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Abstract.  

Guidelines are presented for the recommended method of assessing by analysis the structural integrity of divertor plasma facing 

components (PFCs) under high heat flux (HHF) loads. The objective is to enable analysis to provide greater supporting evidence for 

PFC qualification (which for ITER is currently achieved by test alone) and to provide reasonable estimates of irradiated PFC 

performance where component test data is limited or non-existent. Typically, PFCs comprise tungsten armour, CuCrZr heat-sink and 

copper interlayer. For more reliable assessment of this type of construction, two shortfalls in existing elastic analysis methods have 

been addressed. Firstly, the scope of assessment rules has been extended to cover armour failure (e.g. by deep cracking) and secondly 

the accuracy of analysis is increased by using inelastic analysis methods to address complexities created by PFC’s multi-material 

block like construction. These complexities arise mainly from the dissimilar yield strengths and thermal expansion coefficients of 

the component materials. This paper details the proposed “low temperature” design code rules in the guidelines, which are based on 

a combination of existing inelastic code rules plus a set of methodologies devised specifically for PFC structures. The failure 

mechanisms of exhaustion of ductility, fast-fracture, fatigue and ratcheting are addressed, and the process of assessment is 

demonstrated by means of an example analysis on an ITER-like monoblock component in its unirradiated condition. In two follow- 

up papers, creep rules and methods for estimating the HHF structural integrity of an irradiated component using sparse irradiated 

materials data are presented. In the unirradiated condition it is shown that fatigue and armour cracking performance dominate 

predicted structural integrity, but when irradiated, exhaustion of ductility is expected to be more prevalent. It is argued that with 

these more rigorous assessment methods, a significant step has been made towards developing reliable design-by-analysis methods 

for predicting the expected HHF structural integrity performance of divertor PFC designs. 

 

 

 

1 Introduction 

In ITER, the divertor is the component with the highest 

design steady state heat loads (Merola [25]) of circa 10MW/m2 

(with excursions to 20MW/m2). While these loads are already 

demanding, in (EU)DEMO (the proposed European 

demonstration power plant) conditions are expected to be more 

arduous with longer pulse times and higher levels of irradiation 

(estimated at up to 10dpa (You 2016[1]). To meet this 

expectation, EUROfusion are carrying out research and 

development on the next generation divertor components (as 

described by You [26], [1]). 

For this development, much guidance is drawn from the 

experiences of ITER divertor development both in design and 

qualification. A typical DEMO divertor PFC concept is similar 

to the ITER design comprising a tungsten armour block with 

through CuCrZr cooling pipe joined to the tungsten via a soft 

copper interlayer (see Fig 1). Like ITER, assessment of DEMO 

designs is currently by high heat flux (HHF) testing (Greuner 

[36]), based again largely on the ITER specification (Morola 

[25]) of 5000 cycles at 10MW/m2 and 300 cycles at 20MW/m2. 

If a component fails, the predominant mode of failure in ITER 

and DEMO mock-ups is by cracking of the armour (as shown in 

Fig 2), although failure of the heatsink cooling pipe and 

interlayer is also reported (Gavali [27]). 

  

Figure 1 Section from typical divertor plasma facing component 

comprising a series of individual tungsten armour blocks surrounding a 

CuCrZr cooling pipe with copper interlayer. 

Plasma facing 

surface  

Copper 

interlayer  

CuCrZr 

Pipe  

Tungsten 

armour 

block 



2 

 

  

Figure 2 Deep cracking in the armour of an ITER divertor PFC 

mock-up following  HHF test Typical taken from [Gavali[27]] 

 

ITER have now demonstrated the required PFC performance 

using tests (Sun [31]) but is instructive to note that divertor 

component qualification tests have not historically been 

accompanied by extensive preceding analysis supporting the 

anticipated performance. Although discrete analysis studies have 

been published for DEMO (e.g. by Li Puma [6] and Crescenzi 

[28]) and failure modelling has been used to diagnose problems 

(Li [15]), for ITER at least it remains the case that it is mandatory 

to validate design “by experiments” (rather than analysis) (Hirai 

[24]). This begs the question about the perceived value of 

analysis as an accurate predictor of PFC structural integrity in 

HHF load conditions.  

