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Figure 1-1:  (a) Stress–strain curve showing typical yield behaviour for non-ferrous alloys. Stress (σ) is shown as a function of 
strain (ε) and is given by E.ε (1).  Different stages of the stress-strain curve are shown: proportional limit (2); true 
elastic limit (3); 0.2% offset yield strength (4); (b) stress stain curve showing ultimate tensile strength (UTS) and the 
dimensional changes in tensile specimens showing in order: (i) elastic strain; (ii) uniform elongation; (iii) necking; (iv) 
failure. 
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Figure 2-1:  Schematic diagram showing temperature regions where the design stress of a hypothetical zirconium alloy is 
controlled by short-term and long-term mechanical strength. 
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Figure 2-2:  Fracture ductility of cold-worked Zircaloy-2, based on length, εℓ, width, εw, or thickness, εt, at room temperature as a 
function of w/t.  With t=1.5 mm, to meet ASTM Standard w/t should be 8.3 [Ells and Cheadle, 1969]   
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Figure 2-28:  Dependence of reduction in area on β-grain size in quenched Zr-2.5 Nb. [Based on Bell & Dicks, 1965; Pickles, 1972; 
Ells & Williams, 1969]. 
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Figure 2-29:  Effect of irradiation temperature on increment of yield strength of annealed Zircaloy tested in the ranges 300 to 500 K 
(27 to 227 °C) and 530 to 680 K (259 to 419 °C). 
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Figure 2-30:  Decrease in width of channels cleared of irradiation damage as a function of neutron fluence. 
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Table 2-5:  Composition of various commercial austenitic stainless steels (wt%). 

Alloy Cr Ni Mo Mn Si C Ti Nb Others 

304 18-20 8-12 - 1-2 0.75 0.08 - - 304L (0.03C), 304LN 

316 16-18 10-14 2-3 2 0.75 0.08 - - (0.03C, <0.14N) 

321 17-19 9-13 - 1-2 0.75 0.04-0.08 0.2-0.4 - 316L (0.03C), 316LN 

347 17-19 9-13 - 1-2 0.75 0.04-0.08  0.4-0.8 (0.03C, <0.14N) 

© ANT International 2020 
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Figure 2-52:  The Schaeffler diagram for Cr-Ni stainless steel structure predictions. [After https://www.langleyalloys.com/es/a-guide-
to-duplex-super-duplex-and-hyper-duplex-stainless-steels/]. 
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Figure 2-57:  Creep-Rate Curves for Several Annealed Stainless Steels [American Iron & Steel Institute, 2002]. 
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Table 2-6:  Nominal compositions (wt%) of commercial Ni-based alloys. 

Alloy Ni Cr Fe Ti Al Nb Mo Co W 

Nimonic  PE16 43 17 33 1.2 1.3  3.7   

Inconel 750 72 15.5 7 2.5 0.7 1    

Inconel 718 53 18 19 0.9 0.6 5 2.5   

Inconel 706 42 16 37 1.7 0.3 2.9 0.1   

Inconel 690 61 29 9 0.5 0.5     

Inconel 625 61 22 5* 0.3 0.3 3.5 9   

Inconel 600 75 16 8 0.3 0.2     

Incoloy 800 33 21 39.5^ 0.4 0.4     

Hastelloy X 47 22 18 0.15* 0.5*  9 1.5 0.6 

Hastelloy N 71 7 4* 0.15* 0.5*  16  0.5* 

* Max, ^ Min 

© ANT International 2020 

Table 2-7:  Maximum allowed minor alloying/impurity elements (wt%) of commercial and developmental Ni-based 
Alloys. 

Alloy Mn max Si max C max Cu max P max S max B max Co max 

Nimonic  PE16 0.1 0.2 0.05     0.05 

Inconel 750 1.0 0.5 0.08 0.5 0.008 0.01  0.05 

Inconel 718 0.2 0.2 0.04 0.3 0.015 0.015 0.006 0.05 

Inconel 706 0.2 0.2 0.03   0.015  0.05 

Inconel 690 0.5 0.5 0.05 0.5 0.025 0.015  0.05 

Inconel 625 0.2 0.2 0.05 0.3 0.015 0.015 0.02 0.05 

Inconel 600 0.2 0.2 0.08 0.3 0.1 0.015  0.05 

Incoloy 800 0.9 0.5 0.08 0.5 0.03 0.03  0.05 

Hastelloy X 1.0 1.0 0.15 0.5 0.04 0.03 0.01 - 

Hastelloy N 0.8 1.0 0.06 0.35    0.02 

© ANT International 2020 
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Figure 2-58: Ternary diagram for the Fe-Cr-Ni system at 400 °C illustrating the relative approximate compositions (considering 
Fe+Cr+Ni = 100 at%) of the main Ni-rich structural alloys in and their thermodynamically stable FCC phase (γ) 
compositions outlined in blue. The austenite phase in the green region is meta-stable leading to a wide range of 
austenitic, ferritic, martensitic and duplex stainless steels.  The ferritic BCC phase (α) in the red region contains the 
high strength carbon and Low Alloy Steels (LAS) stainless steels used for pressure vessels and piping. 
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Figure 2-59: Temperature dependence of the yield stress for a number of Ni-Cr-Al alloys with 75 at%Ni and varying amounts of Cr 

and Al giving varying amounts of γ’: (a) alloy compositions in the section of the ternary phase diagram at 75 at% Ni; 

