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Figure 2-1:   Electrical generating capabilities of nuclear reactors by country, after [IAEA, 2018c].   
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Figure 2-2:   Nuclear generating capacity by year and region, [WNA, 2018]. 

 

Figure 2-3:   Electrical production by nuclear power plants relative to the total electrical production by country in 2018, [IAEA, 
2018c]. 
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Figure 2-4:   Number of operating nuclear reactors and the net electrical generating capacity by reactor type, after [IAEA, 2018b]. 

 

Figure 2-5:   Nuclear power plants under construction in 2017 by reactor type, after [IAEA, 2018c]. 
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Figure 2-6:   Nuclear power plants under construction in 2016 by country, after [IAEA, 2018c]. 
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Figure 2-7:   Age of operating reactors, after [IAEA, 2018c]. 

 

Figure 2-8:   Median capacity factor relative to NPP age during 2012-2017, after [WNA, 2018]. 
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Table 3-1:  Main processing steps for conversion of zircon sand to metallic zirconium. 

 NFC (India) ChMP (Russia) ATI Metals/WZr CEZUS (France) 

Ore decomposition Caustic fusion Fluorosilicate fusion Carbochlorination Carbochlorination 

Separation TBP-nitric Fractional crystallization MIBK Extractive distillation 

Reduction Kroll Electrolytic Kroll Kroll 

© ANT International 2018 
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Figure 3-1:  Melting zirconium alloys by consumable electrode process in a vacuum [Schemel, 1989]. 
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Figure 3-2:  Recrystallized grains in Zircaloy-2. 
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Figure 3-3:  Schematic diagram of direct extrusion to form a hollow for cold-working [Dieter, 1988]. 
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Figure 3-4:  Schematic diagram illustrating the pilgering process. 

 

Figure 3-5:  Typical sequence of % reductions, e, and Q values at various stages of pilgering resulting in tight distributions of 
<0002> [Perez and Reschke, 1993]. 
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Figure 5-1:  Typical fuel assemblies (a) CANDU; (b) BWR. 

 

20 “Interstitials” are often be called SIAs (self-interstitial atoms) to distinguish them from impurities or alloying elements 
that occupy interstitial lattice sites, for example, hydrogen, oxygen, nitrogen and carbon.  
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Table 5-1:  Comparison of Radiation Damage for Zirconium in Different Reactors for E > 1 MeV [Walters et al., 2018]. 

Neutron Fluence, 1024/m2, E > 1 MeV 

Reactor per 1 dpa 

CANDU (pressure tube) 5.8 

BWR core 6.2 

PWR core 6.5 

ATR 7.0 

DIDO 5.9 

BOR-60 (6th row) 4.9 

OSIR15 6.5 

EBR2 3.2 

Halden 13 w/o booster fuel 5.6 

NRU (fast neutron rod) 6.1 

HFIR (peripheral target) 6.6 

HFIR (removable Beryllium) 6.0 

SM2 (C4W) 5.8 

RBMK (site 33, H = 1.9m) 5.1 

© ANT International 2017 
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Table 5-2:  Approximate typical damage rates for different types of reactors. 

Reactor 
Peak neutron flux,  

n/m2/s E > 1MeV 
Damage rates dpa/s 

BOR-60 4.3 x 1017 8.9 x 10-7 

BWR 6.0 x 1017  1.0 x 10-7 

PWR 8.1 x 1017 1.3 x 10-7 

CANDU 4.0 x 1017  6.4 x 10-8 

© ANT International 2018 
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Table 5-3:  Significant reviews of creep and growth. 

Year Author 

1968 Fidleris 

1975 Rickover 

1975 Fidleris 

1975 Lustman 

1980 Carpenter, Coleman and MacEwen   

1983 Franklin, Lucas and Bement 

1987 Nichols 

1988 Woo and Carpenter   

1988 Fidleris 

1996a Garzarolli, Stehle and Steinberg 

2000 Adamson 

2008 Holt 

2009 Griffiths 

2009a Adamson, Garzarolli and Patterson   

2010 Adamson 

2010 Shishov 

2010 Cheadle 

2017 Adamson, Griffiths and Patterson 

2019 Adamson, Griffiths and Coleman 

© ANT International 2018 
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Figure 6-1:  Weight gain vs. exposure time for Zr-1Nb-xGe alloys corroded in deionized water at 360 °C [Zhang et al., 2016]. 

