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Figure 3-1:  GE 14 Fuel Design, provided courtesy of GE. 

 



 

 

Figure 3-2:  Layouts of different PWR fuel assembly arrays. Rods marked with yellow colour are guide tubes into which the control 
rod cluster is inserted. The position marked by a red filled circle is the instrument tube position. 
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Table 5-1:  Zr alloy properties limiting performance during normal operation, AOO, DBA and interim dry storage. 

Condition Failure mechanism 
Key Zr alloy 

material 
property 

Design limit How to increase margin to failure 

Normal 
operation 
and AOO 

Corrosion and 
Hydriding 

Corrosion rate 
and HPUF 

Maximum oxide thickness often 

limited to 100 m, to ensure that 
corrosion acceleration due to 
thermal feedback does not occur. 

The hydrogen concentration of 
zirconium alloys must be limited to 
prevent brittle mechanical failures 
due to the formation of hydrides 
during normal operation, handling 
during outage and seismic events. 

Improve corrosion resistance by alloying and 
thermomechanical heat treatment during fabrication. 
Improving corrosion resistance also reduces the risk of 
hydride blister formation due to oxide spallation. Hydride 
blisters reduce PCMI margins during RIA. 

Decrease HPU to increase safety margins during LOCA, RIA, 
seismic events and handling accidents (including tip-over 
during interim dry storage). 

 PCI during power 
ramping 

SCC resistance, 
stress level 

Margins assessed by test reactor 
ramping 

Considering the fuel cladding, the best way to improve PCI 
performance is to add a Zr liner at the clad inside surface, as 
being used for BWR fuel cladding. PWR fuel cladding with Zr-
liner has been ramp tested with excellent results. A thin 

graphite coating is added to the inside surface of CANDU fuel 
to minimise PCI. A thin graphite coating is added to the inside 
surface of CANDU fuel to minimise PCI. 

 PCMI during power 
ramps  

NB: This failure 
mechanisms has 
not happened in 
commercial reactors 
but was observed 
for BWR fuel 
ramped in a test 
reactor.  

HPU =Corrosion 

rate*HPUF 

This failure mechanism may 
potentially happen for PWR fuel if 
there exist a solid hydride rim at 
the fuel clad outside surface and 
the ramp height is large enough 
following extended operation at 
low power 

A prerequisite to form a hydride rim, a large enough heat flux 
and hydrogen content in the cladding are necessary. 
Reducing the hydrogen concentration to < 300 ppm may 
eliminate the formation of a hydride rim at the fuel clad outer 
surface. 

An even larger embrittlement effect may be obtained if a 
hydride blister with significant thickness is formed at the clad 
outer surface. In addition to a heat flux and large enough 
hydrogen content also spalled oxide is necessary for a 
hydride blister to form. Thus, developing cladding material 
that forms thin oxides that will not spall will eliminate this 
embrittlement effect. 

 Lift-off Creep resistance Rod internal pressure must be 
limited to avert lift-off that 
potentially could lead to higher rod 
internal pressure and fuel failure 
due to an increase in fuel 
temperature as a result of 
degradation of heat transport 
between fuel and cladding inside 
surface. 

Improved irradiation creep strength can be obtained by 
replacing SR with RX (or pRX) claddings or by alloying 
additions. The drawback with RX (or pRX) is that the PWR 
corrosion resistance in alloys containing significant amounts 
of Sn deteriorates compared with SR cladding. However, in 
BWRs, RX, pRX and SR tubes have similar corrosion 
properties. 

 FA bowing 
(PWR/VVER) 

Elongation rate of 
GTs 

FA bowing (distortion) must be 
limited to ensure that control rods 

can be inserted anytime and that 
thermal margins (DNBR and 
LOCA) are maintained. Bowing 
may also cause grid damage 
during handling. 

