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ABSTRACT
The structural integrity of flawed steam generator tubing with Electrosleeves** under simulated severe accident -

transients was analyzed by analytical models that used available material properties data and results from high-
temperature tests conducted on Electrosleeved tubes. The Electrosleeve material is ahnost pure Ni and derives its
strength and other useful properties from its nanocrystalline microstructure, which is stable at reactor operating
temperatures. However, it undergoes rapid grain growth ,at the high temperatures expected during severe accidents,
resulting in a loss of strength and a corresponding decrease in flow stress. The magnitude of this decrease depends
on the time-temperature history during the accident.

Failure tests were conducted at ANL and FTI on internally pressurized Electrosleeved tubes with 80% and
100’%throughwall machined axial notches in tie parent tubes that were subjected to simulated severe accident
temperature transients. The test results, together with the analytical model, were used to estimate the “unaged” flow
stress curve of the Electrosleeved material at high temperatures. Failure tempemtures for Electrosleeved tubes with
throughwall and part-throughwall axial cracks of various lengths in the parent tubes were calculated for a postulated
severe accident transient.

INTRODUCTION
Severe accidents that involve significant core damage are unlikely events in nuclear reactors. Even in the

unlikely event that such an accident should occur, inmost cases, any potential risk to the public is mitigated by the
presence of a robust containment. The accident sequences that appear to produce the greatest risk of steam generator
tube failure are those in which the reactor pressure vessel fails to depressurize, but depressurization does occur on the
secondary side. Even in these cases, preliminary investigations suggest that failures are likely to occur in the hot–leg
nozzle or the inlet surge-line nozzle, leading to depressurization of the reactor system, which prevents failure of
steam generator tubes (SGTR Severe Accident Working Group,l 998).

Under severe accident conditions steam generator tubing can be subjected to very high temperatures (SGTR
Severe Accident Working Group,1998). In some accident sequences the temperatures of the tubing will be high
enough (=840°C) that even virgin, undegraded tubing can M (Majumdar et al., 1998). If other primary system
components fail prior to the time the steam generator tubing would reach the temperature at which it will fail, the
system will vent inside the containment, the primary system will depressurize, and the steam generator tubes will
not fail. If the tubes reach failure before another primary system component fails, a bypass event will occur.

Behavior of Electrosleeved tubes during severe accident is of interest to the United States Nuclear Regulatory
Commission (NRC), because it has the potential of being used in the field as a repair technique for steam generator
tubes. Although the nanocrystalline Electrosleeve has superior mechanical properties compared to Alloy 600 at
reactor operating temperatures, it looses strength at high temperatures because of grain growth, which raises concern
as to its integrity during severe accidents. No relevant data were initially available and the NRC instructed Argonne
National Laboratory (ANL) to investigate the high temperature behavior of Electrosleeved tubes with cracks by
analytical means. Recently, a model was developed that can predict failure of Electrosleeved steam generator tubes
with 100’%throughwall cracks in the parent tubes subjected to postulated severe accident transients (Majumdar,

* Work supported by the U.S. Nuclear Regulatory Commission, under NRC Job Code W6487.

** Electrosleeve is a trademark of Ontario Hydro.
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1999). Subsequently, both Framatome Technologies, Inc. (FTI) and ANL conducted tests on pressurized
Electrosleeved tubes with notches by subjecting them to postulated severe accident transients. These data were used
to further refine the model (Majumdar, 1999)..

In the present paper, the model is extended to Electrosleeved tubes with part-throughwall cracks in the parent
tube. Tests conducted at FTI and ANL on Electrosleeved tubes with 80 and 90% throughwall EDM notches we~
used to validate the model predictions.

MODELS

Failure Model
.