°

Table 6-1:  Weight gain and HPU after max. exposure in deionized water at 360 °C. 

Alloy Weight gain at 360°C Transition at HPU 

(3) Zr0.5Nb0.1Sb 38 mg/dm² after 210 d >210 d 6 ppm after 195 d 

(5) Zr0.5Nb 48 mg/dm² after 210 d >210 d 22 ppm after 195 d 

ZIRLO 77 mg/dm² after 210 d 100 d 96 ppm after 195 d 

(4) Zr0.2Sb 515 m/dm² after 105 d 30 d  

(1) Zr0.5Nb0.2Sc Extremely fast corrosion   

(2) Zr0.5Nb0.3Sc Extremely fast corrosion   

© ANT International 2018 
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Figure 6-2:  Tetragonal phase fraction of Zr1Sn1Nb0.1Fe and Zr1Nb0.1Fe as function of distance from the metal-oxide interface 
[Garner et al., 2015]. 
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Figure 6-3:  Monoclinic orientation reliability maps from columnar grain region of oxide formed on (a) Zr1Sn1Nb0.1Fe and            
(b) Zr1Nb0.1Fe. Image of fine pores (circled) at the metal-oxide interface from the oxide on (c) Zr1Sn1Nb0.1Fe and  
(d) Zr1.0Nb0.1Fe. [Garner et al., 2015].  
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Figure 6-4:  Evolution of operating conditions (discharge burnup, local power, void) for Siemens PWR fuel assemblies [Seibold et 
al., 2000]. 
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Figure 6-5:  Corrosion behaviour of several DX ELS cladding materials at high heat fluxes [Garzarolli 2000]. 

 

Figure 6-6:  Hydride rim observed in a fuel rod cladding exposed at a high power [Garzarolli et al., 1998]. 
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Table 7-1:  Primary failure causes for LWR fuel during normal operation and Anticipated Operational Occurrences 
(AOO). 

Primary failure  
cause 

Short description 

Excessive corrosion An accelerated corrosion process results in cladding perforation.  

This corrosion acceleration can be generated by e.g., CRUD deposition (CILC)a, Enhanced Spacer Shadow 

Corrosion, (ESSC)b, (in BWRs), dry-out due to excessive FR bowing.  

Localised hydriding Fuel may fail in hydrided regions fractured under tensile loading that arose with accumulation of exposure 

during the course of normal operation (BWRs)c. Li seems to be involved in the failure mechanism (It is not clear 

from where the Li originated since Li does not normally occur in BWR coolants). More work is needed to 
understand the mechanism that led to the localised hydriding. 

Manufacturing  
defects 

Non-through-wall cracks in the fuel cladding developed during the cladding manufacturing process.  

Defects in bottom and/or top end plug welds.  

Primary hydriding due to moisture in fuel pellets and or contamination of clad inner surface by moister or 
organics. 

Too large a gap between the FR and the spacer grid supports (poor spacer grid manufacturing process) 
leading to excessive vibrations in PWR fuel causing fretting failures. 

Chipped pellets may result in PCI failures both in liner and non-liner fuel. 

PCI PCI – an iodine assisted SCC phenomenon that may result in fuel failures during rapid power increases in a 
FR. There are three components that must occur simultaneously to induce PCI and they are: 1) tensile 
stresses—induced by the power ramp, 2) access to freshly released iodine-occurs during the power ramp, 
provided that the fuel pellet temperature becomes large enough and 3) a sensitised material—Zircaloy is 
normally sensitive enough for iodine stress-corrosion cracking even in an unirradiated state. 

Cladding collapse This failure mechanism occurred due to pellet densification. This failure mode has today been eliminated by 
fuel design changes and improved manufacturing control. 

Fretting This failure mode has occurred due to: 

Debris fretting in BWR and PWR. 