In this paper the case for analysis as a viable and necessary 

tool for assessing PFCs is presented. It is emphasised that 

analysis is particularly required for DEMO in its current state of 

development, and that despite the shortfalls in current analysis 

methods, these can be overcome, by a combination of new and 

existing alternative methods. To make the point the paper 

presents a detailed set of guidelines for the preferred method of 

assessing plasma facing components and this is demonstrated by 

an example analysis of an ITER-like component. 

 

1.1 Shortfalls in current PFC structural 

integrity assessments attempts 

One reason why analysis is not relied upon to support current 

PFC qualification is that it fails to predict one of the dominant 

failure mechanisms experienced in HHF tests: the cracking of 

the armour. This is because current methods of assessment 

(which use standard elastic code rules) can only be applied to the 

nominal structural component i.e., the pipe. It follows then, for 

analysis to be successful, the scope of the structural integrity 

assessment process needs to be extended to include the armour. 

However, this is not straight-forward because, to the authors 

knowledge, there are no formally validated assessments methods 

relevant to brittle materials such as tungsten, so these methods 

need to be devised. Towards this end recent work by Li has 

suggested one potential mechanism for cracking which can be 

adopted in a design rule format. Nonetheless others are required. 

Furthermore, even application of the existing code rules for 

assessing the ductile structural (sub)components in PFCs 

presents its own problems. This is partly because codes are 

derived from the analysis of pressure vessels (i.e., thin-walled 

axisymmetric structures) and hence are not ideally suited to the 

multi-material block-like construction of PFCs. This was 

demonstrated by Fursdon [2] who showed that stresses in the 

multi-material monoblock components bear little resemblance to 

the stress predicted by the conventional/common elastic code 

methodology.  

The problem created by the multilateral construction of PFCs 

is mainly due to two factors. The first is the different coefficient 

of thermal expansion (CTE) of the subcomponent materials. This 

creates (at least in a monoblock) significant through-thickness 

residual stress developed during cooling in the joining processes 

(Fursdon [2]). The second is the difference in yield strength of 

these materials. This creates material dependant limits on the 

loads transferred between subcomponents.  

To overcome both these complexities Fursdon [5] concludes 

elastoplastic analysis must be used. (i.e., where yielding is 

explicitly modelled). Although this adds an extra level of 

complexity and unfamiliarity in analysis, this does not mean that 

the method of formal structural integrity code assessment is in 

entirely “new territory”, since existing design codes  already 

provide design rules for assessment using elastoplastic (and even 

inelastic) analysis methods (ASME [10], RCC-MR [33] and 

ITER SDC-IC [3]). 

 Even though these code methods have existed for some 

time, it is acknowledged that these rules seem rarely to be 

applied (to the author’s knowledge). Perhaps this is because in 

the design of existing conventional nuclear components, thin-

wall single-material methods are deemed appropriate such that 

the severity of plasticity, if it occurs, can be estimated (e.g by a 

Neuber curve approach as described in [3]). However there also 

appears to be little application of elastoplastic rules in the fusion 

community either, where bulky components with multi-material 

construction are more prevalent. There may be a reluctance 

because of the increased analysis time and potential convergence 

issues, but it is suggested that these disadvantages are far 

outweighed by the significant increase in relevance of the results 

produced. 

It is an aim of this paper to encourage and promote the use 

inelastic methods in the assessment of PFC components so that 

the much-needed reliable analysis data can be provided to 

support concept design proposals. This is not only to add the 

usual benefits of analysis as product development tool (1), but 

also to address a particular need in DEMO that analysis seem 

best suited to satisfy. 

 

1.2 Analysis as an essential part of DEMO 

component qualification 

Of the many benefits offered by analysis in component 

development the one that appears to stand out for DEMO is the 

potential for a greater understanding of the effects of irradiation. 

Degradation by neutron irradiation is expected to be particularly 

significant in DEMO (You et al [1]) and might create the limiting 

case when the resulting effect on component performance is 

determined. Although tests of irradiated components have been 

done [32], these pose many practical problems, and are not 

realistic in the concept development phase of development (i.e. 

the current DEMO status). It follows that in order to provide the 

necessary data on irradiated performance this will probably need 

to be supplied through analysis methods (albeit as an estimate). 

 
(1) Cost an efficiency and the ability to investigate load case not practical to test 

such as combined heat flux and EM loads cases 
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The significance of the potential irradiation effect is 

emphasised by the scale of material property change possible. 

