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1. Introduction 
 

Studsvik has completed three LOCA and post-LOCA-bend tests with fueled, high-burnup 
ZIRLO cladding from rods AM2-E08 and AM2-F10 irradiated in the North Anna reactors to 
72.6 and 71.0 GWd/MTU (rod average), respectively.  Test 189 was a ramp-to-rupture test, Test 
191 was a full-sequence LOCA test with a target CP-ECR level of 12%, and Test 192 was a full-
sequence LOCA test with a target CP-ECR level of 10%.  A 4th LOCA test with a target CP-ECR 
level of about 17% is scheduled to be conducted on March 11, 2011. 

 
Table 1 summarizes the four test types and sample ID numbers, along with pre-test 

characterization results: corrosion layer thickness at the sample mid-plane based on eddy current 
data, estimated hydrogen content at the sample mid-plane based on readings just above the top of 
each sample, and pre-test outer diameter.   The hydrogen-content measurements were: 176 wppm 
above segment E08-2-1, 288 wppm above segment E08-2-2, 187 wppm above segment F10-2-1, 
and 271 wppm above segment F10-2-2.  To obtain hydrogen content at the mid-plane of the 
segments, average ratios of hydrogen-content to corrosion-layer-thickness values were used:   
9.5 wppm/µm for F10 segments and 7-to-9 wppm/µm for E08 segments. 

 
Table 1. Pre-test characterization of fueled cladding samples selected for Studsvik LOCA and 

post-LOCA-bend tests.  Samples were about 300-mm long and were sectioned from 
axial locations just below the fuel mid-plane of ZIRLO-clad rods irradiated in the 
North Anna reactors to about 70 GWd/MTU. Corrosion layer thickness (δc) and 
hydrogen-content values are given at the sample mid-plane.  TBD = to be determined. 

 
 

Test  
No. 

 
Sample 

ID 

 
Test 
Type 

Target 
CP-ECR,  

% 

 
δc, 
µm 

Hydrogen 
Content, 

wppm 

Outer 
Diameter, 

mm 
189 AM2-E08-2-1 Ramp to 

Rupture 
0 21±3 150±20 9.50 

191 AM2-F10-2-2 Full Sequence 12 20±2 190±20 9.46 
192 AM2-E08-2-2 Full Sequence 10 25±2 230±20 9.51 
193 AM2-F10-2-1 Full Sequence 17 18±2 170±20 TBD 

 
2. LOCA Test Conditions 
 
2.1  Ramp-to-rupture Test 189  
 
Test 189 was a ramp-to-rupture test conducted with 1600-psig (110 bar) fill pressure at 300°C.  
In choosing this pressure, the goal was to produce a rupture strain ≥ 40% to study the effects of



fuel relocation and fallout and to induce bending failure in the cross section containing the 
rupture opening.  With the control thermocouple (TC) strapped to the cladding near the 
anticipated location of one of the balloon necks, failure at this location would have been 
influenced by the TC clamp constraint.  Rupture strains >40% have been achieved with fill 
pressures of 1200 psig (82.8 bar) by both Argonne and Studsvik for as-fabricated (AF) ZIRLO.  
The increase in fill pressure was intended to compensate for the effects of hydrogen in lowering 
the alpha-to-beta phase change temperature and rupture strain observed for AF ZIRLO.  Based 
on an Argonne ramp to rupture test, 1600-psig fill pressure at 300°C induced rupture at about 
700°C, which was estimated to be within the alpha phase for ZIRLO with ≈200-wppm hydrogen. 

 
Temperature and pressure histories for Test 189 are shown in Fig. 1.  Based on real-time 

pressure readings from the top pressure gauge (PG), the furnace was shut down manually after it 
was clear that rupture had occurred.  The peak cladding temperature for Test 189 was 945°C.  
Based on the short-time decrease in cladding temperature due to the cooling effects of gas 
rushing out of the rupture opening, it was determined that the rupture temperature was 700°C, 
which occurred about 30 s prior to shutdown.  With only one TC strapped to the sample, the 
measured rupture temperature should be interpreted as approximate because sample deformation 
within a radiant-heating furnace results in circumferential temperature variations. 

 
The preliminary estimate of rupture strain was 40% based on profilometry measurements 

and a correlation developed by Argonne for the calculation of mid-wall rupture strain from non-
destructive, post-LOCA-test measurements.  Post-rupture circumference data from Studsvik in-
cell Tests 185 (AF ZIRLO), 191 (high-burnup ZIRLO), and 192 (high-burnup ZIRLO) were 
used to improve this correlation.  The basis and validation for the improved correlation are given 
in Section 3, along with refined results for rupture strain for the Test 189 sample. 

 
2.2 Full-sequence Test 191 
 

Test 191 was a full-sequence LOCA test with a target CP-ECR of 12%.  This test was 
conducted after metallographic results were obtained for outer-surface oxide layer thickness on 
the in-cell benchmark Test 185 sample (AF ZIRLO).  Oxide layer thickness measurements for 
both out-of-cell Test 178 and in-cell Test 185 samples indicated a significant circumferential 
temperature gradient with the minimum temperature occurring at the control TC orientation.  The 
assessment of circumferential temperature gradient is given in Section 4.  Consequently, the 
control-TC hold temperature was reduced from 1200°C to 1160°C in order to achieve cladding 
hold temperatures of about 1185±20°C.  The hold time for Test 191 was 25 s to give a target CP-
ECR level of 12% assuming 40% rupture strain.  The temperature and pressure histories for Test 
191 are shown in Fig. 2.  Based on the cladding temperature dip during the ramp, rupture 
occurred at about 680°C, which is close to the rupture temperature of the Test 189 sample. 

