to select the 
desired loading point to achieve high stress, main-
tain or adjust pressure in the samples with a high 
degree of accuracy.

These new capabilities make the MIR and SM 
reactors the most effi cient tool to resolve a range 
of issues posed by the nuclear power engineer-
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Table 8. Specifi cations of the URIPT-2 test facilit

Parameter Value

Sample shape Thin-wall tube

The number of test samples, pcs. 2

Thermal neutron fl ux density, cm-2∙s-1 (0.1…1)∙1014 (± 10 %)

Heat rate in a sample, W/cm3 350…400

Peak compression load, N 1200 (± 1 %)

Strain measurement range, mm 0…6 (± 3..5 μm)

Average test temperature, оС 700…1100 (± 2 %)

Test environment Inert gas

Figure 14. Schematic representation of the URIPT-2 IR.
 1 – gas lines; 2 – thermocouples; 3– samples; 

4 – tip; 5 – pusher; 6 – bellows; 7 – inductive 
gauge draft; 8 – electric heater; 9 – Mo sleeve; 
10 – graphite
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ing, particularly water-cooled reactors. 
Further development of the mechanical 
test methods presupposes creation of 
technical means to be used in the long-
term testing of structural materials un-
der cyclic loads, pre-irradiation, creep 
and sintering testing of high burnup fuel 
from the water-cooled power reactors.

4. Conclusion

JSC “SSC RIAR” has mechanical test 
methods that are continuously being 
developed to be applied in the MIR, 
SM and RBT-6 reactors. Among them 
are creep tests, stress relaxation tests, 
creep-rupture tests, strain tests of ma-
terials used in the nuclear power engi-
neering under different loading types 
(tension, compression, pressuriza-
tion, bending, torsion) and conditions 
(steady-state, incremental, cyclic, and 
more sophisticated) in water (non-boil-
ing, boiling, supercritical), liquid metal 
and gas environment. 

Due to availability of several re-
search reactors and a wide range of 
instrumented irradiation rigs it is pos-
sible to simulate operating conditions 
and predict performance of different 
reactor materials to show feasibility of 
the existing and innovative projects of 
nuclear power engineering.
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