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ABSTRACT 

Warm pre-stressing (WPS) is the process of subjecting a pre-cracked component to a load cycle at a 

temperature higher than the subsequent re-loading temperature. It is widely acknowledged as being able 

to enhance the load to fracture, especially in ferritic steels, which exhibit lower shelf cleavage fracture. 

This enhancement has had a significant impact on the integrity of pressure vessels, particularly during 

severe loading conditions such a pressurised thermal shock. 

Experimental data was generated from WWER 440 RPV steel, at UJV Řež, a.s., using small single-edge-

notched bend SEN(B) specimens (or commonly referred to as pre-cracked Charpy), irradiated with both 

low and high fluence levels. The experiments were conducted under different WPS and fracture 

temperatures. Detailed statistical analyses of the experimental data were performed using a three 

parameter Weibull distribution to map the toughness scatter. The statistical significance of the 

enhancement in apparent toughness (due to WPS) was evaluated using the Mann-Whitney test.  

A WPS model, developed by Chell and co-workers, is reformulated to create a method of undertaking 

Monte Carlo simulations to study the effects of WPS on brittle fracture and predict the distribution in 

apparent toughness following different warm pre-stressing cycles. The results obtained from this model 

are also compared to predictions made by the Wallin approach. Although accurate estimates of the 

toughness distributions can be obtained, the accuracy of WPS predictions is limited by the sample size.  

INTRODUCTION

Warm pre-stressing, (WPS), is a process where a cracked metallic component or structure is subjected to 

a given pre-load in tension at a temperature, termed T1, whereby the probability of failure during pre-load 

is small. This pre-loading sequence generates localised yielding at existing crack tips. Consequently, the 

load required to fracture the warm pre-stressed cracked component at a temperature lower than T1,

typically termed T3, is found to be greater than that of a component without prior load history, (Nichols 

(1968), Pickles and Cowan (1983), Smith and Garwood (1990a, 1990b, 1990c), Chell (1980), Chell et al. 

(1981)). This enhancement in apparent toughness has a significant impact on the integrity of nuclear 

reactor pressure vessels, particularly during severe loading conditions, such as pressurised thermal shock, 

(PTS), where the vessel is cooled down rapidly with a possible subsequent pressure increase. The change 

in apparent toughness, post WPS, depends not only on the magnitude of the load but the temperature path 

associated with prior and final loading operations.  

Previous WPS studies have been performed to study fracture toughness of low alloy ferritic steels, which 

exhibit a ductile to brittle fracture transition with decreasing temperature. These studies have focussed on 

simplified loading paths using a relatively small number of laboratory specimens. Typical loading paths 

are shown in Figure 1. Cool and fracture (CF) is the conventional loading path used to carry out a fracture 
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toughness test. However, WPS loading paths can be simplified to two regimes: load, complete unload, 

cool and fracture (LUCF), and load, cool and fracture (LCF).  

 

 
Figure 1. Schematic of temperature-load cycles applied to fracture specimens: (a) cool and fracture (CF) 

cycle, (b) load, cool and fracture (LCF) cycle, (c) load, unload, cool and fracture (LUCF) cycle. 

 

During an LUCF cycle, the specimen is initially pre-loaded, (at T1), to a stress intensity factor, termed K1, 

higher than its corresponding fracture toughness, KIc, (at T3). After unloading, if the crack tip plasticity is 

constrained in an elastic field, compressive residual stresses are induced around the crack tip, Bordet et al. 

(2006). Once T3 has been reached by cooling the specimen at zero load, it is reloaded until fracture. Upon 

reload, the force applied initially redistributes the compressive residual stress field present before 

generating a positive crack tip opening. However, the toughness at fracture, termed either K3 or Kf, is not 

necessarily greater than the original pre-load, K1, Reed and Knott (1996). Therefore, the LUCF cycle is 

known to provide not only the least enhancement but also the greatest scatter in experimental results, 

(Reed and Knott (1996), and Wallin (2003)). The LCF cycle represents a more practical condition where 

the operating temperature is lowered whilst the component remains under constant load. Therefore, 

performing this cycle in laboratory conditions can be more difficult. Assuming there are no thermal 

stresses induced, the parameters increasing with decreasing temperature are both the yield strength, σYS , 

and the Young’s Modulus of Elasticity, E. Since the toughness (K3) induced after an LCF cycle is always 

found to be greater than K1, this cycle usually provides the greatest enhancement in apparent toughness, 

Reed and Knott (1996).  