 
2.3 Full-sequence Test 192 

 
The fill pressure for this test was lowered to 1200 psig (about 83 bar) to minimize sample 

bending, decrease rupture opening width (17.5 mm for Test 191 sample), and to reduce rupture 
strain.  The hold time was reduced to 5 s to achieve 10% target CP-ECR.  Temperature and 
pressure histories are shown in Fig. 3 from which 700°C rupture temperature was determined. 
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Fig. 1. Temperature and pressure histories for Studsvik Test 189 with fueled, high-burnup ZIRLO sample AM2-E08-2-1.  PG is the 
pressure gauge in the gas line above the sample and PT is the pressure transducer below the sample.
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Fig. 2. Temperature and pressure histories for Studsvik Test 191 with fueled, high-burnup ZIRLO sample AM2-F10-2-2.  PG is the 
pressure gauge in the gas line above the sample and PT is the pressure transducer below the sample. 
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Fig. 3. Temperature and pressure histories for Studsvik Test 192 with fueled, high-burnup ZIRLO sample AM2-E08-2-2.  PG is the 

pressure gauge in the gas line above the sample and PT is the pressure transducer below the sample. 
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3. Rupture Strain Correlation and Results for Tests 189 to 192 
 

For ballooned and ruptured cladding, the calculated ECR is based on the predicted average 
wall thickness (hR) prior to oxidation for the cross section containing the rupture node and on the 
predicted weight gain (Wg) using an acceptable correlation.  10 CFR 50.46 Appendix K specifies 
the use of the Baker-Just correlation, which is now known to over-predict weight gain for T ≥ 
1000°C.  However, many vendors still use this correlation.  Regulatory Guide 1.157 (May 1989) 
allows for the use of a best-estimate weight-gain correlation, such as the Cathcart-Pawel (CP) 
correlation and/or data.  To be consistent with the cladding embrittlement correlations developed 
in NUREG/CR-6967 (July 2008) [1], the CP-correlation is used in the current work to calculate 
weight gain. 

 
The instructions given in 10 CFR 50.46b(2) for calculating hR are: “…the unoxidized 

cladding thickness shall be defined as the cladding cross-sectional area, taken at a horizontal 
plane at the elevation of rupture…divided by the average circumference at that elevation.  The 
average circumference does not include the rupture opening.”  In order to determine hR in a 
LOCA code, a correlation would be needed to calculate the average circumference as a function 
of rupture temperature, heating rate, and hydrogen content for a particular cladding geometry and 
pressure, as well as a model to predict the corresponding cross-sectional area.  However, rupture 
strain correlations for ZIRLO are Westinghouse proprietary and cannot be used in the current 
work.  It is also not clear that such correlations include the effects of hydrogen.  Based on 
published Zry-4 data, considerable data scatter can be expected for other alloys because 
ballooning and rupture result from plastic instability. 

 
The approach taken in this test program is to develop a correlation for post-rupture average 

circumference (i.e., mid-wall circumference CmR) as a function of easily measureable quantities:  
minimum diameter ([DoR]min at 90° from rupture opening), maximum diameter ([DoR]max at 0° 
relative to rupture orientation), and maximum rupture-opening width (δR).  During efforts to 
develop such a correlation, Argonne modeled the rupture-region cross-section with two basic 
shapes: a partial circle and a partial ellipse with the arc length associated with a cord of length δR 
subtracted from the full circle or ellipse.  Neither approach gave good agreement with CmR data 
determined from low-magnification images of ballooned and ruptured cladding cross sections or 
determined from direct measurement of the outer-surface circumference (CoR).  This is partly due 
to the wide range of rupture cross-section shapes.  Figures 4 to 9 show variations in cross-section 
shape for three Argonne AF ZIRLO test samples, one Studsvik AF ZIRLO sample (Test 185), 
and two Studsvik high-burnup ZIRLO samples from in-cell Tests 191 and 192. 

 
In addition to six mid-wall circumferences measured from low-magnification images, 

Argonne measured the outer circumference of four LOCA test samples.  The measurements were 
performed with a relatively stiff, thin string.  The same approach was used by researchers at the 
Japanese Atomic Energy Agency [2].  The mid-wall circumference was calculated by solving a 
quadratic equation that included the subtraction of wall thickness from the diameter of an 
equivalent hollow-cylinder cross section.  For large rupture strains, the mid-wall circumference 
is only about 3% less than the outer-surface circumference.  The oxide layer thickness, which has 
a very small effect on outer-surface circumference, was not accounted for in this correction.  The 
ten sets of data are summarized in Table 2. 
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Fig. 4. Cross section at rupture mid-span for Argonne Test OCZL#7 with AF ZIRLO oxidized 

to 16% CP-ECR.  The sample history was: 800-psig fill pressure at 300°C, 5°C/s ramp to 
1200°C with rupture at 810°C, hold at 1200°C, cool at 3°C/s to 800°C, and slow cool to 
RT.  The mid-wall circumference (CmR) was measured to be 34.1 mm, which gave 22% 
rupture strain for pre-test Cmi = 28.05 mm and 3.7-mm rupture-opening width.
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Fig. 5. Cross section at rupture mid-span for Argonne Test OCZL#11 with AF ZIRLO, which 
was subjected to 1400-psig fill pressure at 300°C and 5°C/s ramp to rupture at 810°C 
followed by slow cooling to RT.  CmR was measured from this image to be 39.3 mm, 
which gave 40% rupture strain for pre-test Cmi = 28.05 mm and 6.2-mm rupture-opening 
width.
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Fig. 6. Cross section at rupture mid-span for Argonne Test OCZL#18 with AF ZIRLO oxidized 
to 12% CP-ECR.  The sample history was: 1200-psig fill pressure at 300°C, 5°C/s ramp 
to 1200°C with rupture at 748°C, hold at 1200°C, 3°C/s cooling to 800°C, and quench.  
CmR was measured from this image to be 40.0 mm, which gave 43% rupture strain for 
pre-test Cmi = 28.05 mm and 5.4-mm rupture-opening width.
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Fig. 7. Cross section at rupture mid-span for Studsvik Test 185 with AF ZIRLO oxidized to 
21% CP-ECR.  The sample history was: 1200-psig fill pressure at 300°C, 5°C/s ramp to 
1200°C (control TC) with rupture at 750°C, 86-s hold at 1200°C (control TC), 3°C/s 
cooling to ≈750°C, and quench.  CmR was measured from this image to be 43.5 mm, 
which gave 55% rupture strain for pre-test Cmi = 28.05 mm and 3.0-mm rupture-opening 
width.
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Fig. 8. Cross section near rupture mid-span for Studsvik Test 191 with high-burnup ZIRLO 
sample AM2-F10-2-2 oxidized to 13% CP-ECR.  The sample was subjected to: 1600-
psig fill pressure at 300°C, 5°C/s ramp to 1160°C (control TC) with rupture at 680°C, 
25-s hold time at 1160°C (control TC), 3°C/s cooling to ≈750°C, and quench.  CmR was 
measured to be 41.8 mm from this image, which gave 50% rupture strain for pre-test Cmi 
= 27.84 mm and 15.5-mm rupture-opening width measured from this image.
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Fig. 9. Cross section near rupture mid-span for Studsvik Test 192 with high-burnup ZIRLO 
sample AM2-E08-2-2 oxidized to 11% CP-ECR.  The sample was subjected to: 1200-
psig fill pressure at 300°C, 5°C/s ramp to 1160°C (control TC) with rupture at 700°C, 
5-s hold time at 1160°C (control TC), 3°C/s cooling to ≈750°C, and quench.  CmR was 
measured to be 41.0 mm from this image, which gave 47% rupture strain for pre-test 
Cmi = 27.98 mm and 7.8-mm rupture-opening width measured from this image
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Table 2.  Summary of data for cross sections through rupture mid-spans.  DoR is the average of 
the profilometry readings at 0° and 90° relative to the rupture orientation.  δR is the 
rupture opening width measured on the full-length sample or measured from low-
magnification metallography.  CoR and CmR are the measured circumferences at the 
cladding outer surface and mid-wall, respectively.  hR is the post-rupture/pre-oxidation 
average wall thickness used for CP-ECR calculations. 

