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PropriMs de fluage transitoire g haute tempkrature 
des tubes de force CANDU 

R. W. L. Fong et C. K. Chow 

Pendant un accident hypothetique de perte de caloporteur (LOCA) important, le debit de 
caloporteur serait reduit dans certains canaux de combustible. Le caloporteur stagnerait, ferait 
monter la temperature du combustible et surchaufferait le tube de force. Celui-ci se gonflerait 
(fluage radial) pour entrer en contact avec son tube de cuve refioidi par un modk-ateur. Lors du 
contact, l’knergie thermique emmagasinee dans le tube de force est transferee dans le tube de 
cuve et dans le moderateur, lequel agit comme une source fi-oide. 

Dans le cadre d’analyses de surete, la modelisation de la rCsistance a la deformation des canaux 
de combustible au tours d’un LOCA ntcessite une trks bonne connaissance des proprietes du 
fluage transitoire a haute temperature des tubes de force Zr-2.5Nb. A ces fins, un modele de 
gonflement visant a predire la deformation des tubes de force a Cte Clabore par 
Shewfelt et ~011. [ 11, a partir d’equations de fluage d’eprouvettes de traction uniaxiale [2]. 
Cependant, on a constate une variabilite inherente sur le plan des proprietes de fluage a haute 
temperature des tubes de force CANDU. La variabilite peut Ctre IiCe a diffbentes pratiques de 
fabrication des tubes, a des variations de la composition chimique et a des changements de la 
microstructure causes par l’irradiation lors du fonctionnement du reacteur. 11 est important de 
quantifier la variabilite des proprietes de fluage a haute temperature afin de p&dire de faGon 
precise le comportement au fluage des tubes de force. 

Le present document resume des don&es recentes obtenues a partir d’essais de fluage uniaxial 
a haute temperature sur des tprouvettes preledes dans des tubes de force irradies et non irradies 
(chute), lesquelles laissent supposer que la variabilite est principalement attribuable a des 
differences initiales dans la microstructure (dimensions des grains, forme et orientation 
privilegiee) et egalement a des variations de la composition chimique d’un tube a l’autre, plutot 
qu’a une radioexposition. Les analystes de la sfirete utiliseront ces don&es afin de quantifier les 
incertitudes sur le plan de la prediction des temperatures de contact des tubes de force lors 
d’un LOCA hypothetique d’envergure. 
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Abstract 

During a hypothetical large break loss-of-coolant accident (LOCA), the coolant flow would be 
reduced in some fuel channels and would stagnate and cause the fuel temperature to rise and 
overheat the pressure tube. The overheated pressure tube could balloon (creep radially) into 
contact with its moderator-cooled calandria tube. Upon contact, the stored thermal energy in the 
pressure tube is transferred to the calandria tube and into the moderator, which acts as a heat 
sink. 

For safety analyses, the modelling of fuel channel deformation behaviour during a large LOCA 
requires a sound knowledge of the high-temperature creep properties of Zr-2.9% pressure tubes. 
To this extent, a ballooning model to predict pressure-tube deformation was developed by 
Shewfelt et al. [ 11, based on creep equations derived using uniaxial tensile specimens [2]. It has 
been recognized, however, that there is an inherent variability in the high-temperature creep 
properties of CANDU pressure tubes. The variability can be due to different tube-manufacturing 
practices, variations in chemical compositions, and changes in microstructure induced by 
irradiation during service in the reactor. It is important to quantify the variability of high- 
temperature creep properties so that accurate predictions on pressure-tube creep behaviour can be 
made. 