 

Experimental evidence postulates that the enhancement in load carrying capacity derived from warm pre-

stressing is due to the combined effects of local crack tip blunting, work hardening, increase in yield 

strength, and the creation of residual stresses (Nichols (1968), Pickles and Cowan (1983), Chell et al. 

(1981), Smith et al. (2004), Smith and Booker (2007), and Chell and Vitek (1977)). It is postulated that 

this enhancement is always successful, which, when concerned with a nuclear RPV’s structural integrity, 
is a very desirable outcome. Whilst the evidence supporting the WPS argument has been extensively 

validated experimentally, as demonstrated by Wallin (2003) in terms of the total number of tests 

performed, the experimental validation concerning the effects of WPS on irradiated components still 

remains scarcely populated on an empirical basis. 

 

The purpose of this paper is to establish with confidence that the WPS argument also remains valid for 

irradiated components. The paper explores the ability for small-scale specimens to exhibit an observable 

WPS enhancement. A comprehensive experimental programme was conducted on small pre-cracked 

single edge notch bend, SEN(B), specimens subjected to various warm pre-stress conditions at two 

different fluence levels. The details of this programme were published by Lauerova et al (2009), and were 

(a) (b) (c) 
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part of a Czech Republic research programme to support the Czech State Office for Nuclear Safety. Data 

were provided in turn to the EU NESC VII research programme, Moinereau et al. (2010). This paper 

follows on from a similar analysis conducted on non-irradiated specimens from the same research 

programme, Van Gelderen et al. (2013). The extension of nuclear reactors by a minimum of 20 years 

beyond their intended design life directly impacts the focus of this research to assess the risks of 

catastrophic failure due to PTS. Consequently, when presented with the long term operation (LTO) of 

existing nuclear power plants, it would be advantageous to establish whether the use of surveillance 

specimens can be used to accurately monitor the WPS effects. This paper therefore explores the behaviour 

of small scale-edge notched bend specimens. First, a summary of the experimental procedures and results 

is provided. This is followed by the application of Monte Carlo simulations of the Chell model (Chell 

(1980), Chell (1981), Van Gelderen et al. (2015), and Booker et al. (2001)), and the Wallin model, 

(Wallin (2003)), to the experimental results.  

 

EXPERIMENTS AND RESULTS 
 

WPS experiments were conducted using WWER 440 reactor pressure vessel steel (see Table 1). The 

small-scale (Charpy sized) SEN(B) specimens, whose geometry and dimensions are shown in Figure 2, 

were machined using a milling cutter. Specimen surfaces were finished by machine grinding and 

polishing. The main notch and side grooves of each specimen were machined using a 45° slitting saw 

with a cutting edge diameter of 0.1mm. The side grooves were subsequently ground by a disc to the notch 

diameter of 0.3mm. Finally, all specimens were fatigue pre-cracked to an a/W ratio approximately equal 

to 0.5, where a is the initial crack length and W is the width of the specimen. The final maximum stress 

intensity factor at the end of the pre-cracking sequence was approximately 20MPaÖm.  

 

Table 1: Chemical composition of WWER 440 TNR steel. 