 
Sample ID DoR, mm δR ,mm CoR, mm CmR, mm hR, mm 
OCZL#7 12.45 3.7 --- 34.1* 0.47 
OCZL#11 14.26 6.2 --- 39.3* 0.41 
OCZL#18 14.60 5.4 --- 40.0* 0.40 
OCZL#25 14.95 8.7 41.0 (39.7) 0.40 
OCZL#29 14.82 5.9 43.0 (41.8) 0.38 
OCZL#30 14.51 4.5 41.0 (39.7) 0.40 
OCZL#32 14.90 7.2 43.0 (41.8) 0.38 
Test 185 14.85* 3.0* --- 43.5* 0.37 
Test 191 17.50* 15.5* --- 41.8* 0.37 
Test 192 15.64* 7.8 --- 41.0* 0.38 

*Measured from low-magnification met images. 
 

Based on data comparisons, CmR/(πDoR) appears to decrease linearly with δR/DoR (Fig. 10): 
 

CmR/(πDoR) = 0.979 – 0.243 (δR/DoR) (1) 
 

Equation 1 can be written in a more convenient form as: 
 

CmR = [0.979 – 0.243 (δR/DoR)] (πDoR) (2) 
 

Figure 11 shows the comparison between measured and calculated mid-wall circumference. The 
standard deviation is only 2.1% for calculated (by Eq. 2)/measured circumference. 
 

A simple approach is desirable for calculating the reduced wall thickness as a function of 
the parameters measured non-destructively.  For the 17×17 ZIRLO cladding used by Argonne 
and Studsvik, the AF outer diameter (Doi) was 9.50 mm and the wall thickness (hi) was 0.57 mm.   
The cross-sectional area (Ai) was 16.0 mm2 and the outer (Coi) and mid-wall (Cmi) 
circumferences were 29.85 mm and 28.05 mm, respectively.  It is worth noting that the product 
of Cmi and hi agrees quite well with Ai, while Coi × hi over-predicts Ai by 6%.  Expansion of the 
cross section with no change in area thins the wall and results in better agreement between Coi 
and Cmi (e.g., 2% difference at 60% strain).  The model for calculating hR is based on the 
assumption that axial plastic strain is negligible compared to radial and circumferential plastic 
strains.  Under these conditions, the cross-sectional area remains constant during ballooning:  

 
hR = hi/(CmR/Cmi) (3) 
 

Equation 3 agrees quite well (within ±0.01 mm) with direct measurements from metallographic 
images.
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Fig. 10. Measured mid-wall circumference (CmR) of ballooned and ruptured ZIRLO cladding as a function mid-span rupture opening 

(δR).  CmR is normalized to πDoR and δR is normalized to DoR, where DoR is the average of the two diameters measured by 
micrometers at the rupture mid-span.
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Fig. 11. Comparison between measured and calculated (by Eq. 2) mid-wall rupture 

circumferences for as-fabricated and high-burnup ZIRLO subjected to pressurized 
ramp-to-rupture tests and full-sequence LOCA oxidation-quench tests. 

 
Equation 3 was verified by comparing thickness values measured from 25X and 100X 

images to those calculated using Eq. 3 for Argonne Tests OCZL#7, 11, and 18.  Thickness 
measurements from 25X images have relatively poor accuracy but good coverage of the cross 
section.  Thickness measurements from 100X images are more accurate for determining post-
oxidation metal-wall thickness (hm) and oxide-layer thicknesses (δoxo and δoxi for outer-surface 
and inner-surface values, respectively), but the 10 images standardly used cover only about 20 to 
24% of the cross section.  For oxidized cladding, the average wall thickness (hR) for the cladding 
prior to oxidation is calculated from 

 
hR = hm + (δoxo and δoxi)/1.56 (4) 
 

For the OCZL#7 sample at the rupture-node cross section, the post-oxidation metal wall was 388 
µm, the average outer-surface oxide was 46.5 µm and the average inner-surface oxide was 42.8 
µm, giving hR = 446 µ ≈ 0.45 mm.  The results should be rounded off to the nearest 0.01 mm 
because of uncertainties in all three approaches and because the ZIRLO pre-test wall thickness is 
0.57±0.01 mm based on ZIRLO tubing received by Argonne from Westinghouse.  As shown in 
Table 3, the agreement between calculations using Eq. 3 and data used to determine average wall 
thickness directly is quite good.
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Table 3. Comparison between post-rupture average wall-thickness values (hR) predicted from 
Eq. 3 based on final/initial mid-wall circumference (CmR/Cmi) and wall thickness values 
determined from metallographic images (Met.).  Pre-test wall thickness (hi) was 0.57 
mm. 