(b) 0.2% yield stress as a function of volume fraction of γ’ phase.  Adapted, with permission, from Beardmore et al. 
[Beardmore et al., 1969]. 
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Figure 2-60: Crystal structure of FCC γ-phase (Ni) and γ’-phase (Ni3(Ti,Al)). 
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Figure 2-61: Summary of elements important to the constitution of the Ni-based super-alloys, and their relative positions in the 
periodic table.  

Table 2-8: Phases in high strength nickel alloys. Adapted from Strasser and Ford [Strasser and Ford, 2012]. 

γ (gamma) 

 

Face-Centred-Cubic 
(FCC) 

Ni-Cr-Fe solid solution Same structure as matrix for alloys 625, 718 
and X-750. 

γ’ (gamma 
prime) 

Ordered FCC Ni(Cr,Fe)3Al(Ti,Nb,Ta)* Precipitation hardening phase for Alloys 718 
and X-750, associated with coherency 
between the γ matrix and the precipitate. The 

γ’ shape changes with aging time and 
temperature, varying between spherical and 
cubic. 

γ” (gamma 
double prime) 

Body-Centred- 

Tetragonal (BCT) 

Ni(Cr,Fe)3Nb(Ti,Al,Ta)* Additional precipitation hardening phase for 
Alloy 718 with a disc-shaped morphology 60 
nm diameter and 5-9 nm thickness. 

δ (delta) 

Orthorhombic Ni3Nb Observed in over-aged alloy 718 as a 

transformation from the coherent γ”- phase. 
Morphology is acicular and since it is 

incoherent with the γ- phase there is minimal 
strengthening. Inter-granular formation acts as 
an inhibitor to grain growth 

η (eta) 

Hexagonal-Close- 

Packed (HCP) 

 

Ni3Ti Observed in overaged alloy X-750 as a 
transformation from the coherent γ’ phase. 
Morphology is acicular and since it is 

incoherent with the γ phase there is minimal 
strengthening. Inter-granular formation acts as 
an inhibitor to grain growth. 

σ (sigma) 
Tetragonal FeCr, FeCrMo Irregular shaped globules and plate 

morphologies formed after extended times at 
high temperatures (540-980 °C) 
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Table 2-8: Phases in high strength nickel alloys. Adapted from Strasser and Ford [Strasser and Ford, 2012], cont’d. 

μ (mu) 
Rhombohedral (Fe,Co)7(Mo,W)6* Coarse irregular Widmanstätten platelets 

formed at high temperatures in alloys with high 
Mo or W contents. 

Laves 
Hexagonal Fe2Nb, Fe2Ti, Fe2Mo Irregular elongated globules or platelets after 

extended high temperature exposure. 

MC 
Cubic TiC, NbC, HfC Primary carbide formed during casting in inter-

dendritic regions 

M6C 

 

FCC Fe3Mo3C Primary carbide formed during casting in inter-
dendritic regions. 

M7C3 

 

Hexagonal Cr7C3 Inter-granular secondary carbides formed at 
intermediate temperatures with an 
accompanying Cr denuded zone. 

M23C6 

 

FCC (Cr,Fe,W,Mo)23C6* Inter-granular secondary carbides formed at 
intermediate temperatures, with an 
accompanying Cr denuded zone. 

M3B2 

 

Tetragonal Ta3B2, Nb3B2 Borides observed in alloys containing > 0.03 
wt.%B. 

MN 

 

Cubic TiN, ZrN Nitrides observed in cast structures with 
square to rectangular shapes. 

* - brackets denote optional substitution 

© ANT International 2020 

γ γ η

δ η δ

γ

 

 

 

 
γ γ

 



Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2020.  

 

γ γ

γ γ

 