Tendency for FA bowing is mostly a design issue, i.e., with an 
appropriate FA design even a large GT elongation rate would 

not result in any significant FA bowing. However, lower GT 
elongation rate reduces the GT compressive stresses (as well 
as other fuel design features may do) and may reduce FA 
bowing. If GT have a weak point or low creep strength, FA 
bow can occur under the compressive stresses (depending 
on hold down springs) and cross flow etc. Key property of GT 
is to use a material with high creep strength under 

compression.  

 Fuel Channel 
Bowing (BWR) 

Irradiation growth, 
shadow 
corrosion, and 
HPU 

Fuel channel bowing (distortion) 
must be limited to ensure that 
control rods movements are not 
hindered and that thermal margins 
(dry out and LOCA) are 
maintained.  

There are two main causes for fuel channel bowing today: 

1) Difference in irradiation growth rate of two opposing 
channel sides due to a fast fluence gradient (fluence 
gradient induced bow) – for most Zr alloys. 

2) Difference in the elongation of two opposing channel 
sides due to a hydrogen content difference (shadow 
induced bow) – only occurs for Zr alloys containing 
nickel-bearing SPPs such as e.g. Zry-2 

Zr alloys containing Nb reduces 1) above and eliminate 2). 
Final beta-quenching of non-Ni containing Zircaloys 
minimizes both 1) and 2) above 
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Table 5-1:  Zr alloy properties limiting performance during normal operation, AOO, DBA and interim dry storage. 
(Cont’d) 

Condition Failure 
mechanism 

Key Zr alloy material 
property 

Design limit How to increase 
margin to failure 

LOCA FR fracture and 
fuel dispersal 

The embrittlement of the 
fuel cladding depends on 
the H content in the 
cladding which depends on: 
1) the HPU during reactor 
operation prior to the LOCA  
and 2) the  high 
temperature oxidation time 
during LOCA before break-
away oxidation occurs 
(resulting in large HPU 
during the LOCA)  

 

Retain some ductility of the fuel 
cladding (Post Quench Ductility, 
PQD) to ensure that fuel dispersal 
does not occur by making sure that 
the cladding does not fracture during 
the LOCA quenching phase or 
during post-LOCA events.  

The licensing criteria are currently 
being revised by USNRC  

Ensure that breakaway oxidation 
does not occur during HT oxidation 
and that PQD is met.  

Reduced HPU during 
reactor operation before 
LOCA (through more 
corrosion resistant 
materials with less HPUF) 
will increase margins 
toward fuel dispersal (by 
ensuring some retained 
clad ductility). 

Ensure that breakaway 
oxidation (and thereby 
accelerated HPU) does 
not occur. 

RIA FR fracture 
(through PCMI) 
and fuel 
dispersal 

The PCMI failure tendency 
increases with: 

1) increased HPU during 
corrosion before the RIA 

2) localised hydrides 
(blisters and rims)  

3) increased volume 
fraction of radial hydrides  

In most countries, FR failures are 
allowed above a certain enthalpy 
increase during the RIA. However, in 
Germany FR failures during RIA are 
not allowed. 

In all countries, fuel dispersal most 
not occur. 

Reduced: 

1) HPU (by Zr alloys with 
lower corrosion rate, or 
lower HPUF or both) and, 

2) fraction of radial 
hydrides (by using SR 
instead of pRX or RX 
materials), formed during 
reactor operation before 
RIA (through more 
corrosion resistant 
materials with less HPUF). 
Elimination of any 
localised hydrides such as 
blister and rims will 
increase margins toward 
PCMI failures. 

Dry 
Storage 

Cladding 
rupture and 
fuel relocation 
during cask 
drop accident. 

Creep strength 

Microstructural features 
affecting the orientation of 
hydride platelets upon initial 
formation and subsequent 
thermal cycling (heating 
followed by cooling). 

In some countries, a maximum 
creep strain of 1% is established to 
ensure that creep rupture does not 
occur (Germany-based regulatory 
regime). In other countries, creep is 
considered to be a self-limiting 
deformation mechanism that is 
unlikely to result in cladding rupture 
(US-based regulatory regime). 