A schematic of an Electrosleeved tube is shown in Fig. 1. An axial crack of various lengths is assumed to exist
through the fill thickness of the parent tube wall. During a severe acciden~ the tube is subjected to a time-varying
temperature and pressure (Ap) history. The flow stress failure criteria for axial cracks can be stated as follows:

~lig = H(T, t), (la)

where H is the hardness or flow stress (dependent on the krnperature histow) of the Electiosleeve and ~lig is the
ligament stress, which is given by Eq. lb

~lig = mp~h (lb)

where mp, which depends on the axial crack length and clepth, is the ligament Stress magnification factor, ah is the
nominal hoop stress (calculated using the mean radius and total thickness of the tube and the sleeve). For an
unsleeved steam generator tube with a part-throughwall axial CraCIGthe mp factor, denoted as mp (Am), was
obtained by Majumdar (1996) and Majumdar et al. (1998) by modi&ng an equation originally reported by Kieiher
et al. (1973). Finite element analyses (FEA) showed that the mp fhctor for the Electrosleeve ligament could be
reduced if the flow stress of the Electrosleeve is significantly lower than that of the parent tube (Majumdar, 1999).
The FEA results were used to calculate the ratio between the mp for the Electrosleeved tube and the homogeneous
tube as a function of the ratio between the flow stress of the parent tube and the Electrosleeve. This mp ratio WaS
then used to scale the mp calculated by the ANL correlation for a homogeneous tube to obtain the effectivemp of the
Electrosleeved tubes with notches as indicated in Eq. 2(FSR denotes flow stress ratio):

mp(FEA)
mp(eff.) = x mp(ANL)

mp(FEA, FSR = 1)

Grain Growth Model
During high temperature exposure, the growth rate of grain diameter(d) was assumed as Eq. 3.

[O fort<tn

[ [-)d= B ‘Qg fort 2 tn,

d‘exp RT

(2)

(3)

where tn is the nucleation time for the onset of rapid loss of flow stress (i.e., onset of grain growth), B is a constant,
Qg is the activation energy for grain growth, R=l .987 cal/mole/°C. Recrystallization due to plastic straining was
ignored. The form of the grain growth rate equation was chosen such that, under isothermal aging, the grain growth
follows a parabolic law. Under isothermal aging, the reciprocal of the nucleation time (1/t~, which has an activation
energy Qn, is given by the following equation:

[)-Q.+=Cexp ~
n

(4)

where C is a constant. The variation of Qn with T is given in Fig. 2. Because of lack of data, in all calculations
Qg was assumed equal to Q., i.e., Q. = Qg = Q.
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Flow Stress of Electrosleeve (Hall-Petch Relationship)
The hardness or flow stress (at a sufficiently high strain rate) of the Electrosleeve material was assumed to

depend on the grain size by the Hall-Petch relationship, i.e.,

H(T) = Ad-nf(T), (5)

where H(T) is the flow stress at any temperature T, d is the grain diameter, n is the Hall-Petch exponent, and f(T) is
a correction factor for temperature. Although Eq. 5 may not be applicable to nanocrystalline material, it is assumed
to provide reasonable estimates for flow stress at the failure temperature after the material has undergone significant
grain growth.

FTI submitted to the NRC data from a series of tensile tests at 343°C on specimens that were exposed to
isothermal pre-aging treatment at high temperatures for various times (Fig. 3a). The only exception was the
specimen pre-aged at 760”C which was tensile tested at 760”C. Integrating Eq. 5 for the pre-aging history (i.e., time
tat temperature T),

:44=$[(3’”-’]+$
where

(6)

Ho= Ad;nf(To) , (’7)

To is the test temperature, di is the initial grain size and Q is given in Fig. 2.
Results from the FTI tensile data (TO=343”C), excluding the data at 760”C, on pre-aged specipens could be

fitted well by using n ‘0.33 and are plotted in Fig. 3b using coordinates suggested by Eq. 6. Values of di2/2B, and
l/C were obtained tlom the slope and intercept of the linear fit. The solid square symbol in Fig. 3b represents the
data at 760”C and the line with the arrow denotes the change in flow stress parameter expected if the tensile test atler
pre-aging at 760°C were conducted at 343°C instead of 760”C.

Nucleation times to onset of loss of flow stress (i.e., grain growth) under isothermal aging were calculated using
Eq. 4 and the step-wise varying approximation to the activation energy data shown in Fig. 2. The results, plotted
in Fig. 4 for two Hall-Petch exponents, show that the two exponents give widely varying estimates for nucleation
times. The nucleation times for the rapid loss of hardness as derived ifom data supplied by FTI, also plotted in Fig.
4, show that n=O.33 fits the data better.