 
Test ID 
OCZL# 

 
CmR/Cmi 

hR, mm 
from Eq. 3 

hR, mm 
from 25X Met 

hR, mm 
from 100X Met 

7 1.22 0.47 --- 0.45 
11 1.40 0.41 0.40 0.38 
18 1.43 0.40 --- 0.39 

 
4. Determination of Circumferential Temperature Variation 
 

For out-of-cell LOCA integral tests with AF ZIRLO samples, Argonne uses four TCs 
welded to the outer surface:  0° (control TC) and 180° at ≈50 mm above the sample mid-span 
and 90° and 270° at ≈50 mm below the sample mid-span.  In earlier testing, the arrangement of 
TCs was:  0° at ≈50 mm above mid-span (control TC), at mid-span, and at ≈50 mm below mid-
span; and 180° at mid-span.  The earlier arrangement proved less useful than the current 
arrangement because at least one of the mid-span TCs was damaged during rupture and because 
average values of the remaining TCs did not give a good representation of average sample 
temperature due to the effects of sample bending on circumferential temperature variation.  In all 
these tests, the temperature of rupture tips was higher than the temperature of the back of the 
rupture opening due to systematic bending of the sample. 

 
For in-cell LOCA integral tests with high-burnup Limerick Zry-2-clad fuel, Argonne had 

two TCs strapped to the sample at ≈50 mm above mid-span (one control and one backup control).  
This arrangement gave some information about circumferential temperature variation, although 
the usefulness of the data in determining the average cladding temperature was dependent on the 
relative orientation of the hotter rupture node to the orientation of the strapped TCs. 

 
In the Studsvik tests, only one TC is used to control and measure temperature.  The clamp 

used to hold this TC in place has the advantage of securing the location of the TC and helping to 
ensure its “survival” during the test.  It has the potential disadvantage of influencing the local 
cladding temperature under the clamp, restraining cladding ballooning, and affecting temperature 
distribution.  In order to determine the temperature distribution around the cross section through 
the rupture node, metallographic imaging was performed for one out-of-cell test (178) sample 
and one in-cell test (185) sample, both made from AF ZIRLO.  The control-TC hold temperature 
for these tests was 1200°C.  Following the tests, the outer-surface oxide-layer thickness (δoxo) 
was measured at nine circumferential locations at about the rupture mid-span of each sample.  
The CP oxide-thickness growth rate correlation was integrated over the temperature history 
(5°C/s heating rate, 86-s hold time at hold temperature, and 3°C/s cooling rate) to determine CP-
predicted δoxo.  The hold temperature at each met-image location was varied numerically until 
agreement was achieved between the measured and CP-predicted oxide layer thickness.  Table 4 
shows the results for the two test samples.  For both tests, the control TC orientation represents 
the minimum temperature.  The average ± 1-standard-deviation hold temperatures were 
determined to be: Th = 1236±18°C for Test 178 and Th = 1227±22°C for Test 185. 
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Table 4.  Calculation of local hold temperatures around the circumference of the cladding based 
on measured outer-surface oxide-layer-thickness values (δoxo).  AF ZIRLO samples 
were used for Tests 178 (out-of-cell) and 185 (in-cell).  The hold time was 86 s and the 
control TC hold temperature was 1200°C.  Rupture tips (RTs) 1 and 2 are at an average 
orientation of ≈180°.  The control TC was located at ≈315° relative to the back region.  
STDEV is one standard deviation as calculated by EXCEL.  

 
 

Test  
Number 

 
Rupture 

Strain, % 

Rupture 
Opening, 

mm 

 
Orientation 

° 

Measured 
δoxo, µm 

CP-Predicted 
Hold T, °C 

178 62 2.0 0 43.2 1227 
   45 46.0 1240 
   90 50.2 1262 
   135 44.6 1233 
   RT1 46.2 1242 
   RT2 45.9 1240 
   225 46.6 1244 
   270 46.2 1242 
   315 35.5 1196 

178 Average    45 1236 
178 STDEV    4 18 

      
185 55 ≈3 0 47.1 1246 

   45 46.7 1244 
   90 44.4 1232 
   135 40.4 1209 
   RT1 37.2 1189 
   RT2 44.7 1234 
   225 46.3 1242 
   270 47.5 1248 
   315 38.9 1200 

185 Average    44 1227 
185 STDEV    4 22 

 
The target CP-ECR for Tests 178 and 185 was 17% assuming 40% rupture strain and a uniform 
hold temperature of 1200°C for 86 s.  Based on calculated wall thickness (Eqs. 2 and 3) and CP-
predicted hold temperature from measured oxide layer thickness for Test 178, the CP-ECR level 
increased to 23%.  Based on measured circumference, calculated wall thickness (Eq. 3) and CP-
predicted hold temperature from measured oxide thickness for Test 185, the CP-ECR level 
increased to 21%. 
 

For in-cell Tests 191 and 192 with high-burnup fueled ZIRLO, the control TC hold 
temperature was reduced from 1200°C to 1160°C and the hold times were reduced to 25 s (Test 
191) and 5 s (Test 192) to achieve target CP-ECR values assuming local hold temperatures in the 
range of 1187±22°C based on the temperature distribution determined from in-cell Test 185.
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5. Results for Ramp-to-Rupture Test 189 
 

The AM2-E08-2-1 sample used for Test 189 experienced relatively little bending during 
the ramp to rupture test.  Figure 12 shows the full-length post-test image of the sample side view, 
a plane in which bending had been anticipated.  Figure 13a shows the rupture opening for Test 
185, which was measured to be 10.5-mm wide at the mid-span.  Figure 13b shows an Argonne 
AF ZIRLO sample also subjected to 1600 psig with 4.6-mm rupture opening.  The rupture strains 
were 48% for the Test 185 sample and 69% for the OCZL#10 sample. 

 

 
 
Fig. 12. Side-view image of ramp-to-rupture Test 189 sample. 
 