This is illustrated for example by the pre-post irradiation stress 

strain curve of copper as shown in Fig. 3 (with a fivefold increase 

in yield stress and complete loss of hardening), and the change 

in available elongation in CuCrZr as shown in Fig 4. (with a 

drastic reduction of ductility at temperatures below 150°C). 

Although these changes can be expected to significantly alter 

component stress/strain levels and material limits, with 

appropriate analysis, the effects of these factors can be assessed. 

 

 

Figure 3 Effect of neutron irradiation on the engineering stress 

strain curves of pure copper (Ttest = Tirr = 80°C) Fabritsiev [29] 

 

 

  

Figure 4 Effect of irradiation of the ductility of CuCrZr (here 

shown by the minimum measure total elongation) data from SDC-IC 

appendix A[22] 

 

 

1.3 Towards reliable PFC design by analysis  

In the long term EUROfusion plan to produce a document 

known as the Demo Design Criterion (DDC) in 2025 [4] with 

recommended structural integrity assessment criterion for all 

DEMO plasma facing components. However, for the immediate 

needs of the divertor R&D (where design assessment of current 

concepts is required now), the EUROfusion’s divertor design 

group has created a set of preliminary guidelines known as the 

Inelastic Analysis Procedure (IAP). The IAP is the subject of this 

paper. 

In the existing design codes (whether elastic or elastoplastic) 

many failure mechanisms are assessed. The minimum set 

covered by ASME[10], RCCMR[33] and SDC_IC [3] is plastic 

collapse, fatigue, ratcheting and creep. To these, SDC_IC and 

ASME add exhaustion of ductility and (SDC-IC) fast fracture. 

Much of the testing done to date suggests that failure by repeated 

cycling is the prime focus of failure assessment (e.g. failure by 

fatigue or perhaps ratcheting).  However, if (as is argued) the 

irradiated “embrittled” condition is potentially the worst-case 

scenario, then it is possible that ductility or fast fracture becomes 

the limiting failure mode (i.e., from reduced allowable strain or 

from reduced fracture toughness). To this the potential for failure 

by creep must be added given the potential for high temperatures 

under high heat loads. No single code was found to be ideal for 

assessing all the above failure mechanisms in PFCs. Rather the 

IAP uses extracts from all the above codes to create the 

appropriate rule definitions. The details and rationale for the 

recommended rule created are detailed in Section 2 of this paper 

 

1.4 Peculiarities of PFC structural integrity 

assessment. 

It has already been highlighted that PFC assessment goes 

beyond normal structural integrity assessment convention by 

needing to include the assessment of the nominally non-

structural armour material. There are also other particular 

features of PFCs that need special consideration. 

To account for susceptibility of PFCs to potentially 

significant residual stress (discussed above) the recommended 

method of analysis includes an initial analysis step to simulate 

the manufacturing cycle as described for example by Li and You  

[15] .  For PFCs with a CuCrZr pipe, the methods proposed in the 

IAP is to simulate the cooling from either the CuCrZr hardening 

temperature if a braze process is used (as in [34]), or the pressing 

temperature if hot radial pressing process is used (ref [35]). The 

method and rationale for this is detailed in previous work by the 

divertor group in reference [2]. 

The presence of multiple dissimilar metal joints in PFCs 

creates ongoing analysis challenges. Such joints risk the creation 

of stress/strain singularities in analysis as highlighted by Kelly 

[8] (with theoretically infinite values in peak stress or strain) 

which invalidate structural integrity assessment. A method 

proposed in the IAP to overcome this issue is by use of the hot 

spot method (for example as described EN 13445 [7]). However, 

this method requires prior test information on similar style joints 

and is currently only applied to fatigue evaluation. Alternatively, 

since stress singularities are an indication of a severe stress 

concentration, it is suggested that the design, rather than the 

assessment method should be modified (for example, by the 

methods outlined by Kelly [8] and illustrated in the example 

analysis described below in Section 3). 

Special methodologies are also required to account for the 

changing properties of PFC material due to high levels of 

irradiation as demonstrated in Figure 3. This is achieved by using 

material property change commands within the assessment 

analysis, so that strain usage before and during irradiation can be 

accumulated appropriately. The change in allowable strain is 

accounted for by use of usage fraction as detailed in Section 

2.1.2. 