Under arbitrary temperature history [T(t)], the hardness or flow stress H(t) at any time t is given by
( Hi(t) for t < tn

(8)

where Hi(t) is the “unaged” flow stress at T(t) and tn is the nucleation time for the onset of rapid grain growth given

byc~:nexp[sk=’” (9)

Ligament failure is predicted to occur when Eqs. la-b are satisfied.

ANL HIGH TEMPERATURE TESTS
FTI provided twelve Electrosleeved specimens three of which were notched. Eight additional specimens we~

notched (= 0.0075 in. wide) at ANL by electro-discharge machining. In total, eleven tests on Electrosleeved
specimens with 100°Athroughwall notches in the parent tubes were conducted at ANL. The time temperature
history for these tests consisted of holding the internal pressure constant at 2.35 ksi while ramping the temperature
from 300”C to 545°C at 4.2°C/min followed by 12.5°C/min ramp until failure. (Fig. 5). This closely simulates the
station blackout (SBO) sequence identified as Case 6RU by the SGTR Severe Accident Working Group (1998).
For this case the tube temperature is 684°C when the surge line failure occurs and the primary side is depressurized.
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Determination of Unaged Flow Stress Curve
The faihne temperatures for the ANL tests were used to calculate the unaged flow stress curve of the

Electrosleeve material using the grain growth model (with n=0.33). The flow stress curve is compared with the
previously estiniated flow stress curve (without the benefit of the ANL tests) in Fig. 6a. Note that the revised curve
has a different shape and falls below the earlier estimated curve. This revised flow stress curve is used for all ftime
predictions in the remainder of this paper.

Two bounds to the failure temperatures of the ANL tests were calculated using limiting geometrical dimensions
measured from the specimens that were tested. These bounds together with the test data are plotted in Fig. 6b. The
tube-to tube variations in geometry give rise to a significant difference between the two bounds. A much better
correlation between the predicted and the observed ftihn-e temperatures is obtained if the actual geometry for each
specimen is used in calculating the predicted failure temperatures. Note that the failure temperature tends to level of
with increasing notch length. Also, on the average, any flaw S 38 mm (1.5 in.) long has a f~ure tempemture 2
684”C, which is the temperature of the tube at the time when the surge line fails.

Prediction of Failure Temperatures of FTI Tests
Fig, 7 shows a comparison of the failure temperatures as reported by FTI and the bounds using a typical FTI

temperature ramp and the same geometrical dimensions as shown in Fig. 6b. All the tests tend to fd near the
lower bound curve, which is not surprising because the thicknesses of the Electrosleeve were close to the lower
bound thickness assumed for the curve. The predicted failure tempemtures (using actual geomeby and actual
temperature ramp) are within 15°C of the observed values. The fhilure temperatures of the Electrosleeved tubes with
throughwall notches appear to vary ahnost linearly with notch length (the curve is actually slightly concave
downwards), as shown in Fig. 7. In contrast, the predicted bounds as well as the ANL test results (Fig. 6b) tend to
level off with increasing notch length.

PART-THROUGHWALL NOTCHES
Initially, the failure temperatures of part-throughwall cracks were calculated using the same approach as that fm

100VOthroughwall cracks by replacing the ligament stress and flow stress by their thickness avemged values. Since
then FTI has reported results from two tests conducted on specimens with nominally 80’%0deep, 51 mm long
notches. An additional test on an Electrosleeved specimen with a 90% deep, 51 mm long notch has also been
conducted at ANL. The above approach overestimated the failure temperatures of these tests significantly. Therefore,
a series of FEA was conducted on parMhroughwall cracks (with the same reference tube wall and Electrosleeve
thicknesses shown in Fig. 1 subjected to the Case 6 ramp. The input stress-strain curves for the Electrosleeve at
various temperatures were calculated to reflect the loss in flow stress during the Case 6 transient, using the grain
growth model.