 
(a) High-burnup ZIRLO sample from Studsvik Test 189 with 10.5-mm rupture opening 

 

 
(b) AF ZIRLO sample from Argonne Test OCZL#10 with 4.6-mm rupture opening 

 
Fig. 13. Comparison of post-test images of ZIRLO samples pressurized to 1600 psig at 300°C 

prior to ramp to rupture tests: (a) high-burnup ZIRLO sample from Studsvik Test 189 
with 10.5-mm rupture opening and (b) AF ZIRLO sample from Argonne Test 
OCZL#10 with 4.6-mm rupture opening (ruler is in inches).
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Table 5 compares the non-destructive test data for high-burnup Test 189 and AF-ZIRLO 
Test OCZL#10.  The most obvious difference in results is the maximum width of the rupture 
opening.  The wide opening for the Test 189 sample resulted in a large loss of fuel particles (≈60 
g).  It is not clear if the kinetic energy of the fuel particles contributed to the wider rupture 
opening, but it is a possibility.  For 300°C fill pressures ranging from 400 psig to 1600 psig and 
rupture strains ranging from 21% to 69%, Argonne measured rupture openings of 2.7 to 8.7 mm 
for AF ZIRLO based on 22 tests.  No direct correlation between rupture opening and rupture 
strain was evident in the Argonne dataset. 

 
Table 5. Comparison of results of ramp-to-rupture Studsvik Test 189 (fueled, high-burnup 

ZIRLO) and Argonne Test OCZL#10 (AF ZIRLO with zirconia pellets).  Both samples 
were pressurized to 1600 psig at 300°C prior to the 5°C/s temperature ramp. 

 
 
 

Test 

 
H-content, 

wppm 

  
Rupture 

T, °C 

 
(DoR)max, 

mm 

 
(DoR)min, 

mm 

Rupture 
Opening, 

mm 

Rupture 
Strain,  

% 
189 150 700 16.5 15.5 10.5 47 

OCZL#10 <10 715±10 17.1 16.0 4.6 69 
 

Following non-destructive examination, the Test 189 sample was subjected to a 4-point 
bend test (4PBT) at room-temperature and 1 mm/s displacement rate at the loading rollers.  
Figure 14 shows the load-displacement curve through the first 14 mm of displacement at the load 
application points.  Argonne performed a similar bend test with the OCZL#10 test sample (Fig. 
15) except that the sample temperature was 135°C and the displacement rate was 2 mm/s. 
Labeled on these curves are the loading slopes and the 4PBT metrics:  maximum bending 
moment, maximum energy, and offset displacement.  It is difficult to determine the effects of the 
fuel remaining in the Studsvik sample by comparing Test 189 sample results to OCZL#10 results 
because of the test temperature differences and possible differences in 4PBT fixtures and test 
machines.  Figure 16 shows the results of a Studsvik benchmark test with AF ZIRLO.  
Comparison of Test 189 results to the benchmark results may be more useful in that the same 
machine was used and the tests were conducted at the same temperature.  The results are 
summarized in Table 6. 

 
Table 6.  Comparison of results from three 4PBTs:  Studsvik Test 189 (ramp-to-rupture, fueled 

high-burnup ZIRLO sample) tested at RT, Argonne Test OCZL#10 (ramp to rupture, 
unfueled AF ZIRLO sample), and Studsvik benchmark (BM) bend test with AF ZIRLO.   

 
 

Sample 
 

LOCA 
Test 

Test 
Temperature 

°C 

Loading 
Slope, 
N/mm 

 
Mmax, 
N•m 

 
Emax, 

J 

Offset 
Displ., 

mm 
AM2-E08-2-1 

(Test 189) 
Ramp to 
Rupture 

RT 135 30.7 10.4 4.0 

AF ZIRLO 
(Test OCZL#10) 

Ramp to 
Rupture 

135 120 19.7 7.7 7.0 

AF ZIRLO 
(Studsvik BM#4) 

None RT 149 36.4 13.0 3.9 
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  Fig. 14. 4PBT load-displacement curve for Studsvik high-burnup-fueled ZIRLO sample following ramp to rupture Test 189.  The 

4PBT was conducted at RT and 1 mm/s displacement rate at the loading points.  Results are shown for only the first 14 mm 
of displacement. 
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 Fig. 15. 4PBT load-displacement curve for Argonne AF ZIRLO sample following ramp to rupture Test OCZL#10.  The 4PBT was 

conducted at 135°C and 2 mm/s displacement rate at the loading points. 
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Fig. 16. 4PBT load-displacement curve for Studsvik AF ZIRLO benchmark test sample.  The 4PBT was conducted at RT and 1 

mm/s displacement rate at the loading points.  Results are shown for only the first 14 mm of displacement.
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 In comparing the two ramp-to-rupture test samples, it appears that the fuel may have had 
an effect in increasing sample stiffness (13%), maximum bending moment (35%), and 
decreasing offset displacement from 7 mm (OCZL#10) to 4 mm (Test 189) through 14-mm total 
displacement.  However, the unfueled, AF ZIRLO sample has higher stiffness (10%), higher 
maximum bending moment (19%), higher maximum energy (25%), and about the same offset 
displacement through 14-mm displacement as compared to the Test 189 sample.  From this 
comparison, it appears that the fuel in the Test 189 sample had relatively little effect on the 
bending stiffness and bending metrics.  The differences between properties of cladding in the as-
fabricated condition and cladding subjected to high-burnup and ramped to rupture appear to be 
more significant than the effects of the remaining fuel in the Test 189 sample. 

 
6. Full-Sequence LOCA Test 191 
 

The AM2-F10-2-2 sample used for Test 191 experienced excessive bending during the 
full-sequence test with a hold time of 25 s.  It appears likely that bending occurred during the 
temperature ramp to 1160°C (control TC).  Figure 17 shows the full-length post-test images of 
the sample viewing (a) the rupture region and (b) the side view with the sample in the 4PBT 
apparatus with the rupture region on the bottom side. 

 

 
(a) 

 

 
(b) 

 
Fig. 16. Low-magnification photographs of the Test 191 sample subjected to the full-sequence 

LOCA with 25-s hold time and oxidized to 13% CP-ECR: (a) rupture opening region 
with no indication of out-of-plane bending and (b) side view showing excessive 
bending. 

 
An enlarged view of the rupture opening is shown in Fig. 18.  The maximum opening width was 
measured to be 17.5 mm directly on the sample and 15.5 mm from a post-bend metallographic 
cross-section image a few millimeters away from the maximum (see Fig. 18c for post-bend 
sample).  
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(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 18. Post-LOCA (a and b) and post-bend-failure (c) images of the rupture region of the Test 

191 sample oxidized to 13% CP-ECR in the full-sequence LOCA test with a hold time 
of 25 s.  Excessive bending can be seen in the second photograph (b).
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Table 7 shows the non-destructive test data for high-burnup Test 191. 
 