 

Elements C Mn Si P S Ni Cr Mo Cu V Co As 

Weight(%) 0.130 0.300 0.170 max max max 2.500 0.600 max 0.250 max max 

0.180 0.600 0.370 0.025 0.025 0.400 3.000 0.800 0.100 0.350 0.020 0.010 

 

Although a very large number of irradiated specimens, 94 in total, were fractured, the total number of 

specimens in one data set can often be regarded as limited. Some specimens failed to conform to two of 

the crack validation requirements set by the ASTM standards (E1820-09, E1921-10). When measuring 

the crack profile, a few specimens had one of the nine physical measurements of the starting crack size 

narrowly exceeding 0.5mm, thus failing to meet E1921 (8.9.1). Following the fatigue pre-cracking 

procedure, a very limited number of specimens either fell extremely short of 0.45W, or narrowly 

exceeding 0.55W, thus failing to meet E1820 (7.4.2). Whilst the common view would be to discard the 

fracture results obtained from these specimens, removing them would cause the data sets to be extremely 

limited. Since all specimens concerned narrowly fell out of these bands, they were not discarded and the 

mechanical results revealed no anomalies. The same analyses were conducted on the data sets excluding 

the potentially “invalid” data points, and the overall results obtained were extremely similar to those 

conducted including them. Nine sets of tests were conducted using a servo-hydraulic machine with a 

crosshead speed of 0.4mm/min, which corresponds to a stress intensity factor rate of approximately 1 

MPaÖm/s. A cooling chamber with its associated temperature control ensured the cooling rate did not 

cause any specimen to endure a thermal shock. During each test, load-displacement curves were 

monitored and measured for each load cycle, except during the cooling phase.  
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Figure 2. Engineering drawing of SEN(B) specimen; all dimensions are in mm. 

 

The test matrix is summarised in Table 2. The specimens were irradiated in the CHOUCA MT probe in a 

light water reactor, (LWR-15), at UJV Řež. The conditions required for irradiating the specimens are 

shown in Table 3. The specimens were irradiated to two distinct levels termed low (211x1022 – 

253x1022m-2) and high (277x1022 – 310x1022m-2), indicative of the level of exposure to irradiation, i.e. 

high corresponds to a higher level of irradiation compared to low. Two fracture temperatures, T3, were 

selected, -80°C and -40°C, for the high fluence specimens, whilst the low fluence specimens were only 

fractured at -80°C.  

 

Table 2: Summary of tests using Charpy-sized SEN(B) specimens for irradiated WWER 440 steel. 

 

Fluence Loading conditions T3 (°C) T1 (°C) N K1 Range (MPaÖm) Mean K1 (MPaÖm) 

High CF -40 - 10 - - 

High CF -80 - 10 - - 

High LCF -40 80 10 57.0 £ K1 £ 68.0 63.45 

High LCF -80 60 6 59.2 £ K1 £ 64.7 63.13 

High LUCF -40 80 12 59.9 £ K1 £ 66.9 63.98 

High LUCF -80 60 6 54.4 £ K1 £ 63.9 59.85 

Low CF -80 - 6 - - 

Low LCF -80 60 6 58.7 £ K1 £ 69.9 66.98 

Low LUCF -80 90 6 56.9 £ K1 £ 68.6 64.48 

 

Comparing KIc data at -80°C confirmed the desired influence of the irradiation levels, i.e. the mean KIc 

value for low fluence, (50.83MPaÖm) was higher than that for high fluence (40.24MPaÖm). Four sets of 

warm pre-stress conditions were conducted on high irradiated specimens, and two sets were conducted on 

low irradiated specimens. The warm pre-stress temperatures for both LUCF and LCF regimes were 80°C 

and 60°C. The number of tests, N, for each condition are also shown in Table 2. These conditions were 

selected to examine the effects of varying both pre-load and fracture temperatures on the final level of 

enhancement. The transition temperature, T0, for high fluence was evaluated (T0 = 28.4°C) by conducting 

CF tests on specimens irradiated to a fluence of 289x1022m-2. Whilst the fracture temperatures were 

ensured to be lower than T0, the pre-load temperatures were chosen to be higher. The 5% probability of 

failure, Pf, estimated from the Master Curve, was used to estimate a maximum value for the pre-load level 

at any given temperature. However, although the load at pre-load remained the same for all tests, the 

inevitable variations in crack size due to the fatigue pre-cracking operation caused variations in K1, as 

displayed in Table 2.  
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Table 3: Parameters required for the irradiation of specimens  

 

Parameter Value 

Temperature 270 ± 10°C 

Fluence (E > 0.5MeV) cca 3x1024m-2 

Flux (E > 0.5MeV) cca 5.24x1017m-2s-1 

Inert atmosphere Helium 

Pressure 80 – 120kPa 

 