Peak cladding temperature, or 
cladding stress or both are limited to 
minimize the potential for formation 
of radial hydrides during the dry 
storage cooling phase. 

Although there is no requirement to 
maintain fuel integrity under cask 
drop accident conditions, the cask 
content must remain sub-critical 
under reflooding conditions. To 
satisfy this requirement, the 
applicant must be able to credibly 
assess the condition of the fuel, if it 
cannot be readily shown that the fuel 
remains intact. 

Increased creep strength 
increases margins against 
creep rupture. 

Fuel design: By adding a 
liner/DUPLEX layer to the 
fuel cladding, little to no 
radial hydrides will form 
because the soluble 
hydrogen tends to diffuse 
to the liner material during 
cooling, thereby 
preventing the formation 
of radial hydrides in the 
non-liner part(s) of the 
cladding. 

In the absence of a liner, 
strong texture (basal pole 
preferentially aligned in 
the radial direction; no late 
beta quench) and 
minimization of grain 
boundaries aligned in the 
radial direction should be 
favoured. 
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Table 5-2:  ASTM Standard B353 for Zr and its alloys used in nuclear industry (concentration of impurities). 

Element Pure Zr Zry-2 Zry-4 
Zr-Nb 

(2.4-2.8%Nb) 
Zr-Nb 

(2.5-2.8%Nb) 

Impurity, max (ppm) 

Al 75 75 75 75 75 

B 0.5 0.5 0.5 0.5 0.5 

Cd 0.5 0.5 0.5 0.5 0.5 

C 270 270 270 270 150 

Cr 200 - - 200 200 

Co 20 20 20 20 20 

Cu 50 50 50 50 50 

Hf 100 100 100 100 100 

H 25 25 25 25 25 

Fe 1500 - - 1500 650 

Mg 20 20 20 20 20 

Mn 50 50 50 50 50 

Mo 50 50 50 50 50 

Ni 70 - 70 70 35 

N 80 80 80 80 65 

Pb - - - - 50 

Si 120 120 120 120 120 

Sn 50 - - 50 100 

Ta - - - - 100 

Ti 50 50 50 50 50 

U 3.5 3.5 3.5 3.5 3.5 

V - - - - 50 

W 100 100 100 100 100 



 

Table 5-3:  Chemical composition, material condition and estimated corrosion and creep behaviour of alternate 
ZrSnTM-, ZrNb-, ZrNbCu, alloys, being developed for PWR application. 

Material 
Sn 
(%) 

Nb 
(%) 

Fe 
(%) 

Cr 
(%) 

Others   (%) Condition 
∆D at 16 1 

MWd/kg (%) 
FF 1 

HPUF 2 
(%) 

Best Zry-4 1.3  0.2 0.1  SR 0.48 2.5 ~15/~25 

Best Zry-4 1.3  0.2 0.1  RX 0.26 4 ~15/~25 

DX-D4 0.5     720°C/82%CW/SR 0.5 0.9 - /~25 

DX-HPA-4 0.5  0.5  0.3 V 720°C/76%CW/SR 0.5 0.9 -/~10 

M5  1 0.04   RX 0.35 0.8 <10 

DX-Zr2.5Nb  2.5    720°C/>76%CW/SR ~0.5 0.4 <10 

J3  2.5    RX (0.35) (1)  

HANA-6  1   0.05 Cu PR  (1.3)  

AXIOM-X4  1  0.25 0.08 Cu 80%PR ~0.32 ~1.3  

Quart ZrNbFe  1 0.1   RX ~0.35 ~0.7  

ZIRLO 1 1 0.1   580°C/80%CW/SR 0.37 2.5 ~15/~15 

ZIRLO 1 1 0.1   RX 0.2  ~15/~15 

Low Sn-ZIRLO 0.67 1 0.1   580°C/80%CW/SR ~0.37 ~1.5 - /~15 

Optim. ZIRLO 0.67 1 0.1   580°C/80%CW/PR ~0.37 ~1.9 - /~15 

DX-Zr0.8Sn0.8NbFeV 0.8 0.8 0.2  0.1V SR ~0.6 1.7  

Quart.ZrNbSnFe 0.5 1 0.1   RX ~0.23 ~2  

Zr0.5Sn0.5Nb0.1Fe 0.45 0.55 0.1   SR  ~1.1 ~15/ - 

AXIOM-X5A 0.45 0.3 0.35 0.25 0.05% Ni 50%PR ~0.3 ~1.6  

HANA-4 0.4 1.5 0.2 0.1  PR  (1.6)  