Grid-rod fretting – Excessive vibrations in the PWR FR causing fuel failures. This situation may occur for 
example due to different pressure drops in adjacent FAs causing cross-flow. 

Baffle jetting failures in PWRs – Related to unexpectedly high coolant cross-flows close to baffle joints. 

a CILC – an accelerated form of corrosion that has historically resulted in a large number of failures in BWRs. Three parameters are involved in this 

corrosion phenomenon, namely: 1) Large Cu coolant concentrations as a result of e.g., aluminium brass condenser tubes, 2) Low initial fuel rod 
surface heat flux – occurs in Gd rods and 3) Fuel cladding that shows large initial corrosion rates- occurs in cladding with low resistance towards 
nodular corrosion. 
b This corrosion phenomenon resulted in a few failed rods. The mechanism is not clear but seems to be related to galvanic corrosion. This corrosion 

type may occur on the fuel cladding in contact or adjacent to a dissimilar material such as Inconel. Thus, this accelerated type of corrosion occurred on 
the fuel cladding material at spacer locations (the spacer springs in alloy BWR fuel vendors fuel are made of Inconel). Water chemistry seems also to 
play a role if the fuel cladding material microstructure is such that the corrosion performance is poor. Specifically coolant chemistry with low Fe/(Ni±Zn) 
ratio seems to be aggressive (provided that the cladding material shows poor corrosion performance. A fuel cladding material with good corrosion 
resistance does not result in ESSC, even in aggressive water chemistry. 
c Sixty-three GE13B 9×9 fuel assemblies in Browns Ferry, Unit 2 (BF2) during Cycle 12 failed. Seven rods were examined in hot cell to determine the 

primary failures cause.  

© ANT International, 2018 
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Table 7-2:  Summary of previous PWR/PHWR failure key events, see previous ZIRAT/IZNA-reports for details.  

Nuclear unit Type of primary failure Comment 

TMI-1, Cy 10, 
1995 

Nine high peaking FRs, 
Zry-4 Cladding, failed after 
122 days of operation.  
CRUD/corrosion related 
failures. 

All failed and degraded pins reportedly had Distinctive CRUD Pattern (DCP)21. 

High peaking factors, thermal-hydraulic conditions. Calculations indicated that no 
boiling should have occurred on the pins with DCP, although the pins with DCP were 
calculated to have a slightly higher temperature. 

Water chemistry (low pH at BOC, pH < 6.9, max LiOH 2.2 ppm). 

Some, AOA effect was found reaching a maximum in the middle of cycle 10.  

The source of the CRUD could not be determined. The CRUD sampling showed that 
the nickel-to iron ratio was in the range 1.25 to 16.7, which was reportedly somewhat 
lower than in previous investigations.  

Seabrook, Cy 5, 
1997 

Five one-cycle ZIRLO rods 
failed. CRUD/corrosion 
related failures. 

Longer cycle in transition to 24-month cycle. 

Possibly CRUD-induced overheating resulting in substantial nucleate boiling. 

EdF data 
reported in 2009 
[Thibault et al., 
2009] 

The main failure causes in 
the EdF plants are:  

GTRF wear,  

Clad manufacturing defects 
and, 

Excessive fuel assembly 
bowing (resulting in 
assemblies grids hanging-up 
during loading and unloading 
and IRI) 

A significant number of fuel failures were related to the M5 fuel cladding in 1300 MWe 
and 1450 MWe units. The M5 FR failures were due to fabrication defects either 
related to the end plug girth or fill hole weld or defects in the fuel clad itself at grid 
levels (related to the pulling of the rods into the assembly structure). To resolve these 
manufacturing issues, AREVA has modified the welding techniques as well as the rod 
pulling procedure. 

It was observed that there were no GTRF failures in 2008 (in previous years there 
have always been some GTRF failures). The reasons for the great improvement is 
thought to be due to that both AREVA and Westinghouse have introduction reinforced 
FAs design (AFA3GLr – AREVA and RFA2- Westinghouse). 