Both elastic, Kel, and elastic-plastic, Kel-pl, stress intensity factors at pre-load and fracture temperatures 

were evaluated, using ASTM E1921-10. At -80°C, for both high and low fluences, Kel and Kel-pl were 

extremely similar, as demonstrated in Figure 3. However, at -40°C, a number of Kel-pl results revealed the 

presence of plasticity. A more pronounced example of this disparity between Kel and Kel-pl was observed at 

the pre-load temperature. Nevertheless, our analysis solely examines the elastic component of the stress 

intensity factor, Kel, at both temperatures, T1 and T3.  

 

 

 
Figure 3. Comparison between Kel and Kel-pl at both fracture temperatures: (a) high, and (b) low fluence. 

 

STATISTICAL ANALYSIS OF TEST DATA 

 

In order to quantify the enhancement of WPS on the apparent toughness, Mann-Whitney tests, Kvam 

(2007), were conducted on the experimental data sets. It is a non-parametric test, which evaluates the 

degree of separation between two sample distributions by comparing their medians. Whilst it has a similar 

interpretation to that of the more widely used t-test, it does not require the assumption that the underlying 

distribution is normal. This test compares a null hypothesis, H0, against an alternative hypothesis, H1. H0 

dictates that Kf and KIc have the same distribution, thus the probability, P, that Kf > KIc = 0.5, whereas H1 

suggests that the probability, P, that Kf > KIc does not equal 0.5. i.e. H0 represents the case where there is 

no shift in apparent toughness post WPS, whereas H1 can suggest two different outcomes. Under H1, 

either Kf > KIc is more probable than Kf < KIc, or vice-versa, i.e. H1 suggests there is an overall shift in 

apparent toughness (increase or decrease). 

 

 

(a) (b) 
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During a Mann-Whitney statistical test, U1 is defined as the number of instances where KIc(i) > Kf(j); i = 1 

… n1, and j = 1 … n2, whereby n1 is the number of CF specimens and n2 corresponds to the number of 

specimens subjected to a given warm pre-stress cycle. U1 lies between 0 and n1.n2, and the average value 

of U1 under H0, is n1.n2/2. Therefore, U1 values which are much smaller than n1.n2/2 indicate that Kf > KIc 

is more likely than KIc > Kf, i.e. they lead to rejecting the null hypothesis, and simultaneously indicating 

an increase in the apparent toughness.  

 

The results obtained from performing these statistical analyses are displayed in Table 4. The analyses 

detected a difference (or shift) between the CF and all the WPS groups, indicating a rejection of the null 

hypothesis in favour of the alternative hypothesis (H0 = 1). All results demonstrated a very significant 

shift in apparent toughness. However, the shift exhibited by WPS on the low fluence specimens was 

slightly less convincing relative to its high counterpart. Since it is unlikely for the level of irradiation to 

cause this slight disparity, this is probably a result of the reduced sample size for the low fluence CF data 

set. The statistical results are consistent with the visual interpretations of the data shown in Figures 4 & 5.  

 

Table 4: Comparison of KIc with apparent toughness post WPS, Kf, using Mann-Whitney test. A 

significance level a = 5% was used.  

 

Fluence Fracture toughness, KIc Post WPS, Kf Mann-Whitney Results 

 Loading 

Cycle 

Median 

(MPaÖm) 

Loading Cycle Median 

(MPaÖm) 

p-value H0 

High CF -40°C 55.80 LCF    80°C/-40°C 71.55 0.0002 1 

High CF -40°C 55.80 LUCF 80°C/-40°C 70.95 0.0001 1 

High CF -80°C 41.70 LCF    60°C/-80°C 72.55 0.0002 1 

High CF -80°C 41.70 LUCF 60°C/-80°C 70.00 0.0002 1 

Low CF -80°C 49.10 LCF    60°C/-80°C 77.15 0.0043 1 

Low CF -80°C 49.10 LUCF 90°C/-80°C 75.55 0.0087 1 

 

MONTE CARLO SIMULATION OF WARM PRE-STRESSING 

 

This section applies the Chell and Wallin models to the experimental data using Monte Carlo simulations. 