Finally, as described in previous work [6], assessment of 

water cooled PFCs requires an assessment of the cooling water 
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critical heat flux limit (the limit of nucleate boiling heat transfer). 

In the IAP this is achieved using the method described in 

reference [2] and is not discussed further here. 

 

1.5 Scope 

This paper gives a detailed description of the “low 

temperature” elasto-plastic rules used in the guidelines and 

presents an example assessment of an ITER like monoblock in 

its unirradiated condition demonstrating the proposed 

methodologies. In follow-up papers, methods and data collection 

for estimating PFC performance in their irradiated condition are 

described as well as rules for assessing creep damage under high 

temperature conditions. 

The guidelines focus on the structural integrity assessment 

under nominally normal 10 MW/m2 heat flux operating 

conditions and “slow transient” excursions to 20 MW/m2. 

Confirmation of assessment methods for fast transient load cases 

(such as ELM loading and disruption electromagnetic loading) 

and plastic collapse rules is ongoing. 

The development of armour assessment rules is also under 

development and only preliminary armour rules are presented 

here. Further rules are anticipated as test data experience is 

accumulated.  

While focussing on the design of divertor components, it is 

the intention that the IAP can be applied to all multi-material 

plasma facing components.  

 

2 Rule definitions 

The following section details the IAP rules, the rationale for 

their selection, and where appropriate, a recommended 

assessment methodology.  

2.1 Ductile material rules 

2.1.1 Plastic collapse 

Plastic collapse is driven by excess primary loads (i.e. loads 

that do not significantly reduce with deformation of the 

structure) which for a PFC are mostly caused by dead weight, 

coolant pressure or EM loads. Provisionally the recommended 

rule for plastic collapse is as defined by SDC-IC IC 3.1.2 

(Elasto-plastic analysis -Immediate plastic collapse). This is 

provisional because plastic collapse has not yet been seen as a 

driving design failure mode for the main current concern of 

normal operating conditions (Thermal load cases). Confirmation 

is expected when abnormal (EM) loading conditions are 

considered. 

2.1.2 Immediate exhaustion of ductility  

The Immediate exhaustion of ductility rule compares the 

expected plastic strain against the limiting strain at rupture of a 

material. The rule is expected to be highly significant in the 

assessment of components in their irradiated conditions where 

materials can lose nearly all ductility (as shown by Figure 4). It is 

a prime example where analysis can expose design flaws which 

cannot be shown by the current qualification testing of 

unirradiated components, and as such supports the argument that 

analysis data should play an essential part in the justification of 

any divertor PFC concept design. 

 

Proposed rule: 

Show that the local accumulated strain usage from pre and 

post irradiation (and from manufacturing) does not exceed the 

materials multiaxial true strain at rupture. 

 

Relevant rules 

1) ASME 5.3 Protection Against Local Failure 5.3.3 Elastic-

Plastic Analysis [10] 

2) SDC-IC 3121.3.2 Elasto-plastic analysis (Local fracture, 

exhaustion of ductility) [3] 

 

Rationale: Aspects of both ASME and SDC-IC are used in the 

derivation of this rule. In general, ASME was deemed the more 

appropriate because a) it includes the effects of manufacturing 

strains and b) it accounts for the effects of multiaxial stress 

covering a greater range of conditions than other codes [11]. 

However, when accounting for pre and post irradiation the 

technique presented in SDC-IC is relevant (as discussed below).  

The IAP incorporates both codes by requiring the ASME 

equation (equation 1 below) to be satisfied, but in a manner using 

SDC-ICs usage fraction methodology to capture pre and post 

irradiation effects (as shown by equation 4 below). 

 

ε
peq 

+ ε
cf   

≤  γ
d 

. ε
L
(T,Φ) …. (1) 

where:  

ε
peq 

 = equivalent plastic strain (in operations). 

ε
cf   

= equivalent manufacturing strain. 

γ
d 

= safety factor (0.5) 

εL  = multiaxial strain limit (function of     

temperature T and fluence Φ). 

