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Abstract 

Local Approach (LA) to cleavage fracture models have been under development since the 1980s with the aim of predicting cleavage 
fracture, including accounting for the effects of temperature, crack-tip geometry and irradiation. This work presents observations 
of particle behaviour and micro-crack nucleation under stress conditions similar to those ahead of a crack-tip, achieved by testing 
bespoke tensile specimens with a highly constrained volume at temperatures in the material’s ductile to brittle transition region. 
This region was examined post-test using a scanning electron microscope to identify and characterise micro-cracks and micro-
crack initiation defects, such as particles. Supporting finite element analyses were performed to predict the mechanical fields acting 
on the defects. The results suggested that: 
 micro-cracks nucleated in the form of damaged, spherical regions around the initiation particle with a cloud of crack-tips, rather 

than as single penny shaped cracks as assumed in LA models;  
 these damaged regions can be much larger than the initiating particle;  
 nucleation was more often caused by failure of the particle-matrix interface than particle cracking. 
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1. Introduction 

The ability to predict changes of cleavage fracture toughness (CFT) with temperature, crack-tip geometry and 
irradiation is critical to safety assessment and life extension of structural components. Global approaches to cleavage 
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Fig. 1. (a) Specimen in rig; (b) FEA mesh. 

Ten specimens, identified REW-01 to REW-10, were loaded at 0.2 mm/min at temperatures from -140 °C 
to -65 °C; 5 specimens were halted after passing the peak load and the remainder failed in a brittle manner. This 
loading created a region of highly constrained material with high triaxiality, maximum principal stress, and equivalent 
plastic strain, illustrated in Fig. 2. Four of the halted specimens were selected for examination; REW-04, tested at -
140 °C; REW-05 and REW-09, tested at -125 °C; REW-07, tested at -85 °C. 

2.3. Finite element analysis. 

The geometry of the specimen was modelled in Abaqus 6.14, where the mesh consisted of 55,090 nodes and 48,150 
reduced integration linear brick elements (C3D8R), as shown in Fig. 1. It was loaded using two smooth, rigid rollers, 
and non-linear geometry was enabled in the analysis. The model was validated against the observed load-displacement 
response, displayed in Fig. 3. FEA was performed at temperatures matching the 4 tests examined and the mechanical 
fields acting on defects at the final test displacement were extracted from the FEA using nearest neighbour 
interpolation. 

 
Fig. 2. Plastic equivalent strain, maximum principal stress and triaxiality. The width of the elements is ~1.6 mm, the arrow indicates the direction 
of the observer when examining the SEM samples, and the direction of machining. 

2 M. Ford et al./ Structural Integrity Procedia  00 (2020) 000–000 

fracture toughness for structural integrity, such as 𝐽𝐽-integral, are overly conservative without extensive testing to 
establish CFT values for every material state and crack-tip geometry, which is not feasible in most cases. Local 
approaches (LA) have been developed since the 1980s as an alternative to global approaches, with the aim of predicting 
cleavage fracture by incorporating microstructural information and failure mechanisms. However, reliably predicting 
the combined effects of temperature, crack-tip geometry and irradiation remains a challenge for existing LA, driving 
developments to better model the population of eligible defects (defects capable of acting as cleavage initiators). These 
developments include the use of measured particle distributions and novel nucleation criteria, as proposed by James 
et al. (2014), or thinning functions, proposed by Mudry (1987), Ruggieri et al. (2015) and Jivkov et al. (2019).  

LA models assume that eligible defects are penny shaped micro-cracks which nucleate at second phase particles 
when the particles crack due to plastic overload, as described by McMahon (1964) and Gurland (1972). The size of 
the micro-crack is assumed to be the same as its parent particle, and an eligible micro-crack is one that can propagate 
and cause cleavage failure as the stress acting on it is greater than as size dependent critical stress. However, while is 
it believed that plasticity drives micro-crack nucleation and may influence the critical stress, James et al. (2014), the 
understanding of the underlying mechanisms is limited and not fully captured by LA models. 

To further this understanding an experimental programme was undertaken to observe particle behaviour and micro-
crack nucleation under stress conditions similar to those ahead of a crack-tip. This was achieved by testing bespoke 
tensile specimens with a highly constrained volume at temperatures in the material’s ductile to brittle transition region. 
This region was examined post-test using a scanning electron microscope (SEM) to identify and characterise micro 
crack initiation defects, such as particles, and micro cracks. Supporting finite element analyses (FEA) were performed 
to predict the mechanical fields acting on the defects.  