Quart.ZrNbSnFe 0.3 1 0.2   RX ~0.27 ~1.2  

AXIOM-X5 0.3 0.7 0.35 0.25  50%PR ~0.34 ~1  

AXIOM-X1 0.3 0.8 0.15  0.12 Cu, 0.2V 80%PR ~0.25 ~1.3  

Zr0.2Sn0.8Nb0.25Fe 0.25 0.8 0.25   SR ~0.76 ~0.9  

1:  Diameter decrease in % of the cladding in the middle of the FR after the first cycle, normalized to a burnup of 16 
MWd/kgU () indicates an uncertainty, ~ only few data,  

2: HPUF in PWRs with high Ni/low Ni in the coolant. The HPUF is calculated from the average hydrogen content 
measured via the whole cladding subtracting the initial value of the cladding. 
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Table 5-4:  Mean pick-up fractions and statistical measurement data modified [Goll & Hoffmann, 2002]. 

Material FF 
Mean pick-up fraction 

/%/ 
Number of  

measurements 
Mean standard  
deviation /%/ 

1.5 Sn Zry-4 4 <10   

Low Sn Zry-4 2.5 >20   

DX ELS0.8b 1.1 23 32 7 

DX D4 0.95 20 7 3 

PCA-2b 1.3 12 2 4 

DXHPA 4 1 10 6 3 

Zr1Nb 0.8 9 12 6 

Zr2.5Nb 0.4 9 10 5 
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Figure 5-1:  Parameters controlling corrosion performance of Zr Alloys. 
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Figure 5-2:  Schematic diagram showing the corrosion and HPU process in zirconium alloys.  
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Figure 5-3:  Corrosion morphology for Zircaloy [Adamson et al., 2007/2008a]. 
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Figure 5-4:  Oxide layer thickness profile of a BWR Zry-2 fuel rod opposite to Zry contact points (a) and Inconel contact point (b) 
after a burnup of 46 MWd/kgU, after [Garzarolli et al., 2001a]. 



 

 

Figure 5-5:  BWR channel control rod handle shadow corrosion. 

 

Figure 5-6:  Zirconium oxides near (a) and away from (b) a stainless steel control blade bundle [Adamson et al., 2000]. 



 

 

 

Figure 6-1:  The relation between material properties, operation parameters, material characteristics and manufacturing processes. 
Hydrogen pickup fraction is a measure of the fraction of the hydrogen produced in the corrosion reaction between 
zirconium alloy and water that is picked-up by the zirconium alloy material. The figure is a revision of the one used by 
[Strasser et al., 1994].  
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Figure 7-1:  Zr sponge manufacturing. 

 



 

 

 

 

Figure 8-1:  General process flow diagram for Ingot. 



 

 

Figure 8-2:  Consumable electrode showing sponge compacts and solid recycle sections [Schemel, 1989]. 
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Figure 8-3:  Schematics showing Consumable Vacuum Arc Melting. 
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Figure 8-4:  Ring Compression Tests (20 °C) [Malgin et al., 2018]. 
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Figure 8-5:  High temperature oxidation at 1000 C, Arrow indicate onset of breakaway oxidation for  Zr1Nb1.08Sn0.33Fe while the 
star symbol indicates sample showing increased hydrogen pickup indicative of breakaway oxidation, see Figure 8-7 
[Malgin et al., 2018]. 



 

 

Figure 8-6:  Oxidation kinetics at 1100 °С and 1200 °С [Malgin et al., 2018]. 