First, a summary of the background to the models is provided.  

 

Chell Model 
 

In order to predict the enhancement in the apparent toughness induced by warm pre-stress, Chell and co-

workers, (Chell (1980), Chell et al. (1981)), proposed a failure criterion which describes fracture when 

plastic and residual stress zones are induced. This criterion, based on a modified J integral, encompasses 

only elastic strains and distortions, termed Je. The physical meaning of J describes a force on a singularity 

enclosed by a contour of integration, Chell (1980). The plastic deformation induced from this force 

consists of mobile and immobile dislocations, but only mobile dislocations contribute to failure. 

Therefore, this failure criterion describes the attainment of a critical value, JIc of the Je integral, which 

encompasses only mobile dislocations, therefore rendering it path dependent, (Chell (1980), Chell et al. 

(1981).) It is used in conjunction with a strip yielding model, Bilby et al. (1963), to determine conditions 

for the onset of failure for different loading paths. Consequently, only elastic values of K are used in this 

analysis.  

 

When cracks are subjected to an external load, plastic strain will be induced, within a plastic zone, at the 

crack tip, Bilby et al. (1963). Chell’s model, Chell (1980), determines the size of the plastic zones 
required to accommodate a given plastic displacement at the crack tip, and the length of the plastic zone 
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formed at pre-load is S1. When the material is unloaded from a certain plastic state, there is elastic 

recovery and the stress point moves to a new point inside the yield locus Chakrabarty (1987). This plastic 

zone is considered a region of residual plastic strain, denoted by S2. Similarly, on cooling, this zone of 

plasticity becomes immobilised and is considered a residual zone. This means that the dislocations can no 

longer move when further load is applied, and therefore do not contribute to the crack driving force. S3 

corresponds to the final plastic zone size upon fracture. The Chell model categorises the effects of warm 

pre-stress into three cases. Each case depends on the relative sizes of the plastic zones:  

 

 Case 1: 123 SSS <£  (1) 

 Case 2: 132 SSS ££  (2) 

 Case 3: 312 SSS £<  (3) 

 

Since the solution cases are not known in advance, Chell (1980) assumed that the K3 predictions could 

only be achieved using a trial and error approach. As such, undertaking Monte Carlo simulations coupled 

with this approach becomes extremely computationally difficult and expensive. Therefore, the equations 

used in the Chell model are further simplified in terms of plastic zone sizes, and an alternative approach 

based on analytical formulae (in closed form) was developed, of which the details can be found in Van 

Gelderen et al. (2015). The boundary conditions and alternative solution procedure enables the 

appropriate case for a specific WPS cycle to be determined. This contrasts with the original and more 

frequently used form, Chell (1980), but offers a more mathematically tractable treatment of the equations.  

 

Wallin Model 
 

The Wallin model, Wallin (2003), is generated from applying statistical fits to a wide range of 

experimental WPS data. The Wallin model uses boundary conditions dependent on the magnitude of the 

stress intensity factor during unloading, K2, to predict the enhancement due to WPS. Note that the two 

simplified WPS regimes, LCF and LUCF are represented by K2 = K1, and K2 = 0 respectively. The 

prediction of apparent toughness after a warm pre-stressing cycle, K3, is governed by the following 

analytical relationships: 

 

If K2 ³ K1 - KIc 

 13 15.0 KKK Ic +=  (4) 

Else  

 2213 )(15.0 KKKKKK IcIc +-+=  (5) 

However, if K3 is smaller than KIc 

 IcKK =3  (6) 

 

Wallin (2003) suggests the use of the constant 0.15 in order to achieve a slightly conservative estimate of 

the warm pre-stress effect. However, Wallin (2003) also reveals that a constant equal to 0.23 would yield 

the best fit to the experimental data.  