Since the introduction of the AREVA AFA3G design in 1999, a decrease of the 
average core bow in EdF NPPs has been observed, especially on the 900 MW units, 
but not as fast as expected. The maximum values of bowing remain relatively high on 
the 1300 MW units, typically between 15 and 19 mm for a “S shape” bow. The 
Westinghouse RFA fuel design behaves in the same way with similar bowing range 
while HTP assembly deformations are twice less.  

Incomplete Rod Insertions (IRIs) due to bowing have been significantly reduced since 
the AFA3G FA’s design has been loaded in EdF NPPs and despite the increasing of 
the average discharge burnup of the FAs. In 2008, no anomaly of RCCA drop time 
was observed in EdF NPPs during the BOC tests. Concerning the EOC tests, no 
anomaly was observed in the 12 feet units whereas four RCCAs dropped without 
recoil in the 14 feet units. Three of them was AFA3G FAs (two “2nd cycle” FAs and 
one “4th cycle” FA) and one was the older design (AFA2G). The number of FAs 
damaged during handling operations has decreased in 2008 but remains significant. 
The damages concern only AFA 2G or 3G design and mainly the 14 feet units. It 
occurs during the unloading operations. The damages generally occur during a “three-
sided box” extraction and result from grids’ hanging due to bowing and to a reduced 
gap between FAs following unexpected grid growth due to re-crystallized Zircaloy-4. 
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Table 7-3:  Summary of previous PWR/PHWR failure key events, see previous ZIRAT/IZNA-reports for details. New 
results added to the table from the ZIRAT 18/IZNA13 AR [Rudling P. et al., 2013] is in red text. (cont’d) 

Nuclear unit Type of primary 
failure 

Comment 

Kakrapara Atomic 
Power Station 
(KAPS) unit#2, 
India 

Manufacturing 
defect 

A PHWR fuel rod with an incomplete fusion end plug weld. The fuel rod operated at very low 
power for the first 18 months as the fuel bundle was in a peripheral location of the core during 
that period. For the next 5 months, the fuel pin operated at a linear power rating of 410 W/cm 
when the fuel bundle was shifted to a high flux location in the core. In total the rod operated in 
failed condition for a period of 710 days and accumulated a burnup of 4400 MWd/tU. See 
ZIRAT18/IZNA13 AR for more details. 

Korean PWR 
plant, 
identification not 
known 

2 debris-induced 
fuel failures  

PWR debris-induced fuel failures on a thrice-burned fuel rod, not showing any degradation 
and a first-burned fuel rod, which degraded. See ZIRAT18/IZNA13 AR for more details. 

© ANT International, 2018 

Table 7-4:  Summary of previous BWR failure key events, see previous ZIRAT/IZNA-reports for details.  

Nuclear unit Type of primary 
failure 

Comment 

KKL 1997, 1998 Excessive Shadow Corrosion on LK II Zry-2 Cladding under the Inconel x-750 grid springs. 
The oxide thickness was locally above 500 µm. The most notable cladding corrosion attacks 
were found on fuel that had experienced a fourth, fifth, or sixth operational cycle. 

Zn-injection. 

Low level of Fe in coolant. 

River Bend  Cy 8, 1999 At least 12 GE First cycle FRs were failed. 
Heavy CRUD – The failures appeared in bundles with a significant iron CRUD deposition. 
The heavy deposits almost filled the gaps between the FRs. Some 700 pounds (320 kg) iron 
was estimated to have been input to the River Bend-1 RPV during cycle 8 (1998-1999). 
CRUD deposit thickness in the range 37–55 mils (940 – 1400 µm) was reported. Analysis of 
the CRUD showed that the major phases were hematite and spinel, reportedly magnetite or 
zinc ferrite. Significant amounts of copper, up to 15% were found in some cases.  
No NMCA. 
Zn-injection. 

Vermont 
Yankee, 
2001-2002  

5 FRs failed 
due to CRUD 
corrosion. 

A total of 5 failed GE rods in 4 bundles were removed from the core at Vermont Yankee in a 
mid-cycle outage in May 2002, along with 40 other bundles deemed most at risk of failure 
due to being similar to the leakers in terms of duty, exposure, and tubing material. 