 

The multiaxial strain limit εL is determined from uniaxial test 

data εLU   and an exponential function (which, unlike the SDC-IC 

variant, allows for negative triaxiality) 

 
𝜀𝐿(𝑇, ∅) = 𝜀𝐿𝑈(𝑇, ∅) ∗ 𝐾𝑡𝑓 (𝑇)     …. (2) 

𝐾𝑡𝑓(𝑇, 𝜎) = 𝑒𝑥𝑝 (− (
𝛼𝑆𝐿

1 + 𝑚
) ({

𝜎1 + 𝜎2 + 𝜎3

3𝜎𝑒𝑞
} −

1

3
)) 

     …. (3) 

Where  

αSL = material parameter (=2.2 for Cu) 

m = 2nd material parameter (0.5) 

σ1, σ2, σ3, σeqv = the three primary stress and  

              equivalent stress respectively. 

T = temperature 

       ∅ = Fluence/dpa 
 

The change in a material’s ductility pre and post irradiation, 

is accounted for by use of ductility “usage fractions” (Ud) 

(similar to the creep usage fraction methodology described by 

SDC-IC for accumulated load step effects IC-2765). The sum of 

“pre” and “post” irradiation usage must be less than one: 

 

Ud-pre + ΔUd-post < 1  …. (4) 
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where the strain usage “Ud-xxx” is defined as follows: 

Ud-pre = (ε
peq

+ ε
cf 

)/ (γd. εLpre) 

Ud-post= Δε
peq-irr

 / (γd .εLpost) 

and 

Δε
peq-post

 = post irradiation incremental plastic strain   

 

All the variables in the above expressions (strain, rupture 

strain, triaxiality factor etc.) are functions of temperature and/or 

stress. Since these vary significantly in the material volume 

being assessed, it is necessary to evaluate the above expressions 

throughout this volume to ensure the maximum value is correctly 

identified. (This can be done in ANSYS for example by using 

“user defined results” which effectively allows whole result 

distributions (e.g. contour plots) to be considered as variables, 

which can then be used in mathematical expression to form 

resultant ductility usage contour plots.) 

It should be noted that flow localisation is not seen as a 

failure mechanism in the IAP. Rather it is seen as a potentially 

beneficial mechanism for further strain redistribution. 

Ultimately excessive flow localisation will be captured by 

exhaustion of ductility criterion.  

2.1.3 Immediate fast fracture 

In design assessments the ideal situation of perfect 

manufacture is considered.  However, there is a limit to which 

material quality can be assured in terms of defect size (eg 

because of NDT resolution). This means that even in nominally 

perfect material, defects below the detectable size could cause 

stress concentration with stress intensities that might exceed the 

materials fracture toughness, and so cause fast fracture. Like 

exhaustion of ductility, this is unlikely to be exposed in the 

unirradiated case where materials have high ductility and so 

good fracture toughness but might be expected to be a concern 

in the irradiated “embrittled” condition. However, in practice, 

materials data suggests fracture toughness is not as affected by 

irradiation as the terminology implies, so it remains to be seen 

if, under irradiation, this failure mechanism is as significant as, 

say, exhaustion of ductility. 

 

Proposed rule: 

Show that the maximum value of stress intensity K (caused 

by undetected material flaws) is less than the critical stress 

intensity factor assuming a minimum detectable penny-shaped 

flaw size of 0.2(1) mm.  

 

Relevant rule: 

1) SDC_IC 3121.4 Fast fracture 

 

𝐾1 < 𝛾1𝐾𝑐(𝑇, ∅) … (5) 

 

𝐾1 =  𝜎1√
4𝑎

𝜋
    ….(6) 

 

where 

σ1= maximum of maximum principal stress. 

a = radius of void (0.1mm) 

γK1 = safety factor (0.5) 

Footnote (1) or size appropriate to expected NDT 

 

Rationale. As discussed above, the assessment of immediate 

fast fracture is made with the assumption that the material is flaw 

free to the limit of measurability i.e. by NDT.  In this case, it is 

then only necessary to show that any flaws at or below this limit 

do not cause fast fracture. This “flaw tolerance” philosophy is 

based on that outlined by SDC_IC (IC2112.3).  

In this rule, the proposed procedure deviates from the 

recommended elastoplastic rule methodology. Ideally a full 

elastoplastic analysis would show that the J integral of a defect 

in any possible location is less than the local critical J value. 

However, it is not necessarily possible to know the location of 

the maximum J integral without assessing all possible locations. 

Since J integral calculations are normally conducted at a single 

location alone with explicit crack meshing, the assessment of all 

possible locations is not practical.  