Finite-Element Analysis
Figs 8a-b show the calculated variations of the ligament-averaged hoop stress and plastic strain with temperature

during the ramp for specimens with a 51 mm (2 in.) long, 100% and 80’%throughwall cracks, respectively. Also
shown are the variations of the ligament-averaged yield stress and flow stress during the transient. Note that, for the
100% deep crack, the FEA predicts a rapid rise in the ligament-averaged plastic strain when the ligament-averaged
stress exceeds the ligament-averaged yield stress. In contrast, for the 80’%0deep cracks, the ligament averaged plastic
strain does not increase until the ligament-averaged stress exceeds the ligament-averaged yield stress significantly.
Figs. 9a-b show the variations of the ligament-averaged plastic strains with temperature for a 25 and 51 mm long,
80,90 and 100% deep cracks, respectively, under Case 6 loading. The increases in f~ure temperature compared to
those of a tube with a 100% deep 25 mm long crack are 10”C for a 90% deep crock and 45°C for a 80% deep crack.
The corresponding increases for a 51 mm long crack are 30°C and 80”C, respectively. These incremental
temperatures were added to the predicted failure temperatures for the 100’% deep cracks to obtain the fhihne
temperatures of the Electrosleeved tubes (reference geometry Fig. 1) with part-throughwall cracks (Fig. 10). Fig. 10
shows that the failure temperature for an ANL test with a 90’%deep notch is predicted well by the current analysis.

Simplified Model for Shallow Cracks
As the thickness of the Alloy 600 portion of the crack tip ligament increases (i.e., as the crack depth decreases),

the hoop load carried by the Alloy 600 ligament begins to dominate that carried by the Electrosleeve ligament,
particularly at high temperatures where the flow stress of the Electrosleeve is reduced significantly by grain growth.
Fig. 11 shows the calculated variation of the mp for the Alloy 600 ligament at the tip of a 51 mm (2 in.) long, 80
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and 90’%deep crack. Note that the values of mp at the e~ected f~~ tempem~es (675 – 690°C) me mUChCIOSer
to those of the same crack in an unsleeved tibe [i.e., mp (~)1 for the 80% deep c~ck th~ the 90~0 deeP crock”
This is consistent with the fact that the hoop load generated by the pressure loading is carried mostly by the Alloy
600 tube portion of the ligament when the crack is shallow. When the crack is 90% deep, the hoop load carried by
the Electrosleeve ligament cannot be neglected.

For the simplified model, the following two-step procedure is followed to calculate the failure temperature of the
ligament of the Electrosleeved tube with a part-throughwall crack. First, the ftiure temperature of the Alloy 600
ligament is calculated, ignoring the contribution of the Electrosleeve lig~ent ~d us~g the mp for the s~e crock in
an unsleeved tube. After the failure of the Alloy 600 ligament, the crack becomes 100’%othroughwall. If the failure
temperature of an initially 100% throughwall crack is less than the failure tempemture of the Alloy 600 ligament, the
full ligament of the initially part-throughwall crack will fail immediately upon failure of the Alloy 600 ligament. On
the other hand, if the failure temperature of an initially 100’%othroughwall crack is greater than the fiiilure temperature
of the Alloy 600 ligament, the fill ligament of the initially part-throughwall crock will fti at the same temperature
as the initially 100°Athroughwall crack. The predicted failure temperatures by the simplified model are compared in
Fig. 12 with those by FEA for Case 6 loading on the reference geomeby (Fig. 1) with part-throughwall cracks. The
differences between the two predicted failure temperatures are less for the 80% deep cracks than the 90’% deep cracks.
The predicted failure temperatures by the simplified model for the 80’%0deep, 25-51 mm (1 – 2 in.) long cracks m
about 10- 20”C lower than those predicted by FEA (Fig. 12). Note that the simplified model predicts no increases
in failure temperatures for 90’%deep cracks from those of 100’%throughwall cracks. This is contrary to the results
obtained from ANL tests on51 mm long notches which showed that the failure temperature of 90°A deep notch is -
20”C higher than (Fig. 10) 100VOdeep notches.

Since FEA results for the FTI tests on specimens with nominally 51 mm long, 80% parMhroughwall notches
subjected to the FTI ramps were not available, the simplified model was used to estimate the failure temperatures,
which, as mentioned earlier, tend to be - 1O-2O”C lower than the FEA predictions. The predicted faihue
temperatures for these two tests (test failure temperatures are 689 and 699”C) using the actual specimen geometry
and test ramps are 692 and 678”C, respectively.