Table 7. Nondestructive examination results for full-sequence Studsvik Test 191 (fueled, high-
burnup ZIRLO sample AM2-F10-2-2).  The CP-ECR was calculated to be 13%. 

 
 
 

Test 

 
H-content, 

wppm 

  
Rupture 

T, °C 

 
(DoR)max, 

mm 

 
(DoR)min, 

mm 

Rupture 
Opening, 

mm 

Rupture 
Strain,  

% 
191 190 680 18.5 15.7 17.5 50 

 
Following non-destructive examination, the Test 191 sample was subjected to a 4-point 

bend test (4PBT) at room-temperature and 1 mm/s displacement rate at the loading rollers (see 
Fig. 17b for setup).  Figure 19 shows the load-displacement curve for this sample.  As expected, 
the failure bending moment (7.4 N•m) and failure energy (0.51 J) for this 13% CP-ECR sample 
are significantly lower than the values obtained for the ≈0%-CP-ECR ramp-to-rupture sample 
from Test 189 (30.7 N•m and 10.4 J).  These results, along with Argonne AF-ZIRLO results, 
indicate that increase in oxidation level from 0% to 13% CP-ECR has a very strong effect on 
reducing strength and toughness.  The loading slope is lower for the Test 191 sample (95 N/mm) 
as compared to the Test 189 sample (135 N/mm).  The larger rupture opening (17.5 mm vs. 10.5 
mm) would result in a local decrease in stiffness that may have contributed to the difference in 
overall stiffness for the Test 191 sample. 

 
Metallographic imaging was performed at a cross section close (within about 4 mm) to the 

rupture mid-span to determine the mid-wall circumference (see low-magnification image in Fig. 
8).  Images were also taken at 128X (to determine metal wall thickness at nine locations) and 
500X (to determine high-temperature oxide layer thickness as contrasted with remaining 
corrosion layer).  Figure 20a shows a 128X micrograph at the 45°C location (relative to the 
circumferential position farthest from the rupture opening – back wall).  It is interesting that the 
oxide-cladding interface is wavy (scalloped), as contrasted with the flat interface observed by 
Argonne and Studsvik for AF ZIRLO cladding subjected to a LOCA transient.  This behavior 
(sometimes referred to as nodular oxidation) has been observed for oxidation samples exposed to 
very low steam-flow rates resulting in a high-hydrogen-content steam environment (i.e., steam 
starvation).  Such behavior has also been observed at the inner-cladding surface, which is 
exposed to near-stagnant steam in a hydrogen-rich environment.  Nodular oxidation has been 
observed in high-temperature tests for which the steam chamber was not properly isolated from 
the ambient environment (e.g., air or nitrogen).  However, the scalloped oxide-metal interface 
could be a result of the radial cracks in corrosion layer (see Fig. 20b).  During relatively short-
time tests, the high-temperature (T) oxide that forms under intact corrosion oxide will grow at a 
slower rate than the high-T oxide that grows under radial cracks in the corrosion layer.  Figure 
20b supports this position.  During longer-time oxidation tests, it is expected that the amplitude 
of the scalloped region would decrease because of the parabolic nature of high-T oxide layer 
growth (growth rate is inversely proportional to high-T-oxide layer thickness). 
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Fig. 19. 4PBT load-displacement curve for Studsvik high-burnup-fueled ZIRLO sample following full-sequence Test 191.  The 
4PBT was conducted at RT and 1 mm/s displacement rate at the loading points. 



 27

 
(a) 128X image of cladding wall at 45° position 

 

 
(a) 500X image of cladding metal, high-T oxide, and corrosion layer at 45° position 

 
Fig. 20. Metallographic images near the rupture mid-span of the Test 191 high-burnup ZIRLO 

sample following the full-sequence LOCA test: (a) 128X image of cladding wall at 45° 
position and (b) 500X image of cladding metal, high-T oxide, and corrosion layers at 
45° position.  Note: images have been cropped in the vertical direction. 
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In assessing the condition of the outer-surface corrosion layer during the oxidation phase of 
the LOCA transient, some caution must be exercised in using the corrosion layer viewed in Fig. 
20b.  In particular, the image was taken after quench, after mounting the sample in epoxy, and 
after grinding and polishing.  All three of these steps can either induce radial cracks or result in 
fallout of parts of the corrosion layer.  However, radial cracks and circumferential voids have 
been observed in the corrosion layer of as-irradiated fuel rods and defueled cladding subjected to 
internal pressure (e.g., 14-18 MPa) at 400°C followed by very slow cooling at 5°C/h.  Figure 21a 
shows the circumferential voids in an as-irradiated corrosion layer of 26 µm from sibling North 
Anna ZIRLO-clad rod AM2-L17.  Figure 21b shows both circumferential voids and radial cracks 
for a sample from the same AM2-L17 parent rod cladding following pressurization to 14 MPa at 
400°C and 5°C/h cooling.  The corrosion layer thickness was 33 µm.  As the internal pressure 
was increased from sample to sample, the extent of radial cracking increased with corrosion-
layer thickness and pressure.  It is expected that ballooned and ruptured cladding would have a 
large number of radial cracks in the corrosion layer. 

 

 
(a) 26-µm corrosion layer in as-irradiated condition 

 

  
(b) 33-µm corrosion layer following 14-MPa internal pressurization at 400°C 

 
Fig. 21. Circumferential voids and radial cracks in the corrosion layer from North Anna 

ZIRLO-clad rod AM2-L17: (a) 26-µm corrosion layer in as-irradiated condition and (b) 
33-µm corrosion layer following 14-MPa internal pressurization at 400°C.
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The CP-predicted high-T oxide layer for the Test 191 sample was 28±3 µm for the 1160°C 
hold time (control TC) and corresponding 1187±22°C (1160-1208°C) hold temperature.  These 
calculations assumed that the corrosion layer had no protective effect with respect to high-T 
steam oxidation and that the corroded cladding would behave the same as bare cladding.  
However, the expectation was that the measured high-T oxide layers at both cladding outer 
surface (corrosion layer) and inner surface (fuel-cladding-bond layer) would be less than 
predicted.  Table 8 shows the results of measurements at 9 circumferential locations for outer-
surface oxide (from 500X images), metal wall thickness (128X images), and inner-surface oxide 
(from 500X images) layers. 
 