 

Simulation Results 
 

Fracture toughness data for both fluence levels, are illustrated as cumulative failure distributions in 

Figures 4 & 5. In order to represent the scatter associated with fracture toughness data and apply both the 

Chell and Wallin models, 3-parameter Weibull distributions were used, where the distribution function is 

given by:  
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Although convention suggests that the shape parameter, mK, should equal 4 (Wallin (1984, 2003), Knott 

(2006, 2008), Akbarzadeh (2009), Heerens et al. (2005)), and that the threshold value, Kmin, should equal 

20 MPaÖm (Wallin (1984), Knott (2006, 2008), Heerens et al. (2005)), this paper considers all three 

parameters to be freely determined. The parameters yielding the highest linear regression coefficient, R2, 

were selected to govern the Weibull distributions. Therefore, performing a linear regression by 

rearranging Equation 7 gives:  
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The ranking equations used during the curve fitting process were selected from the Mean, Median or 

Hazen ranks, Booker et al. (2001). For test data -40°C (high fluence), the R2 coefficient increased as Kmin 

tended towards -¥, suggesting a minimum extreme distribution would be more suitable. However, in 

order to remain consistent, the inappropriate 3-parameter Weibull distribution defaulted to a 2-parameter 

Weibull with a zero threshold, Van Gelderen et al. (2015). 

 

Monte Carlo simulation is a numerical method which involves the use of simulated random variables to 

estimate an objective function as a probability distribution, and is often used to model cases where there is 

a significant uncertainty, e.g. cleavage fracture toughness, Robert and Casella (2004). The input variables 

required for the Chell model are the virgin fracture toughness, pre-load magnitude, unload magnitude and 

the yield strengths at the pre-load, unload and fracture temperatures. These are determined based on their 

associated distributions. To apply MCS to both models, Equation 7 is rearranged so that a random number 

could be generated from the associated distribution, Booker et al. (2001). This is defined as the inverse 

CDF method, where a uniform random number, U, in inserted and varies according to 0 £ U < 1.  

 ( ) ( )[ ] Km
Ic UKKKK

1

min0min 1ln ---+=  (9) 

Unfortunately, due to variations in initial crack length, K1 was not a constant value. To account for this 

variation in the simulations, the pre-load levels were sampled from a uniform distribution function. 

Maximum and minimum K1 values, for each experimental data set, served as corresponding limits for the 

uniform distribution function, see Table 2. The yield strengths, required for the Chell model only, were 

assumed to follow a Gaussian distribution with a 5% coefficient of variation, typical of that found in 

earlier work, Booker et al. (2001).  

 

The results from the simulations are displayed in Figures 4 & 5. Experimental data for each test condition 

are shown, along with the curve corresponding to the Weibull distribution fitted to the CF data. Two 

predictions for each test are shown, corresponding to the results from both the Chell and Wallin models.  

 

DISCUSSION AND CONCLUDING REMARKS 

 

This paper has examined a rich set of irradiated virgin and warm pre-stressed fracture data that include 

two different fracture temperatures (-40°C and -80°C), three different warm pre-stress temperatures 

(60°C, 80°C, and 90°C) and variations in pre-load. The results from the Mann-Whitney test strengthen the 

hypothesis that warm pre-stressing does indeed enhance the load to fracture of an irradiated material. 

Even though the pre-load levels were relatively small compared to the KIc values at -40°C, the 

enhancement observed was still statistically significant. This means that the pre-load levels used were 

sufficiently large in order to demonstrate a visible enhancement in warm pre-stress for these two 

temperatures. This is true for any specimen of this material irradiated to a minimum fluence equal to the 

low fluence level. A reduction in Case 3 conditions with irradiation increase was observed at -80°C, as 
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shown in Figure 6. However, it should be emphasised that this would not improve the WPS enhancement. 

The risk of premature failure at pre-load would simultaneously increase, since further irradiation would 

also reduce the fracture toughness at T1, subsequently reducing the maximum possible K1 value. Figure 6 

also reveals that even though the WPS regime was LUCF (Case 1), there would be a significant number 

of specimens that would seem to have followed an LCF path. Finally, all results suggest a reduction in 

scatter after WPS. LCF reduces the scatter exhibited by the fracture toughness data more convincingly 

than LUCF. 