Since the surge line failure occurs when the tube temperature = 684”C, 100% throughwall cracks S 25 mm long
are predicted to survive the Case 6 transient. If the cracks were 90% rather than 100’%othroughwall, cracks S 40 mm
long are predicted to survive the Case 6 SBO severe accident. All cracks S 80% deep are predicted to survive the
Case 6 transient.

CONCLUSIONS
A flow stress-based model has been developed for predicting failure of Electrosleeved tubes under expected

severe accident transients. The model accounts for the loss of flow stress of the Electrosleeve with aging and was
adopted for calculating the failure temperatures of Electrosleeved Alloy 600 tubes with axial throughwall and part-
throughwall cracks subjected to a severe accident transient SBO (Case 6).

Finite element analyses showed that the mp fhctor for the Electrosleeve ligament in a 100’%othroughwall axial
crack is reduced when the flow stress of the Electrosleeve is reduced compared to that of the parent tube. The
reduction is greater for shorter cracks. Therefore, a flow stress and crack length-dependent correction fhctor was
applied to the mp factor calculated with the ANL correlation that was developed originally for single layer shells.

Eleven high temperature tests simulating an SBO (Case 6) pressure and temperature ramp have been conducted
on 100’XOthroughwall notched Electrosleeved tubes supplied by FTI. The test results indicate a leveling off of
failure temperature with notch length beyond 51 – 76 mm. The flow stress data supplied by FTI together with the
ANL test results were used to derive an unaged flow stress curve of the Electrosleeve from room temperature to high
temperatures. Failure temperature data on 100’%othroughwall notched Electrosleeved tubes reported by FTI can be
predicted reasonably well by the model. All 100% throughwall crocks <25 mm long are predicted to survive the
SBO Case 6 transient.

Three high temperature tests simulating an SBO (Case 6) pressure and temperature ramp have been conducted
on Electrosleeved tubes with 51 mm long, 80 and 90% part-throughwall notches by FTI and ANL. The fdm
temperature of the 90% deep notch can be predicted within 5°C by a model based on FEA. A simplified model that
is applicable to shallow notches can predict the ftilure temperatures of the specimens with 80°A deep notches
reasonably well (within 20”C). All cracks< 80% deep are predicted to survive the SBO Case 6 transient.
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Fig. 1. Reference geometty for Electrosleeved steam generator tube with a throughwall axial crack.
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flow stress (or grain growth) with temperature.
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temperatures, All the tensile tests were conducted at 343”C, except for the test on the
specimen pre-aged at 760”C, which was conducted at 760”C and (b) normalized flow stress
vs. time-temperature parameter plot for electrosleeve material.
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Fig. 5. Calculated variation (symbols) and ANL test simulation (solid lines) of temperature during an
SBO (case 6) severe accident transient.
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on actual geometty and actual temperature ramp for each specimen.
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(a) 00
Calculated variations of average ligament stress, average ligament plastic strain, average yield
stress and average flow stress of the Electrosleeve with temperature under Case 6 loading
on a tube with a 51 mm (2 in.) long, (a) 100% throughwall and (b) 80% throughwall crack in
the parent tube.
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Calculated variations of ligament-averaged plastic strain with temperature under Case 6
loading of a tube with a (a) 25 mm (1 in.) and (b) 51 mm (2 in.) long, 80, 90 and 100% deep
part-throughwall cracks.
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Fig. 10. Predicted ligament failure temperatures for 80%, 90% and 100% throughwall cracks due to
Case 6 loading. The symbol represents failure temperature of the test conducted at ANL on
a specimen with a 90% part-throughwall, 51 mm (2 in.) long EDM notch.
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Fig. ll. Calculated variation ofmpforthe Alloy600tube/igamentwithtemperature underCase6
loading ofatube witha51 mm(2in,) long, 80and90% deeppati-throughwall cracks. Also
shown (dashed lines) are the mp (ANL) values for unsleeved tubes with 80 and 90% dew
part-throughwall cracks.
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Fig. 12. Predicted failure temperatures by FEA and the simplified model for Case 6 loading.
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