Table 8. Results from metallographic images for the Test 191 sample high-T outer-surface 

oxide-layer thickness (δoxo) from 500X images, the post-test metal wall thickness (hm) 
from 128X images, and the high-T inner-surface oxide-layer thickness (δoxi) from 500X 
images.  Also given are calculated values for the local pre-oxidation wall thickness (hR).  
The axial location of the cross section was ≈4 mm from the rupture mid-span. 

 
Circumferential 

Location 
δoxo, 
µm 

hm, 
µm 

δoxi, 
µm 

hR, 
mm 

0° 18 420 22 0.445 
45° 18 325 20 0.349 
90° 17 351 17 0.373 
145° 17 322 18 0.345 

Rupture Tip 1 20 124 20 0.150 
Rupture Tip 2 18 116 21 0.141 

225 16 312 17 0.333 
270 16 321 16 0.341 
315 17 381 19 0.404 

Average 17 317* 19 0.34* 
1 STDEV 2 --- 2 --- 

*Weighted average based on arc length of each 128X image. 
 

The average outer-surface (17 µm) and inner-surface (19 µm) oxide-thickness values are 
significantly less than the predicted oxide layer thickness (28 µm).  It will be interesting to see if 
this difference decreases for the planned longer-hold-time Test 193 or if the percentage 
difference decreases.  Also, the pre-oxidation metal-wall thickness determined from the 
metallographic images (0.34 mm) is less than the value determined from the measured mid-wall 
circumference and Eq. 3 (0.37 mm).  However, the metal-wall thicknesses were measured for 
<25% of the circumference and the oxide-layer thicknesses were measured for <6% of the 
circumference, so the average of these values may not represent a good average for the whole 
cross section.
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7. Full-Sequence LOCA Test 192 
 

The full-sequence LOCA Test 192 was conducted with fueled ZIRLO sample AM2-E08-2-
2, a reduced fill pressure of 1200 psig at 300°C, and a reduced hold time of 5 s.  The reductions 
in fill pressure and hold time were intended to reduce the CP-ECR to ≈10%.  Post-Test-191 
cleanup efforts were successful in permitting free axial expansion and in minimizing bending.  
Figure 22 shows three low-magnification views of the post-LOCA-test sample from which it can 
be seen that bending during the temperature ramp was minimized. 

 

 
(a) Rupture-opening view 

 

 
(b) Side view with rupture opening in the up position 

 

 
(c) Side view (in bend fixture) with rupture opening in the down position 

 
Fig. 22. Post-LOCA-test images of Test 192 high-burnup ZIRLO sample (AM2-E08-2-2): (a) 

rupture opening view, (b) side view with rupture opening in the up position, and (c) 
side view (in bend fixture) with rupture opening in the down position 

 
Table 9 gives the profilometry and rupture opening data at the rupture mid-span.  

 
Table 9. Nondestructive examination results for full-sequence Studsvik Test 192 (fueled, high-

burnup ZIRLO sample AM2-E08-2-2).  The CP-ECR was calculated to be 11%. 
 

 
 

Test 

 
H-content, 

wppm 

  
Rupture 

T, °C 

 
(DoR)max, 

mm 

 
(DoR)min, 

mm 

Rupture 
Opening, 

mm 

Rupture 
Strain,  

% 
192 230 680 16.5 16.3 9.0 47 
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The 4PBT results are shown in Fig. 23.  As compared to Test 191 sample bend results, the 
Test 192 sample exhibited higher failure bending moment (9.6 vs. 7.4 N•m) and higher failure 
energy (0.57 J vs. 0.51 J).  There was no measurable offset displacement for either test sample.  
The Test 192 sample also exhibited a higher loading slope (144 vs. 95 N/mm), which was closer 
to the loading slope for the Test 189 ramp-to-rupture sample (135 N/mm).  

 
8 Discussion 

 
8.1 Effects of hydrogen on rupture strain 
 

The hydrogen content of the Studsvik pre-test ZIRLO samples was in the range of 150 to 
230 wppm at the sample mid-spans.  Based on the three Studsvik tests conducted so far, there 
appears to be an effect of hydrogen on rupture strain.  The rupture strains vs. rupture 
temperatures for the Studsvik tests are compared in Fig. 24 to those obtained from tests with AF 
ZIRLO (Studsvik Test 185 and 21 tests conducted by Argonne).  The average rupture strain for 
the three Studsvik high-burnup test samples was 48% at 680-700°C rupture temperature.  By 
contrast, the Argonne rupture strain for AF ZIRLO was 69% at 715±10°C.  However, there is 
some uncertainty in the temperatures reported by Studsvik because measurements were recorded 
at only one circumferential location on each sample.  If this location represented the coldest spot 
on the cladding, then the rupture temperature could have an average value that is 10-20°C higher.  
Also, with the expected scatter in rupture strain, more data for AF and pre-hydrided (PH) ZIRLO 
cladding would be needed to determine the effects of hydrogen on rupture strain.  With regard to 
data scatter, the Studsvik in-cell benchmark test (Test 185) with AF ZIRLO cladding yielded 
55% rupture strain at 750°C for 300°C fill pressure of 1200 psig.  Under the same conditions, 
Argonne data for 10 tests gave rupture strains of 44±4% and average rupture temperatures of 
750±7°C.  It is not clear whether or not the local restriction of the Studsvik TC clamp results in 
larger rupture strains just below the clamp.   

 
8.2 Effects of fuel on rupture opening width 
 

Based on 15 Argonne tests with AF ZIRLO pressurized to 1200 to 1600 psig, the mid-span 
rupture opening was in the range of 5±2 mm, where the 2 mm represents one standard deviation.  
The rupture opening for the in-cell benchmark test (185) with AF ZIRLO at 1200 psig was 
within this range.  However, the rupture openings for the three fueled, high-burnup samples were 
12±3 mm – more than double the rupture openings for AF ZIRLO with zirconia pellets inside.  
The results suggest that high-pressure fuel-particle ejection during the initial rupture phase may 
have contributed to the wider rupture openings. 