 
Figure 4. Monte Carlo simulations for high fluence data, using Chell and Wallin models, for LCF (a) T3 = 

-40°C, T1 = 80°C, (b) T3 = -80°C, T1 = 60°C, and for LUCF (c) T3 = -40°C, T1 = 80°C, (d) T3 = -80°C, T1 

= 60°C. 

(a) (b) 

(c) (d) 
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Figure 5. Monte Carlo simulations for low fluence data, using Chell and Wallin models, for  

(a) LCF T3 = -80°C, T1 = 60°C, and (b) LUCF T3 = -80°C, T1 = 90°C. 

 

Both the Chell and Wallin models were used to predict the increase in apparent toughness. The results 

obtained suggest that the models predict more accurately the shift exhibited at -40°C rather than the 

greater shift observed at -80°C. This trend is very similar to that observed on the non-irradiated 

predictions, Van Gelderen et al. (2013). Table 5 demonstrates that all predictions are conservative, based 

on the mean toughness values. It is expected for the Chell model to provide conservative estimates, since 

the model does not include possible effects from work hardening or crack tip blunting. However, it is 

interesting to see that the Wallin model provided similar estimates to that of Chell. This is despite the 

Wallin model being derived entirely from the statistical fitting of WPS experimental data. Since the 

Wallin model does not require any complex mathematical analysis, from an industrial perspective this is a 

very useful outcome. However, the Wallin model is strictly only applicable to the conditions that were 

applied to the experimental data.  

 

Table 5: Comparison between predictions and experiments.  

 

Group Experimental Chell model Wallin model 

Fluence Regime T3 (°C) T1 (°C) Mean Kf   

(MPaÖm) 

Mean Kf   

(MPaÖm) 

% Mean 

difference 

from Exp 

Mean Kf   

(MPaÖm) 

% Mean 

difference 

from Exp 

High LCF -40 80 71.59 67.47 -5.76 70.54 -1.47 

High LCF -80 60 72.35 66.51 -8.07 67.99 -6.03 

High LUCF -40 80 71.07 66.07 -7.03 65.17 -8.29 

High LUCF -80 60 69.78 57.01 -18.31 54.38 -22.07 

Low LCF -80 60 75.60 70.68 -6.51 72.24 -4.44 

Low LUCF -80 90 75.05 65.64 -12.54 63.08 -15.95 

 

(a) (b) 
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Figure 6. Monte Carlo simulations using Chell model, for:  

(a) High fluence, LUCF T3 = -80oC, T1 = 60oC, and (b) low fluence, LUCF T3 = -80oC, T1 = 90oC. 

 

Despite the potential microstructural changes induced by irradiation, it is reassuring to see that both Chell 

and Wallin models provided meaningful conservative estimates of the WPS enhancement in apparent 

toughness. This is useful for industrial applications, e.g. evaluation of integrity of reactor pressure vessels 

during pressurised thermal shock. Regardless of the sample size of each data set and the question of the 

validity of small scale yielding in a small-scale SEN(B), the experimental data displayed in this paper 

shows an undisputable visible WPS enhancement on irradiated components.  
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NOMENCLATURE 

 

σYS yield strength  

E young’s modulus of elasticity 

J J integral 

Je J  evaluated for only elastic strains 

JIc critical value for J integral  

Kel elastic stress intensity factor 

Kel-pl elastic-plastic stress intensity factor 

Kf stress intensity factor at fracture 

K1, K2, K3 stress intensity factor at pre-load, unload, reload 

KIc fracture toughness 

mK, K0, Kmin parameters of Weibull distribution  

N number of specimens in a sample 

Pf probability of failure 

(a) (b) 
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T0 transition temperature 

T1, T2, T3 temperatures at pre-loading, unloading, fracture 

CF cool – fracture loading regime – Case 3 of Chell model 

LCF load – cool – fracture loading regime – Case 2 of Chell model 

LUCF load – unload – cool – fracture loading regime – Case 1 of Chell model 

LTO long term operation 

MCS Monte Carlo simulation 

PTS pressurised thermal shock  

SEN(B) single edge notch bend 

WPS warm pre-stress 
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