Browns Ferry 2, 
Cy 12, 2001-
2003 

63 FAs failed due to 
localised massive 
hydriding 

Affected fuel was GE13B claddings that failed in their second cycle with burnups of 29-30 
MWd/kgU. 

Bundles that failed tended to be leading for the reload batch, indicating some impact of duty 
on tendency for failures. 

HWC started in BOC Cy 11 and NMCA at EOC 11 was implemented (3/01), Depleted Zinc 
Oxide (DZO) started in 1997 at 3 to 5 ppb.  

Maximum oxide thickness both in lower and upper part of the failed rods. Maximum CRUD 
deposition towards the bottom of the rods. 

BF2 changed out their condenser tubes to Ti-tubes 8-10 years ago.  

Cladding material  

- Corrosion behaviour was sensitive to alloying content, primarily iron and tin; 

- Multiple ingots were affected; 

- Ingots supplied by two different vendors were affected. 

An update of the root cause examinations of the sixty-three failed GE13B 9X9 fuel 
assemblies in Browns Ferry, Unit 2 (BF2) during Cycle 12 was presented. Seven rods were 
examined in hot cell to determine the primary failures cause. The authors, [Lutz et al., 2012] 
and [Lutz et al., 2013] suggest that the BF2 Reload 10 fuel failed by hydrided regions 
fractured under tensile loading that arose with accumulation of exposure during the course 
of normal operation. The results also suggest that Li contributed to the failures at least by 
aggravating the late stage corrosion of the BF2 Reload 10 rods, regardless of any role it 
may have had in initiating the corrosion. See ZIRAT18/IZNA13 AR for more details. 
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Table 7-5:  Summary of previous BWR failure key events, see previous ZIRAT/IZNA-reports for details. 

Nuclear unit Type of primary 
failure 

Comment 

Browns Ferry 
3, 
Cy 11, 2002-
2004 

3 FAs failed due to  
localised massive 
hydriding 

DZO started in 1995 at 3 to 5 ppb, NMCA at EOC 9 was implemented and HWC started in 
BOC Cy 10, DZO went to 5 to 10 ppb after the HWC was started.  

Affected fuel was GE13B claddings that failed in their third cycle with burnups of 43-47 
MWd/kgU. Rod oxide thickness peaked at lower and upper part of the rods but maximum 
oxide thickness was found in upper part of the failed rods.  

River Bend, Cy 
11, 2003 

7 rods failed due to 
CRUD related 
corrosion.  

Water chemistry apparently within specification. 

Cy 11 – No NMCA but HWC and Zn-injection, also high Cu coolant content was observed. 

First cycle fuel with burnup ranging from 14.6-19.0 MWd/kgU. 

Siemens ATRIUM-10 (LTP).  

All failed rods were on periphery in FA on bladed surfaces (high power positions). Failures 
and peak oxide thicknesses in span 2 (of peripheral rods) where max. CRUD deposition 
was noted. 

Hatch 1, Cy 21,  
2003 

PCI related failures in 
five (5) liner (barrier) 
FRs 

Five duty related FRs failed at 19 months into a 22 month cycle in one cycle GE14 barrier 
fuel with an estimated burnup of 26 MWd/kgU.  

Fitzpatrick, 
2004 

PCI related failures in 
two (2) non-barrier 
fuel 

Two duty related failures occurred in non-barrier GE12 assemblies late in their second 
cycle at a burnup of about 45 MWd/kgU.  

Kuosheng 2, 
2003-2004 
(Cycle 16) 
[Chiu et al., 
2009] 

PCI related failures in 
three (3) liner (barrier) 
FRs suspected to be 
due to MPS 

Duty related failures in two ATRIUM-9B fuel bundles, KAG115 and KBH069 in Cycle 16. 
The estimated bundle burnup of KAG115 and KBH069 was 28.87 GWd/MTU and 28.64 
GWd/MTU respectively. Poolside examinations showed that both bundle had one failed 
rod at the F2 location. 

KAG115-F2 failed rod exhibited secondary degradation including a 470 mm axial crack 
resulting in some fuel washout. 

The KBH069-F2 failed rod exhibited three defects including a blister, a bulge and, a 5 mm 
long circumferential crack – fuel washout was noted. 