Figure 2-62: Time-Temperature-Transformation diagram for Inconel X-750 showing regions of carbide γ’ and η precipitation, after 
Smith and Patel [Smith and Patel, 2005]. 
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Figure 2-63: Temperature-time-transformation diagram for Inconel 718 showing variation of nucleation times for γ' and γ" phases, 
after Smith and Patel [Smith and Patel, 2005]. 
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Figure 2-64: Micrographs showing the fine intragranular γ’ precipitates and coarser γ' at the grain boundary together with 
intergranular carbides (labelled C in (a)) in Inconel X-750 after a HTH heat treatment.  (a) Dark-field TEM micrograph 
adapted from Bajaj et al. [Bajaj et al., 1999];  (b) SEM micrograph supplied by P. Morra.  Adapted and reproduced from 
Strasser and Ford [Strasser and Ford, 2012]. 
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Figure 2-65: Schematic diagrams illustrating the interactions of edge dislocations (Burgers’ vector = b) with intra-granular 
precipitates.  Both cutting and looping hinder the dislocation motion resulting in an increased yield stress.  The 
tendency for either mechanism is dependent on the precipitate size and spacing (see text).   
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Figure 2-66: Tensile properties as a function of temperature for: (a) Inconel 706. Solution treatment at 1700-1850°F (925-1010 °C) 
for a time commensurate with sample size, air cool. Precipitation treatment at 1350°F (730 °C) for 8 hr, furnace cool at 
100 °F (55 °C) per hour to 1150 °F (620 °C) for 8 hours and the air cooled; (b) Inconel 600. Annealed at 1600 °F 
(870 °C) for 1 hour and then hot-rolled.  [Special Metals Corporation, 2019]. 
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Figure 2-67: Engineering stress–strain curves of: (a) precipitation-hardened IN718, and (b) solution-annealed IN718 at a 
temperature of 60 °C – 100 °C to various doses [Byun and Farrell, 2003]. 
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Figure 2-68: Relative indentation hardness of: (a) solution-annealed IN718, and (b) precipitation-hardened IN718 irradiated at 
200 °C to various doses [Hunn et al., 2001]. 
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Figure 2-75: Load-displacement curves at room temperature for Inconel X-750 as a function of irradiation temperature and 
displacement damage dose (dpa).  The He/dpa ratio is approximately 300 appm He/dpa.  [Modified from C. Howard et 
al., 2015]. 
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Figure 2-76: TEM micrographs showing cavity structure in Inconel X-750 material after irradiation to about 55 dpa /18000 appm He 
at about 300 °C and 45 dpa /15000 appm He at about 200 °C, [Griffiths, 2014]. 

 

Figure 2-77: TEM micrographs showing cavity structure in Inconel X-750 after irradiation to about 70 dpa and about 22 000 appm 
He at low temperatures (about 200 °C) and high temperatures (> 300 °C), [Judge et al., 2016]. 
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Figure 2-78: TEM micrographs showing dislocation structure in Inconel X-750 material after irradiation to about 55 dpa and 
18000 appm He at about 300 °C and 200 °C; diffracting vector = 220, [Zhang et al., 2014].  Insets provided by Z. Yao, 
Queens University, with permission. 
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Figure 3-1:  Modern closed-loop servo hydraulic testing system, schematic diagram after [Dowling, 1999].  
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Table 3-1:  Typical dimensions of reactor components (approximately only; not design specifications; varies with 
bundle design) [Adamson et al., 2013a]. 

 Thickness, mm Outside diameter, mm 

BWR clad 0.6 10 

PWR clad 0.6 9.5 

BWR water rod 0.8 20 

PWR/BWR spacer/grids 0.5 Sheet 

BWR channel 2.5 Plate 

CANDU clad 0.4 12 

CANDU calandria tube 1.4 132 

CANDU pressure tube 4.2 100 

© ANT International 2013 
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Figure 4-1:  Irradiation hardening and loss of ductility of an irradiated metal.  Schematic engineering stress-strain curves for 
irradiated and unirradiated material illustrating: (a) the various stages of deformation; (b) the effect of irradiation on 
fracture toughness (energy input to failure) that is given by the area under the curves.   

 

 

Figure 4-2:  Impact energy as a function of temperature for different materials: (a) the ductile-brittle-transition-temperature (DBTT) 
that is characteristic of BCC metals such as ferritic stainless steels; (b) schematic diagram illustrating the difference 
between BCC and FCC or HCP metals that have close-packed crystal structures and do not exhibit a DBTT because 
they are more prone to dislocation slip and twinning. 
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Figure 4-16:  Rate theory output for interstitial flux to dislocations for a dislocation sink strength (density) = 1014 m-2 and an equal 

neutral sink strength.  The dislocation bias for attracting interstitials = 30%.  Nominal damage efficiency = 10% with two 
different rates for the production of freely migrating point defects. 
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a)  b)  

Figure 4-17:  Comparison of fracture surfaces for unirradiated and irradiated (to a dose of 23 dpa at >300 °C) Inconel X-750 after 
mechanical testing to breakage at room temperature.  The unirradiated sample (a) exhibits ductile failure compared 
with the irradiated sample (b) that exhibits brittle inter-granular failure when tested at room temperature after irradiation 
[Griffiths, 2019].  

a)   b)   

Figure 4-18:  (a) Cavity distribution on and near a grain boundary in Inconel X-750 irradiated in a CANDU reactor to a dose of about 
60 dpa at about 300 °C; (b) Voids in an Fe-Cr-Ni alloy (MA957 after self-ion (Fe) irradiation to 500 dpa at 450 ˚C 
[Griffiths, 2019].  
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Figure 4-19:  Calculated size-dependent strength factor at room temperature for spherical incoherent precipitates ppts (circles), 
coherent ppts (diamonds), Frank loops (triangles), and cavities (squares), [Tan and Busby, 2015]. 

 



Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2020.  

 

γ α
α

α

α

α
α



Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2020. 

http://www.nickelinstitute.org/media/1699/high_temperaturecharacteristicsofstainlesssteel_9004_.pdf