2. Methodology 

2.1. Material 

The material considered is an extract from a piece of 257 mm thick A533 Grade B Class 1 steel plate that was 
produced for a test programme to investigate the effect of specimen size on cleavage fracture toughness in the 1980s, 
and was tested in the United Kingdom Atomic Energy Authority (UKAEA) laboratories in Risley (now Jacobs). The 
plate was produced by the basic electric progress, vacuum de gassed and aluminium grain refined, resulting in the 
chemical composition given in Table 1. The ingot was hot worked, rolled to size and heat treated in four phases: 
normalised, tempered, austenitised and tempered a second time. Microstructural examination as part of the original 
test programme revealed a banded bainitic structure, with carbide precipitation and the formation of non-metallic 
inclusions in the form of oxide or sulphide bands.  

Table 1. A533 Grade B Class 1 chemical composition (wt. %). 

C Mn Mo Ni Si Cr S P Cu Al 

0.21 1.44 0.48 0.67 0.28 0.18 0.005 0.006 0.05 0.021 

 
The characteristic DBT temperature, 𝑇𝑇�, was -109 °C and calculated from the fracture toughness data from the 

1980s programme, which tested square section three-point bend specimens ranging in thickness from 10 mm to 
230 mm. 

2.2. Testing 

Specimens were manufactured with a thickness 𝐵𝐵 = 25 mm, reducing in the centre to 𝐵𝐵� = 3 mm with symmetrical 
10 mm radius cuts, and a width 𝑊𝑊 of 40 mm throughout. The specimens were loaded axially in tension using a 
conventional compact tensile (CT) loading frame and two 20 mm pins, whose centres were 117 mm apart, as shown 
in Fig. 1.  
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Also calculated was the strain energy density acting normal to 𝜎𝜎� in an elastic, brittle particle whose deformation 
follows that of the surrounding elastic-plastic matrix; hence the particle’s principal strains, which are elastic, are 
equal to the total principal strains in the matrix (James et al., 2014). 
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Where the Young’s modulus, 𝐸𝐸, and Poisson’s ratio, 𝑣𝑣, are assumed equal in both matrix and particle. The total 

energy, 𝑈𝑈, within a particle is then calculated as: 
 

𝑈𝑈 � 𝜓𝜓𝑣𝑣           (6) 
 
Where 𝑣𝑣 is the volume of a particle (assumed spheroidal) with a semi-length 𝑙𝑙 and semi-width 𝑤𝑤: 
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Which can be used to calculate an effective radius of the shape: 
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3. Results 

A total of 343 clouds of micro-cracks were observed, 203 of these were nucleated at small parents: initiators larger 
than 3 µm were masked as the smaller particles are considered more representative of defects occurring in steels 
relevant to modern RPV, and to exclude long thin “particles”, which are likely to be sulphide bands. Parents are 
(potential) initiators that nucleated a micro-crack, childless initiators did not. Penny shaped micro-cracks were 
observed, but all 30 of these occurred at large defects. The frequencies of internal cracking or decoherence occurring 
for parent and childless initiators are shown in Table 2.  

The volumes of parents, 𝑣𝑣, and their respective clouds, 𝑉𝑉, also calculated using Eq. (7), are shown in Fig. 5a). How 
this could be used in an LA model at integration point in Fig. 5b). 𝑉𝑉 vs the energy within the parent at the end of test, 
𝑈𝑈, is shown in Fig. 6a). A lower bound line has been drawn to predict the energy at nucleation, 𝑈𝑈�, in the form of Eq. 
(9), where 𝑚𝑚 and 𝑐𝑐 are coefficients shown in Table 3.  
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the form of a power law fit to the data shown in Fig. 6b): 
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Where 𝑎𝑎 and 𝑏𝑏 are fitting coefficients given in Table 3, and 𝑣𝑣� normalises 𝑣𝑣. These can be combined to calculate the 
volume of a cloud that a particle of size 𝑣𝑣 would create: 
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Fig. 3. Load-displacement traces of 10 tests and FEA simulation at -140 °C; tests ending due to failure are marked X. Also shown is the predicted 
plastic strain in the centre of the specimen.  

2.4. Characterisation of defects 

Samples containing the highly strained region were extracted from the 4 selected specimens. These samples were 
ground flat and polished to a final finish of 1 µm prior to examination on a SEM. Further machining was performed 
to examine layers deeper into the sample to view material with greater levels of plasticity and triaxiality, removing 
successive layers in approximately 1.6 mm thick slices.  