A similar fuel failure to those reported above occurred in Cycle 14 

Several BWRs Excessive fuel 
channel bowing  

[Cantonwine et al., 2010] reported on the measured settle times at Monticello and Peach 
Bottom 3 and compared to the data collected at LaSalle 1. To quantify control rod 
interference, the amount of interference was calculated in two ways:  

A Channel Interference Metric (CIM) is defined as the total deflection of both channels 
toward the blade minus the available gap and the Half-Gap Channel Interference Metric 
(HGCIM) is defined as the total deflection of an individual channel side minus the available 
half gap.  

[Cantonwine et al., 2010] concluded that the new data fits well into the previously 
developed correlation (reported in ZIRAT14/IZNA9 AR [Adamson et al., 2009b]) which 
showed that an interference (the sum of all 4 blade wings) of <0.5 mm (20 mils) correlated 
to normal or near normal settling times, 0.5 to 1.0 mm (20 to 40 mils) correlated to slow or 
no-settle conditions and >1.0 mm would indicate a no-settle condition. The results of half 
gap interference (the sum of half gap interference of each channel side that faces the 
blade) showed that >5 mm (200 mil) half gap interference is necessary before a slow or 
no-settle condition occurs. 

Cofrentes have experience of >7 mm measured bow in one channel without friction 
problems in the cell [Sedano & Mata, 2011]. However friction problems can be expected 
for bows >5 to 6 mm based on the experience in other reactors. If the maximum fuel 
channel bow exceeds 4 mm there is a risk that the CR does not settle. 

© ANT International, 2018 
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Figure 8-1:  Effect of hydrogen on ring compression ductility of unirradiated samples prehydrided before RCT, after [Chung et al., 
2001]. 
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Figure 8-2:  Typical LOCA in a PWR. 
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Figure 8-3:  Structure of oxidized cladding, after [Meyer, 2013]. 
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Table 8-1:  Summary of Significant Changes to § 50.46c [NRC, 2011]. 

Item § 50.46 § 50.46c Benefit to Industry 

Rule Structure Prescriptive Performance-Based More flexibility 

Applicability Zircaloy or ZIRLO Cladding All LWR Cladding 
Eliminates exemption 
requests for modern alloys 

Burnup Related 
Phenomena 

None 
Cladding Inner Surface 
Oxygen Ingress 

Supports current, high 
efficiency, high burnup core 
loading patterns 

Corrosion Related 
Phenomena 

None 
Hydrogen-Enhanced 
Embrittlement 

Supports current, high 
efficiency, extended 
operating cycles 

Fabrication Related 
Phenomena 

None Breakaway Oxidation 

Confirms cladding 
performance without 
interfering with 
manufacturing flexibility 

Debris Consideration Implicit Explicit Regulatory certainty 

Debris Treatment Deterministic 
Deterministic or Risk-
Informed 

Supports closure of GSI-
191 and reduces need for 
costly fibre removal 

LTC Regulatory Criteria General Explicit 
Supports closure of GSI-
191 and reduces need for 
costly fibre removal 

Crud Treatment None Explicit Regulatory certainty 

 © ANT International 2018 
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Figure 9-1:  Performance over the years of the existing UO2-Zr alloy system [Bragg-Sitton, 2012]. 
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Figure 9-2:  Similar ATF concepts are under development all around the world [Waeckel, 2017]. 
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Figure 9-3:  US strategy for ATF R&D- development and qualification of ATF [after McCaughey, 2017]. 
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Table 9-1:  Summary of TRL definitions for advanced nuclear fuels [NEA, 2018]. 

TRL Function Definition 

1 

Proof of 
concept 

A new concept is proposed. Technical options for the concept are identified and relevant literature 
data reviewed. Criteria are developed. 

2 
Technical options are ranked. Performance range and fabrication process parametric ranges are 
defined based on analysis. 

3 
Concepts are verified through laboratory-scale experiments and characterisation. Fabrication 
process is verified using surrogates. 

4 

Proof of 
principle 

Fabrication of small samples (rodlets) at bench-scale. Irradiation testing of rodlets in a relevant 
environment. Design parameters and features are established. Basic properties are compiled. 