This paper summarizes recent data obtained from high-temperature uniaxial creep tests 
performed on specimens taken from both unirradiated (offcut) and irradiated pressure tubes, 
suggesting that the variability is attributed mainly to the initial differences in microstructure 
(grain size, shape and preferred orientation) and also from tube-to-tube variations in chemical 
composition, rather than due to irradiation exposure. These data will provide safety analysts 
with the means to quantify the uncertainties in the prediction of pressure-tube contact 
temperatures during a postulated large break LOCA. 
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INTRODUCTION 

In a CANDU@ reactor, the fuel channels are horizontal. Each channel has an inner Zr-2.5Nb 
pressure tube containing the nuclear fuel and pressurized heavy water coolant, and an outer 
Zircaloy-2 calandria tube that isolates it from the cool heavy water moderator (Figure 1). The 
two tubes are separated using spacers and the annulus space is filled with dry circulating COZ. 
During a hypothetical large break loss-of-coolant accident (LOCA), the coolant flow is reduced 
in some fuel channels and would stagnate and cause the fuel temperature to rise and overheat the 
pressure tube. The overheated pressure tube could balloon into contact with its moderator- 
cooled calandria tube. Upon contact, the stored thermal energy in the pressure tube is transferred 
to the calandria tube and into the moderator, which acts as a heat sink. 

CalandriaTube _ _ --- Roiled 

-; - 

Figure 1. Schematic diagram of a CANDU fuel channel. 

For safety analyses, the modelling of fuel channel deformation behaviour during a large LOCA 
requires a sound knowledge of the high-temperature creep properties of Zr-2.5Nb pressure tubes. 
To this extent, a ballooning model to predict pressure-tube deformation was developed by 
Shewfelt et al. [ 11, based on creep equations derived using uniaxial tensile specimens [2]. It has 
been recognized, however, that there is an inherent variability in the high-temperature creep 
properties of CANDU pressure tubes. The variability can be due to different tube-manufacturing 
practices, variations in chemical compositions, and changes in microstructure induced by 
irradiation during in-reactor service. It is important to quantify the variability of high- 
temperature creep properties so that accurate predictions on pressure-tube creep behaviour can be 
made. 

Recent test data have been obtained from high-temperature uniaxial creep tests performed on 
specimens taken from both unirradiated (offcut) and their partner-irradiated pressure tubes. The 
results are summarized in this paper, suggesting that the variability in high-temperature creep 
properties is attributed mainly to the initial differences in microstructure such as grain size, shape 
and preferred orientation and also from tube-to-tube variations in chemical compositions, rather 
than due to irradiation exposure in-reactor. 

wmada Deuterium uranium, a registered trademark of AECL. 



!pXimen
coincided with the centre of the pull rod to eliminate bending of the specimen during the tests.

mmline axis of the constructed  so that the head, The grippers were 

self-
align during the test, grippers were made of hardened steel with a profile that fitted the curvature
Qf the specimen 

LVDTs.

To provide uniform load distribution on the specimen while also allowing it to rotate and 

(TCl and
TC2) and position of two sets of 

P4B17). The gauge section of the specimen was 10 mm
long x 6 mm wide x 3.5 mm wall thickness, corresponding to the transverse, longitudinal and
radial directions of the tube, respectively. Thus the tensile direction of the specimen was in the
transverse (circumferential) direction of the tube (Figure 2).

3.5

Figure 2. Schematic diagram showing uniaxial test specimen cut from pressure tube
material (all dimensions in mm), location of two thermocouples 

P4M11, and (P4V13, 
offcut rings of front- and back-end materials of three Pickering 4

pressure tubes 
from 

front- and back-end of different pre-irradiated Pickering 4 (P4)
pressure tubes. The test data obtained are compared with irradiated specimens taken from the
“partner” P4 pressure tubes. These data will provide safety analysts the means to quantify the
uncertainties in the prediction of pressure-tube contact temperatures during a postulated large
break LOCA.

Uniaxial tension specimens were prepared according to the dimensions shown in Figure 2. The
specimens were machined 

from both the 
(offcut) specimens

were taken 
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TESTING FOR TRANSIENT HIGH-TEMPERATURE CREEP PROPERTIES

For nominal design dimensions and concentric tubes, the circumferential elongation of the
pressure tube has to creep 18% for it to completely contact its calandria tube, based on a uniform
and concentric mode of deformation. The transient temperature of the pressure tube at the time of
contact with its calandria tube is referred to as the “contact” temperature of the pressure tube.

To evaluate the variability of high-temperature creep properties, unirradiated 



a.01 mm.uncertGnty  in the displacement measurement was estimated at 
rhe data acquisition system (DAS) and converted to distance traveled by the LVDT core.