For the IAP, an approximation is made using the linear stress 

intensity factor K1 (where K1C
 = √(Jc.E)), and the postulation of 

possible penny shaped flaws. In this case the distribution of 

potential “flawed material” K1 can be evaluated directly from the 

distribution of the maximum principal stress σ1 using equation 

(6). 

(Note: Since local value of K1C also varies with temperature, 

for ease of inspection the IAP recommends the use of a fast 

fracture usage fraction (Uk), where Uk = K1/K1C. The distribution 

of usage can then be presented as a distribution to highlight 

critical areas). 

2.1.4 Ratcheting  

The ratcheting rule exposes the potential for the progressive 

growth of strain or deformation leading to component failure or 

loss of function. Its detection in PFC design is important, 

because it potentially causes two forms of failure (following the 

distinction defined by Rudolph et al [12]). Firstly, ratcheting can 

cause thinning of the cooling pipe wall until eventually failure 

occurs due to plastic collapse. This type of failure is termed 

global ratcheting since it affects component functionality on a 

macro scale. Secondly, even if no excessive thinning of the pipe 

occurs, ratcheting can lead to localised growth of plastic strain 

that eventually causes failure due to exhaustion of ductility 

(manifesting itself by crack formation and subsequent fast 

fracture or accelerated fatigue).  This is termed local ratcheting 

since it causes only localised effects while macro performance is 

nominally unaffected.  

As emphasised above, ductility (plastic strain) limits only 

become significant in the irradiated case. In the absence of 

physical testing of irradiated components, it appears therefore 

that only analysis can currently expose flaws in a proposed PFC 

design associated with local ratcheting. 

The method of detecting ratcheting is by the explicit cycle-

by-cycle study of displacement/strain development. The 

preferred way to pass the ratcheting rule is to first show a 

stabilised strain or displacement response is achieved. It must 

then also be shown that both the resulting component condition 

passes functional requirements, and that plastic strains do not 

exceed the exhaustion of ductility rule. 

 For infrequent upset condition ratcheting is allowable 

provided it can be shown by the explicit simulation of all cycles 
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that in the resulting final stress/strain state the standard 

functional and material-allowable requirements are met.  

  Following the above definitions of ratcheting (global or 

local) two separate rules are proposed to differentiate between 

the two forms of potential failure. 

 

2.1.4.1 Local ratcheting (local strain limits):  

Proposed rule: 

Using a material model capable of simulating material 

ratcheting (1), demonstrate that under cyclic loading the end-of-

life strains resulting from any local strain ratcheting obey the 

exhaustion of ductility rule. 

 

Relevant rules: 

1) SDC-IC 3131.2.2 Significant local plastic strain 

(Elasto-plastic, ratcheting) 

 

Rationale / Methodology.  In the IAP development studies 

using the Chaboche material model, local strain ratcheting was 

often displayed - particularly at stress concentrations. In these 

cases, it was only possible to discern a “final” trend in strain 

development by simulating many tens of cycles. The apparent 

delay in developing a distinct final trend was attributed to the 

masking effects of early shakedown and elastic follow-up. When 

(or if) a final trend is observed, the final end-of-life strain can be 

determined by extrapolation and the result subjected to the 

exhaustion of ductility rule.  

 

Footnote (1): The accuracy of material ratcheting effect predicted by 

any material model is still a matter of debate [13]. The Chaboche model 

(as available in ANSYS for example) allows some material ratcheting 

effect to be simulated, but more sophisticated models exist, suggesting 

the assessment methodology requires further work.  

 

2.1.4.2 Global ratcheting (S3) 

Proposed rule: 

Using an elastic perfectly-plastic material model, 

demonstrate that under cyclic loading the maximum 

displacement of any point in the component converges, and that 

component functionality is retained. 

 

Relevant rules  

1) ASME VII DIV2 5.5.7 Ratcheting Assessment – 

Elastic-Plastic Stress Analysis 

Rationale / Methodology: For global ratcheting assessment 

a simple elastic perfectly-plastic material model is used (similar 

to ASME [10]). This is done to remove the above local material 

ratcheting mechanisms and so simplify and speed-up the process 

of identifying global ratcheting trends. It is also necessary to 

remove any temperature dependence of the yield stress in the 

model to avoid a further multi-material ratcheting effect first 

observed by Silberschmidt [14].   