5 

Fabrication of full-length rods using prototypic materials at laboratory scale. Rod-scale irradiation 
testing in a relevant environment (test reactor). Primary performance parameters with 
representative compositions under normal operating conditions are quantified. Fuel compositions 
under normal operating conditions are quantified. Fuel behaviour models are developed for use in 
fuel performance code(s). 

6 

Fabrication of rods using prototypic materials at laboratory scale and using prototypic fabrication 
processes. Rod-scale irradiation testing at relevant (test reactor) and prototypic (commercial LWR, 
referred to as lead test rods) environment (steady-state and transient testing)a. Predictive fuel 
performance code(s) and safety basis are established. 

7 

Proof of 
performance 

Fabrication of test assemblies using prototypic materials at engineering-scale and using prototypic 
fabrication processes (also referred to as lead use assemblies). Assembly-scale irradiation testing 
in prototypic (commercial LWR) environment. Predictive fuel performance code(s) are validated. 
Safety basis established for full-core operations. 

8 Fabrication of a few core-loads of fuel and operation of a commercial reactor with such fuel. 

9 Routine commercial-scale operations. Multiple reactors operating. 
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Figure 9-4:  Summary of TRL evaluation elements and attributes [NEA, 2018]. 
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Table 9-2:  Major US DOE-funded ATF projects [Bragg-Sitton, 2015]. 

Lead Organization Category – Major Technology Area Additional Collaborators 

Oak Ridge National 
Laboratory 

Fuel: Fully Ceramic Microencapsulated (FCM)- 

UO2; FCM-UN 

Cladding: FeCrAl alloy; silicon carbide (SiC) 

 

LANL, INL support FeCrAl weld 
development work 

Los Alamos National Lab. Fuel: Enhanced UO2, Composite Fuels  

EPRI + LANL 
Cladding: Advanced molybdenum alloys  

(multi-layer design) 
ORNL 

AREVA  

(FOA, NEUP) 

Fuel: High conductivity fuel (UO2+Cr2O3 +SiC) 

Cladding: Coated Zr-alloys (protective materials, 
MAX phase) 

U. Wisconsin, U. Florida, SRNL, TVA, 
Duke 

Westinghouse  

(FOA, NEUP) 

Fuel: U3Si2, and UN+U3Si2 fuel 

Cladding: Coated Zr-alloy; SiC concepts 

General Atomics, EWI, INL, LANL, MIT, 
TAMU, Southern Nuclear Operating 
Company 

GE Global Research 
(FOA) 

Cladding: Advanced Steel (Ferritic / Martensitic, 
including FeCrAl) 

Global Nuclear Fuels, LANL,  

U. Michigan 

University of Illinois  

(IRP) 

Cladding: Modified Zr-based cladding (coating or 
modification of bulk cladding composition) 

U. Michigan, U. Florida, INL,  

U. Manchester, ATI Wah Chang  

 

University of Tennessee 
(IRP) 

Cladding: Ceramic Coatings for Cladding  

(MAX phase, multilayer ceramic coatings) 

Penn State, U. Michigan, UC Boulder, 
LANL, Westinghouse, Oxford, U. 
Manchester, U. Sheffield, U. 
Huddersfield, ANSTO 

 

Additional laboratories are providing analysis support (INL, BNL, ANL). 
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Figure 10-1:  Illustration of creep rupture in cladding tubing tested to failure under constant load conditions. 
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Figure 10-2:  Example of creep testing furnace set-up. 
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Figure 10-3:  Examples of creep curves for relatively small (a) and larger (b) creep strains. The areas highlighted in red show 
portions of the secondary (steady state) creep, as discussed in Section 10.2.3 
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Figure 10-4:  Typical shapes of creep curves (diametral strain versus time) obtained under constant load, constant stress, and 
constant gas content conditions. 
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Table 11-1:  Maximum BUs achieved vs. regulatory limits, (excludes LTAs). 

Country Batch 
BU (GWD/MT) 

Assembly Rod Pellet Regulatory Limit 

USA 57 60 62 73 62.5 peak rod 

Belgium  50-55   55 UO2 assy., 50 MOX assy. 