The 
tu 

st_lO V output. This signal was
fell 
powere,d  by Lucas Schaevits DRT-451 signal conditioners to a 

1OOA) wereLBB375PA- 
kPa) held the rods on the specimen surface

without deforming the specimen. The LVDTs (Lucas Schaevits model 

[l]. Four quartz rods, with
low thermal expansion coefficient and low thermal conductivity, were used as the LVDTs
extensions that were in contact with the specimen (Figure 3). The tips of the quartz rods were
reduced to 1 mm diameter. A slight air pressure (70 

a> At the start of high temperature ramp test. b) At the end of test.

Figure 3. Photographs showing the start (a) and end (b) of a high-temperature ramp test
under constant tensile load.

The strains in the two principal directions perpendicular to the tensile direction of the specimen
were measured using two sets of LVDTs developed by Shewfelt et al. 

resistance-
heated using a programmable power supply (Model 73211 Data-T& Programmer and Research
Inc. Model 62022 Process Controller).

(TCl and TC2) was used to calculate the heat up rate of the specimen and to
determine the contact temperature. If the control thermocouple resulted in a problem during the
test, the results of the test was disregarded as the contact temperature determined from averaging
the thermocouple readings would not have been representative. The specimen was 

(TCl) was used for temperature control. An average temperature from the two
thermocouples 

+6.3”C.  The thermocouples were attached on the same plane as the LVDT extension rods, so
that the temperature and strains at the same locations were measured (Figure 2). One
thermocouple 

800°C was estimated to
he 

&.4%
(whichever is greater). The total uncertainty in specimen temperature at 

“C or 21.1 

(TCl and TC2) that
were spot-welded on the wide face at the mid-plane of the specimen (Figure 2). These wires
were “special limits of error” grade with a guaranteed error limit of 
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Temperature measurements were made using two Type-K thermocouples 



offcut specimen.
(second)

Figure 4. An example of analysis of test results from a back-end  
i-me  

35 403020 255 10 150

offcut specimens from P4 pre-irradiated pressure
tubes were analysed in the same manner, and the results are summarized as shown in Figures 5
and 6.

unirradiated  

analysed to obtain values for
both the contact temperature and the time-to-reach contact temperature when the specimen
material had reached 18% strain. An example of analysis of such data is illustrated in Figure 4.
All the test data collected on the 

E, reached 18% (considered to
be equivalent to the temperature of the pressure tube at the instance of ballooning contact with its
calandria tube). The time to reach the contact temperature starting from 300°C (an arbitrarily
chosen reference point for time zero) was also obtained from the test data.

RESULTS AND DISCUSSION

The test data from P4 pressure tubes (V13, Ml 1 and B17) were 

6O”C/s. The “contact
temperature” was determined at the point when the tensile strain, 

MPa. The temperature ramps ranged from 25 to 

3a). To simulate accident conditions, the
specimen is then heated up at a controlled rate (temperature ramp) while it is being held under a
constant tension load (initial stress) until failure occurs (Figure 3b). The initial stresses ranged
from 40 to 170 

EZ are strains in the radial and longitudinal direction of the pressure-tube,
respectively.

All the. tests were performed using the same test procedures. Briefly, the specimen is mounted in
the load-train of a MTS tensile machine (Figure 

~~ and 

&,)

where 

-(&r + & = 

Z,, are the instantaneous dimension and the original dimension in that direction,
respectively. Assuming constant volume, the strain in the tensile direction is then:

I and 

The true strain in each of the principal directions is calculated using:

where 



[4].
expected, there is also  evidence for tube-to-tube variations in the high-temperature creep
properties seen in Figures 5 and 6. The variations in high-temperature creep properties of

As

tubes were produced using non-beta quenched material and, also there is a small
measurable difference in crystallographic texture of the grains, with a less pronounced
concentration of basal plane normals in the back-end than in the front-end of the tube 

[3], the resulting size
of the grain structure is often smaller than those seen in the front-end material of the P4 tubes as
these 

offcut materials taken from
the same pressure tube. The observed difference in the transient high-temperature creep
behaviour is attributed mainly to the initial differences in microstructure between the front- and
back-end materials of the pressure tube. As the back-end material of the pressure tube is usually
at a ‘cooler’ temperature because it was extruded last during manufacture 

fmed initial stress than those obtained on back-end 

offcut materials taken from the front-end of
the tube (indicated by open symbols in the figure) showed consistently higher values for contact
temperature at a 

offcut specimens taken
tubes. from P4 pressure tubes.