 

 

 

 

 

Figure 9-1:  General process flow diagram for tubing fabrication. The section number relates to sections in this report where more 
information is given for each manufacturing step. 



 



 

 



 

Die groove

Raw tube
upstream

Final tube
downstream

Mandrel

Gap

Figure - Redrawn and modified from original by A.N.T. INTERNATIONAL 2009

 

Figure 9-2:  Cold pilgering system with: the mandrel (tool inside the tube) and the dies (external tools with semicircular grooves), 
[Girard et al., 2001]. 

CE

F Tube

Mandrel Initial

Feed

Stroke

Final

F
ig

u
re

 -
 R

ed
ra

w
n

 a
n

d
 m

o
d

if
ie

d
 f

ro
m

 o
ri

g
in

a
l 
b

y
 A

.N
.T

. 
IN

T
E

R
N

A
T

IO
N

A
L

 2
0

0
9

 

Figure 9-3:  Illustration of tube movement during reduction stroke to determine initial and final tube dimensions at a location of 
interest. “F” designates the feed rate per strike and “CE” the cumulative elongation that has taken place in the stroke, 
[Schemel & McKenzie, 1974]. 



 

 

Figure 9-4:  Pilger mill roll stand showing rolls with tapered mandrel in place for tube reduction, [Schemel, 1989]. 
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Figure 9-5:  Crystallographic characterizations of the hcp elementary cell, after [Tenckhoff, 2005]. 

𝑄 = 𝑙𝑛(𝑊 𝑊0⁄ ) 𝑙𝑛(𝐷 𝐷0⁄ )⁄



 

 

Figure 9-6:  Illustration of the effect of the Q ratio on texture development during pilgering, [Schemel, 1989]. 

𝑓𝑡(𝑎𝑠 𝑟𝑜𝑙𝑙𝑒𝑑 𝑜𝑟 𝑆𝑅) = 0.078 𝑙𝑛(𝑄) + 0.5

𝑓𝑡(𝑅𝑋) = 0.05 𝑙𝑛(𝑄) + 0.54



 

Table 9-1: Typical texture parameters of fuel cladding tubes and strips. 

Material fr ft fa Reference 

CANDU Zr2.5Nb Pressure tubes 0.29-0.37 0.58-0.66 0.04-0.09 [Holt et al., 2000] 

Zry cladding tubes 0.6-0.8 0.2-0.4 0.05 [Garzarolli et al., 1996c] 

Zry-4 cladding tubes, SR 0.57 0.33 0.1 [Delobelle et al., 1996] 

Zry-4 cladding tubes, RX 0.56 0.33 0.11 [Delobelle et al., 1996] 

Zry-2, tubes, 80%CW, PR 0.64 0.31 0.08 [Perkins & Shann, 1994] 

Zry-2, tubes, late β-quenched, 80%CW, PR 0.61 0.37 0.08 [Perkins & Shann, 1994] 

E110 and E635 tubes, RX 0.57 0.33 0.10 [Shishov et al., 2005] 

E110 and E635 sheets, RX 0.63 0.29 0.08 [Shishov et al., 2005] 

 

Figure 9-7:  Basal and Prism pole figures for two materials: (a) RX (R); (b) rocked and stress relieved, [Delobelle et al., 1996]. 
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Figure 10-1:  General process flow diagram for Strip/Sheet fabrication (References are provided to relevant section in the tube 
manufacturing section). 
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Figure 11-1:  Measured axial (top) and radial (bottom) temperature profiles in a He-filled CASTOR V/21 storage cask standing in the 
vertical and horizontal positions [EPRI report NP-4887]. 



 

 

 

Table 11-1:  Relative creep behaviour of commercially used advanced Zr Alloys. 