The following 3 types of initiator and 2 types of micro-crack were observed, some of which are shown in Fig. 4: 
 Particle, which was characterised in terms of internal cracking and decoherence (the fraction of the visible 

particle-matrix interface that had separated and formed a void). 
 Void, present in the material either from manufacture, or created when a particle decohered and was later 

removed during polishing. 
 Partial particle, a void containing some remnant parts of a particle that had cracked internally. 
 Micro-crack cloud, a region containing numerous intersecting micro-crack tips, typically around a visible 

initiating defect. 
 Single micro-crack, a penny shape defect. 
The features were characterised using ImageJ (Rueden et al., 2017), which was used to measure the perimeter and 

area of the feature, and to create an elliptical representation of them to allow calculation of volumes using Eq. (7).  
The mechanical fields acting on the defects were extract from the FEA in terms of principal stresses and plastic 

strains, 𝜎𝜎� and 𝜀𝜀��, respectively. The following parameters describing the stress and strain fields were calculated: von 
Mises equivalent stress, 𝜎𝜎��; hydrostatic stress, 𝜎𝜎�; triaxiality ratio, Δ; and equivalent plastic strain, 𝜀𝜀��: 
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 Energy density-based criteria which incorporate particle size have been proposed to predict when nucleation 
occurs and the size of the resulting cloud. These criteria offer the ability calculate the density of micro-cracks 
present in a material as it deforms based on experimentally determined parameters, which could be used to 
improve LA models. 

Further work is planned to incorporate these criteria in an LA model and to validate the use of the parameters 
against similar RPV steels. 

Table 2. Fractions of 1) particles that cracked; 2) particles that decohered, in addition to all particle particles and voids, 3) either/both. 

 Small parents Small childless 

Particle cracked 0.36 0.47 

Decohered 0.99 0.90 

Cracked or decohered 1.00 0.88 

Table 3. Temperature dependent coefficients of Eq. (9) and Eq. (10). 

Temperature (°C) 𝑚𝑚 (mm3/mJ) 𝑐𝑐 (mm3) 𝑎𝑎 (MJ/mm3) � ��� 
-140 4.057 x 105 -5.678 x 10-6 1.297 x 10-10 -0.8972 

-125 5.040 x 105 -4.031 x 10-6 3.371 x 10-10 -0.8462 

-85 2.037 x 103 -1.832 x 10-6 1.676 x 10-9 -0.9951 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. SEM images of (a) intact, decohered parent particle; (b) small parent void (top), and intact childless particle which is ~70% decohered 
(bottom); (c) broken childless partial particle; (d) parent void. 
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4. Discussion 

The assumption at the start of this work was that the cleavage in RPV steels predominantly occurred when a particle 
cracks, creating a penny shaped defect which may then extend to create a defect in the surrounding matrix that is a 
similar size to the parent particle. However, for this material the most common initiation event appeared to be 
decoherence, the micro-cracks created were normally larger than the parent particle and consisted of a roughly 
spherical damaged region with many crack-tips; “clouds” rather than penny shaped defects.  

The shape of the clouds suggests that they are created fully sized at nucleation using the potential energy released 
from within the particle, potentially assisted by the rapid redistribution of load onto the matrix that occurs when the 
comparatively stiff particle suddenly ceases to contribute of the load bearing capacity of the local matrix. This energy 
could propagate through the local matrix as a wave from the particle, gradually being consumed by the creation of 
new surfaces and by plastic work. If the cloud grew gradually then it would be expected to grow preferentially in one 
plane, and this growth would “shield” crack-tips in other planes, causing a single micro-crack to extend. Also, it not 
clear what mechanism could account for gradual growth. For example, if it was caused by 𝜎𝜎� exceeding a stress 
criterion, such as Griffiths critical stress for a defect, then growth would be rapid and unstable as the critical stress 
falls with defect growth; propagation to component failure (or crack arrest) would occur. 

One challenge of this work is predicting the stress fields acting on a particle at the point of nucleation. The fields 
obtained from the FEA were at test termination, but almost all micro-cracks will have nucleated prior to this point. 
The energy at nucleation, 𝑈𝑈�, for a range of cloud volumes has been estimated by using the lower bound energy at 
each temperature, shown in Fig. 6a). This approach assumes that the clouds with the lowest 𝑈𝑈 at the end of the FEA 
simulation were closer to 𝑈𝑈�. 