 
8.3 Effects of hydrogen and oxygen on post-LOCA-bend metrics 
 

Based on LOCA-embrittlement data for high-burnup cladding, the ductile-to-brittle 
oxidation level for 200-wppm hydrogen is 12%.  Tests 191 and 192 samples had about 200-
wppm hydrogen and were oxidized to CP-ECR levels just above and below the 12% limit.  One 
purpose of the Studsvik tests was to determine if the maximum bending moment and failure 
energy were at least as high at the embrittlement limit as the values for AF cladding oxidized to 
17% CP-ECR.  Figures 24 and 25 show that this is the case.   



 32

0

50

100

150

200

250

300

350

400

450

0 0.5 1 1.5 2 2.5 3 3.5 4

Displacement (mm)

Lo
ad

 (N
)

K = 144 N/mm

Full-Sequence Test 192 at 11% CP-ECR
Fueled High-Burnup ZIRLO Sample
RT 4-Point-Bend Test
Mmax = 9.6 N•m
Emax = 0.57 J
Offset Displacement = 0

 
 

Fig. 23. 4PBT load-displacement curve for Studsvik high-burnup-fueled ZIRLO sample following full-sequence Test 192.  The 
4PBT was conducted at RT and 1 mm/s displacement rate at the loading points.
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Fig. 24. Comparison of rupture strain variation with rupture temperature from the Studsvik tests with high-burnup (HB) fueled 

ZIRLO cladding and both Argonne and Studsvik data for as-fabricated (AF) ZIRLO cladding subjected to ramp-to-rupture 
tests and full-sequence LOCA tests.
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Fig. 25. Maximum bending moment as a function of oxidation level for post-LOCA-oxidation samples subjected to 4PBTs at 1-2 

mm/s and either 135°C or RT (30°C).  For samples at 0% CP-ECR, which did not fail, values are plotted for 14-mm 
displacement.  Argonne data for AF ZIRLO are plotted with blue symbols and Studsvik data for high-burnup ZIRLO 
samples are plotted with red symbols.  The trend line is a best fit to Argonne 4PBT data at 135°C.
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Fig. 26. Maximum energy as a function of oxidation level for post-LOCA-oxidation samples subjected to 4PBTs at 1-2 mm/s and 

either 135°C or RT (30°C).  For samples at 0% CP-ECR, which did not fail, maximum energies through 14-mm 
displacement are plotted.  For samples with >10% CP-ECR, data points represent failure energy.  Argonne data for AF 
ZIRLO are plotted with blue symbols and Studsvik data for high-burnup ZIRLO samples are plotted with red symbols.  
The trend line is a best fit to Argonne 4PBT data at 135°C.
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 The best-fit lines for Argonne 135°C-4PBT data with AF ZIRLO cladding samples 
oxidized to ≥10% CP-ECR are: 
 

Mmax = 13.96 -1.090 (CP-ECR – 10%) (4) 
 
Emax = 1.219 – 0.1214 (CP-ECR – 10%) (5) 
 

where Mmax is in N•m and Emax is in J.  At 17% CP-ECR, the correlations give 6.3 N•m and 0.37 
J at 135°C-4PBT temperature.  For the Studsvik 30°C-4PBTs with high-burnup cladding 
containing about 200-wppm hydrogen, the average values were 8.5 N•m and 0.54 J at 12±1% 
CP-ECR.  Therefore, restricting the oxidation level based on the hydrogen content for high-
burnup samples appears to preserve strength and toughness relative to values for AF cladding 
oxidized to 17% CP-ECR.  However, it would require well-instrumented, out-of-cell tests with 
pre-hydrided ZIRLO to confirm that post-LOCA strength and toughness are preserved for 
oxidation embrittlement limits based on hydrogen content. 
 

The Studsvik 4PBTs were conducted at RT.  Argonne did one RT test with AF ZIRLO 
oxidized to 16% CP-ECR.  The maximum bending moment (6.7 N•m) and energy (0.26 J) were 
lower than the Studsvik values at 12±1% CP-ECR. 

 
Recently, Argonne conducted a RT 4PBT with an AF ZIRLO sample received in 2003.  It 

is not the same lot of ZIRLO used in the Studsvik benchmark.  However, it is still useful to 
compare results.  The net sample displacement for the Argonne test was 13.73 mm.  The 
Studsvik benchmark data was truncated at a net sample displacement of 13.79 mm, which is 
close enough for comparison.  The results are summarized in Table 10 and in Figs. 27 (Argonne) 
and 28 (Studsvik).  Differences in results are relatively small and within variation from one lot of 
ZIRLO to another.  The comparison confirms that the 4PBT results are consistent. 

 
There is a difference in length (Ls) between the supports of the 4PBT fixtures: 250 mm for 

Argonne and 246.4 mm for Studsvik.  This difference in Ls results is a difference in calculated 
loading stiffness (K = [0.8064 N/mm5] I for Argonne and K = [0.8734 N/mm5] I for Studsvik, 
where the area moment of inertia I is related to outer and inner radii by I = [π/4] [Ro

4 – Ri
4]) and 

the relationship between maximum bending moment and maximum load (Mmax = 0.025-m Pmax 
for Argonne and Mmax = 0.0241-m Pmax for Studsvik).  These differences are reflected in the 
values given in Table 10. 

 
Table 10.  Comparison of Argonne and Studsvik 4PBT results at RT and 1 mm/s displacement 

rate at the loading points.  Argonne sample: 9.47-mm outer diameter, 0.58-mm wall 
thickness, and 165-mm4 area moment of inertia.  Studsvik sample: 9.50-mm outer 
diameter, 0.56-mm wall thickness, and 158-mm4 area moment of inertia.  

 
 
 

4PBT 

 
Calculated K, 

N/mm 

 
Measured K, 

N/mm 

 
Mmax, 
N•m 

 
Emax, 

J 

Offset 
Displacement, 

mm 
Argonne 133 135 33.9 11.3 3.6 
Studsvik 138 149 36.1 12.6 3.7 
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Fig. 27. Load-displacement curve for Argonne 4PBT benchmark conducted with AF ZIRLO-2003 at RT and 1 mm/s.
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Fig. 28. Load-displacement curve for Studsvik 4PBT benchmark conducted with AF ZIRLO at RT and 1 mm/s.
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