Alloy 
Sn 
(%) 

Nb 
(%) 

Fe 
(%) 

Cr 
(%) 

Others Condition 
SNO 

Parameter* 

Relative 

Creep 

Strain** 

Best Zry-4 1.3  0.22 0.1 1200 ppm O CWSR 2.08 1 

Best Zry-2 1.3  0.22 0.1 1200 ppm O RX 2.08 <0.54 

E110  1 0.01  
600 ppm O2, F- 

impurity 

RX 1.36 0.94 

ZIRLO 1 1 0.1  1200 ppm O2 CWSR 2.72 <0.77 

DX-3b 0.8  0.5  1200 ppm O2 CWSR 2.1 1 

DX-D4 0.5  0.5 0.2 1200 ppm O2 CWSR 2.1 1 

M5  1 0.04  
1200 ppm O, 20 ppm 
S 

RX 1.72 <0.71 

MDA 0.8 0.5 0.2 0.1 1200 ppm O2 CWSR 2.52 >0.94 

NDA 1 0.1 0.3 0.2 1200 ppm O2 SCWR 1.92 >1.1 

Optim. ZIRLO 0.67 1 0.1  1200 ppm O2 pRX 2.39 <0.8 

E110-Sponge  1 0.04  800 ppm O2, pRX 1.48 <0.86 

* Refer to Section 5.3.2.2 for a definition of the SNO parameter 

** Estimates based on [Adamson et al., 2009a]. 
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Table 11-2:  Relative creep behaviour of new alternate Zr Alloys. 

Alloy 
Sn 

(%) 

Nb 
(%) 

Fe 

(%) 

Cr 

(%) 
Others Condition 

SNO 

Parameter* 

Relative 

Creep strain** 

Best Zry-4 1.3  0.22 0.1 1200 ppm O CWSR 2.08 1 

Best Zry-2 1.3  0.22 0.1 1200 ppm O RX 2.08 <0.54 

M-MDA 0.5 0.5 0.4 0.3  CWSR 2.22 >1.18 

S2 0.8 0.1 0.3 0.1  RX 1.72 <0.71 

J1  1.8    RX 1.72 <0.71 

J2  1.6  0.1  RX 1.72 <0.71 

J3  2.5    RX 1.72 <0.71 

Quart.ZrNbSnFe 0.5 1 0.1   RX 2.22 <0.49 

Quart.ZrNbSnFe 0.3 1 0.1   RX 2.02 <0.57 

Quart.ZrNbSnFe 0.3 1 0.2   RX 2.02 <0.57 

Quart.ZrNbFe  1 0.1   RX 1.72 <0.71 

AXIOM-X1 0.3 0.8 0.05  
0.12% Cu, 
0.2%V 

p(80%)PR 2.02 <0.6 

AXIOM-X2  1 0.06   RX 1.72 <0.71 

AXIOM-X4  1 0.06 0.25 0.08% Cu p(80%)PR 1.72 <0.75 

AXIOM-X5 0.3 0.7 0.35 0.25  P(50%)PR 2.02 <0.6 

AXIOM-X5A 
0.4
5 

0.3 0.35 0.25 
0.05% Ni P(50%)PR 1.77 <0.64 

HANA-4 0.4 1.5 0.2 0.1  pRX 2.12  

HANA-6  1   0.05%Cu pRX 1.72  

* Refer to Section 5.3.2.2 for a definition of the SNO parameter 
** Estimates based on [Adamson et al., 2009a] 
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Figure 12-1:  Elongated grain structure in Zr-2.5Nb pressure tube material [Cheadle, 2010]. 



 

 

Figure 12-5:  Microstructure of RBMK Zr-2.5Nb pressure tube in TMT-2 condition [Coleman et al., 2008]. 

Table 12-1:  Four attributes that can affect tensile strength of Zr-2.5Nb pressure tubes. 

 CANDU RBMK 

 CWSR CW-A TMT-1 TMT-2 

Oxygen concentration (ppm) 1370 550 550 550 

fT 0.57 0.42 0.39 0.52 

Dislocation density (m-2 × 1014) 3.1 1.0 1.7 1.0 

Grain size (µm) 0.5 5.0 3.0 3.0 

Yield Strength (MPa) 807 483 570 464 
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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 

   

 