Czech Republic 51 56 61  60 peak rod 

Finland 45.6* 48.6 58  57 assy. (for PWR) 

France 47 51 UO2 

42 MOX 

  52 assy. 

Germany 58 62 68  65 assy. 

Hungary  50 62   

Japan 53 55 62  55 UO2 assy., 45 MOX assy. 

Korean Republic 46    60 rod 

Netherlands 52 55 59  60 rod 

Russia 60 65    

Spain 50.4 57.4 61.7 69  

Sweden 47 57.2 63.6 65 60 assy., 64 rod 

Switzerland 68 71 73  80 pellet 

Taiwan     60 rod (P), 54 assy. (B) 

UK 44.3 46.5 50  55 pellet 

Ukraine  50    

*Current batch design for 50 GWD/MT in BWR 
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Figure A-1:  Example of stress loci and yield surfaces defined by the creep compliance tensor in the plane of a tube for a range of 
different anisotropy factors.  An example is given for the strain rate vector (ε), defined by the normal to the surface at 

the intersection with an axial tensile stress for an axial tensile specimen and has components εA and εT corresponding 

with the axial and transverse directions respectively; ε is the strain rate.    

σ σ σ



 

Figure A-2:  Orientation of specimens and measurement directions of bent beam stress-relaxation specimens.  The subscript 
defines the orientation with respect to the material of interest (tube), the superscipt defines the orientation with respect 
to the bent beam and ε is the strain rate.    
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𝜀Ȧ 

)

𝑇

= 𝑓(𝑀,𝛷, 𝑇) · (
𝐺 + 𝐻 −𝐺 −𝐻
−𝐺 𝐺 + 𝐹 −𝐹
−𝐻 −𝐹 𝐻 + 𝐹

) · (
0
σ
0
)

ε̇R
A =  − 𝑓(𝑀, 𝛷, 𝑇) ∙ σ ∙ H

ε̇T
A = − 𝑓(𝑀,𝛷, 𝑇) ∙ σ ∙ F

ε̇A
A =   𝑓(𝑀, 𝛷, 𝑇) ∙ σ ∙ [H

ε̇R
T = − 𝑓(𝑀, 𝛷, 𝑇) ∙ σ ∙ G

ε̇T
T =  𝑓(𝑀,𝛷, 𝑇) ∙ σ ∙ [G + F]

ε̇A
T = −𝑓(𝑀,𝛷, 𝑇) ∙ σ ∙ F



 



Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2018.  

https://fr.wikipedia.org/wiki/Commissariat_%C3%A0_l%27%C3%A9nergie_atomique_et_aux_%C3%A9nergies_alternatives


Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2018.  



Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2018.  

 

TEMPERATURE  MASS 

°C + 273.15 = K             °C × 1.8 + 32 = °F  kg lbs 

T(K) T(°C) T(°F)  0.454 1 

273 0 32  1 2.20 

289 16 61    

298 25 77  DISTANCE 

373 100 212  x (µm) x (mils) 

473 200 392  0.6 0.02 

573 300 572  1 0.04 

633 360 680  5 0.20 

673 400 752  10 0.39 

773 500 932  20 0.79 

783 510 950  25 0.98 

793 520 968  25.4 1.00 

823 550 1022  100 3.94 

833 560 1040    

873 600 1112  PRESSURE 

878 605 1121  bar MPa psi 

893 620 1148  1 0.1 14 

923 650 1202  10 1 142 

973 700 1292  70 7 995 

1023 750 1382  70.4 7.04 1000 

1053 780 1436  100 10 1421 

1073 800 1472  130 13 1847 

1136 863 1585  155 15.5 2203 

1143 870 1598  704 70.4 10000 

1173 900 1652  1000 100 14211 

1273 1000 1832     

1343 1070 1958  STRESS INTENSITY FACTOR 

1478 1204 2200  MPa√m ksi√inch 

    0.91 1 

Radioactivity  1 1.10 

1 Sv 
1 Ci 

1 Bq 

= 100 Rem 
= 3.7 × 1010 Bq = 37 GBq 
= 1 s-1 

   

 