Also, it is clear from Figure 5 that the pressure tube 

offcut temperature with initial stress for
specimens taken from P4 pressure unit-radiated 

(MP@

Figure 5. Variation of contact temperature with Figure 6. Variation of time-to-reach contact
initial stress for unirradiated 

Initial  stress  (MPa)

200

Initial Stress 

150100so0200150100so

[l]; both showing reasonable agreement with test measurements. In general, for a
given initial stress the predicted contact temperature shifts downward to lower values as the
temperature ramp increases.

As shown in Figure 5, the contact temperatures increase as the initial stresses decrease with a
given range of temperature ramps but not in a linear fashion. Also shown in the figure for
comparison are dotted and dashed lines that represent predictions using Shewfelt’s creep-rate
equations 



offcuts and their “partner” irradiated Pickering 4 pressure tubes.
t&radiated

(MPa)

Figure 7. Comparison of high-temperature creep properties between 
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2535”C/s.

offcut materials are compared directly with those obtained on their
“partner” pre-irradiated pressure tube specimens. Figure 7 shows the comparison in terms of the
contact temperature variation with initial stress for temperature ramps between 

offcuts, and it appeared that the creep time-difference
between them also showed a small decrease as the temperature ramp was increased.

To evaluate whether irradiation exposure had any effect on high-temperature creep properties,
the results on the unirradiated 

offcut materials took a little longer
time to creep 18% than the back-end 

5), however, there is a noticeable time difference on the creep time-to-reach contact
temperature (Figure 6). It was observed that the front-end 

heatup rate on contact temperature is not obvious
(Figure 

6

CANDU pressure tubes as seen in this series of tests are consistent with observations on
variations in other material properties such as tensile properties, and fracture toughness because
of their dependence on microstructure.

As shown in Figure 6, the time-to-reach contact temperature increases as the initial stresses
decrease. These results are also consistent with those seen in Figure 5. Although, for a given
initial stress the effect of much higher 
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Despite the limited data available, Figure 7 shows that the variability of both the unirradiated- 
offcut and irradiated-partner materials are within the scatter of each other, suggesting that there 
was no significant effect of irradiation on high-temperature creep properties. Also plotted for 
comparison in the figure are the predictions using Shewfelt’s creep-rate equations as given in [ 11, 
(RAMP model) for 2O”C/s and 35”C/s temperature ramps, showing that the predicted curves fall 
within the scatter (upper and lower bound) of the test data; thus showing reasonable agreement 
with the data. Using the limited data available, the variability in contact temperature within the 
upper and lower bound is estimated to be close to *35”C about the mean value for a fixed initial 
stress. More test data are needed to improve the statistical database to confirm the extent of the 
variability of the high-temperature creep properties. 

SUMMARY 

A series of high-temperature creep tests have been performed on unirradiated-offcut specimens 
taken from the front- and back-end of their “partner” pre-irradiated Pickering 4 pressure tubes. 
Analysis of the results showed that the contact temperature for the unirradiated front-end 
material of the pressure tubes were consistently higher than those of the back-end material for 
the range of initial stresses (40-l 70 MPa) and ramp rates (256O”C/s) investigated. The observed 
difference in the high-temperature creep behaviour is attributed to the initial difference in 
microstructure between the front- and back-end materials of the pressure tube, and also from 
tube-to-tube variations during pressure-tube manufacture. A comparison of the test data for 
unirradiated-offcut materials with their irradiated-partner pressure tubes suggests that their 
variations are within the scattering extent of each other. Therefore, statistically the in-service 
pressure tubes when exposed to fast neutron irradiation do not necessarily creep any faster or 
slower than the as-received “partner” pressure tube materials. Additional tests are needed to 
improve the statistics of the database in high-temperature creep properties. 
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