This estimate of 𝑈𝑈� allowed the prediction of the strain energy density required for nucleation of a particle of size 
𝑣𝑣 by using Eq. (6). The results shown in Fig. 6 suggest that 𝜓𝜓� decreases with particle size, and for a given particle 
size 𝜓𝜓� is similar for the two temperatures below 𝑇𝑇�, but increases by two orders of magnitude for the material above 
𝑇𝑇�. This behaviour is similar to that observed by McMahon (1964), where the density of micro-cracks at -180 °C and 
-140 °C were similar for a given plastic strain, and much greater than the micro-crack density at -90 °C. It is noted 
that the parameters given in Table 3 are specific to this material, and further work is planned to determine their 
applicability to similar steels with the goal of using them without requiring extensive calibration. 

These criteria allow a prediction of the density of micro-cracks based upon a measured particle distribution and the 
experimentally determined constants using Eq. (10). This offers an improvement over current LA models, some 
models, such as Beremin (1983), use a micro-crack density set by calibration; both the shape parameter 𝑚𝑚 and 
reference stress 𝜎𝜎� modify the power law distribution of micro‑cracks. However, these parameters require calibration 
for specific geometry and temperature conditions, which makes their predictive use across conditions difficult, and 
the assumption that all micro-cracks nucleate at the onset of plasticity is not representative of the underlying 
mechanics. Other LA models, such as those proposed by James et al. (2014) and Wallin et al. (1984) use the measured 
particle distribution, thus would underestimate the density of large micro-cracks for this material. This is illustrated 
in Fig. 5b), where assuming that the micro-crack distribution follows the particle distribution assumes a quite different 
population than the true micro-crack population. The difference between the two distributions weakens the link with 
the underlying mechanics; predicting the same number of eligible micro-cracks requires a significantly different 
critical propagation radius. This difference is also likely to have an effect on the predicted fracture toughness that 
would vary with to temperature, geometry and irradiation, limiting the ability to predict cleavage behaviour across a 
range of conditions without extensive calibration.  

5. Conclusion 

A number of conclusions have been drawn from this work for an A533B steel, some of which question the 
assumptions underlying common LA models: 

 Nucleated micro-cracks can be significantly larger than their parent particle. 
 Micro-crack nucleation was most often caused by particle decoherence, nucleation due to particle cracking 

was observed less frequently. 
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                                                   (a)                                                                                        (b) 
Fig. 5. (a) Cloud volume vs parent volume. (b) The effect of on the LA calculation of failure (illustrative values); the density of micro-cracks that 
could potentially propagate is shown in green and the parent particle density in red. 𝑟𝑟� represents a critical particle radius for nucleation, 𝑟𝑟����� 
and 𝑟𝑟��� are critical radii for propagation from a micro-crack or particle, respectively. 

 

 

 

 

 

 

 

 

 

                                            (a)                                                                                         (b) 
Fig. 6. (a) Cloud volume vs the energy within the parent particle calculated at the end of the test, and lower bound lines. (b) The critical energy 
density with parent particle volume. 

References 

Abaqus 6.14, Simulia. 
Beremin, F. M., 1983. A local criterion for cleavage fracture of a nucleation pressure vessel steel. Metal Trans, 14A, 2277-87. 
Gurland, J., 1972. Observations on the fracture of cementite particles in a spheroidized 1.05% C steel deformed at room temperature. Acta 

Metallurgica 20, 735-741.  
James, P. M., Ford, M., Jivkov, A. P., 2014. A novel particle failure criterion for cleavage fracture modelling allowing measured brittle particle 

distributions. Eng. Fracture Mechanics, 121-122, 98-115. 
Jivkov A. P., Ford, M., Yankova, M., Sarzosa, D., Ruggieri, C., 2019. Progress and challenges with local approaches to cleavage fracture. Procedia 

Structural Integrity, 23, 39-44. 
McMahon, C., J., Cohen, M., 1965. Initiation of cleavage in polycrystalline iron. Acta Metallurgica, 13, 591-604. 
Mudry, F., 1987. A local approach to cleavage fracture. Nuclear Engineering & Design 105, 65-76. 
Rueden, C. T., Schindelin, J., Hiner, M. C., 2017. ImageJ2: Image J for the next generation of scientific image data. BMC Bioinformatics 18. 
Ruggieri, C., Savioli, R., Dodds Jr., R.H., 2015. An engineering methodology for constraint corrections of elastic-plastic fracture toughness – Part 

II: Effects of specimen geometry and plastic strain on cleavage fracture predictions. Engineering Fracture Mechanics 146, 185-209. 
Wallin K., Saario, T., Törrönen, K., 1984. Fracture of brittle particles in a ductile matrix. International Journal of Fracture 32, 201-209. 