Since the elastoplastic global ratcheting assessment does not 

provide a quick one-step criterion for showing compliance (such 

as the 3Sm rule or Bree diagram expression), a usage value or 

reserve factor is not provided by a single analysis. Rather this 

must be determined by a series of (potentially time consuming) 

exploratory analyses at higher loads to expose the failure 

condition (as illustrated by example in section 3.2.3.2). 

 

2.1.5 Fatigue  

Proposed rule: 

Show that the local total of all fatigue usage fraction from 

all load combinations is less than 1. 

  

Relevant rules: 

For example, SDC-IC 3132.2 [3] Limits on fatigue damage. 

Most codes concur on this rule criterion. 

 

𝑉𝑗(∆𝜀𝑗) =
𝑛𝑗

𝑁𝑗(∆𝜀𝑗)
 

 

ΣVj < 1 …. (8) 

Where (for every load case j): 

∆𝜀𝑗= intensity of strain range for the jth load case 

Vj = fatigue usage fraction at the jth load case 

n = number of cycles required at the j load case 

Nj = number of cycles to failure (from design           

fatigue curve at Δεj) at the jth load case  

 

Rationale / Methodology:  In the assessment of fatigue 

there are no specific requirements for monoblock assessment 

beyond the existing elastoplastic methods used in current codes. 

Here the calculated total strain increment1 is used directly 

against Manson Coffin strain life data. 

When summing usage fractions from different load cases, it 

the usage fraction values used must be taken at the same location. 

A recommended method of achieving this is by creating contour 

plots of fatigue usage. (For example, in ANSYS by using the 

user defined result methodology discussed above for exhaustion 

of ductility).  

 

Footnote (1): the strain increment value used should be evaluated by 

first calculating the strain increment in tensor form, noting that plastic 

and elastic components should also be calculated independently. The 

intensities of the elastic and plastic strain-increment tensors are then 

calculated separately before summing to determine the final strain 

increment value. 

2.2 Armour materials 

Current HHF tests demonstrate that the ability to predict 

failure of the armour is one of the most important requirements 

of an analysis method used for PFC design justification. In the 

absence of existing formal code rules for typical (brittle) armour 

materials, to satisfy this requirement new rules need to be 

devised. Currently two rules are proposed. These should be 

viewed as provisional, pending further development. 

 The first rule aims to capture the predominant deep cracking 

failure seen in current tests. Li[15] postulated that this failure 

mechanism has two phases. The first involves plastic strain 

fatigue of the tungsten when it is in its ductile regime at 

temperatures above the ductile to brittle transition temperature 

(DBTT). This initiates small cracks which then fail by fast 
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fracture when the tungsten returns to its brittle regime during 

excursions to temperatures below the DBTT (e.g. at standby). Li 

suggested this failure mechanism is particularly problematic 

when tungsten becomes recrystalised, when the material has 

lower yield strength leading to greater levels of plastic strain. 

The rule thus currently assumes that recrystallised layers have 

been formed, although it might viably be extended to non-

crystalized material. (Strictly speaking this rule follows 

conventional ductile assessment methodologies since it deals 

with ductile material fatigue crack initiation). 

The second rule aims to capture potential failure below the 

DBTT. Here only a basic assessment of ultimate strength is 

assessed following the textbook Ranking failure mechanism 

based on maximum principal stress.  

 

2.2.1 Recrystalised tungsten fatigue 

Proposed rule: 

Show that the local total of all fatigue usage fraction (V) 

from all load combinations is less than 1 (taking into account the 

effects of DBTT) 

 

The rule applied here is identical to the fatigue rule described 

in section 2.1.5, but consideration is made for the difference in 

fatigue life above and below the DBTT - following the 

methodology outlined by Li [15] (and as outlined below). The 

rule is only applied in cases where the armour material is 

expected to become recrystalised. 

Note: Li also went on to determine if initiated cracks caused 

fast fracture. This step is not included in the IAP and 

consequently the proposed rule provides a conservative 

assessment of failure. 

 

Methodology Identify regions in the tungsten expected to 

become recrystalised during service, for example from any 

material experiencing more than 1300°C under slow transient 

heat loads. This region is assigned elastoplastic material 

properties (to reflect the ductility possible at high temperatures). 

Incremental plastic strains above and below the ductile to brittle 

transition temperature are compared with the respective fatigue 

curves to obtain relevant fatigue lives (and so fatigue usage 

fractions). 

2.2.2 Ultimate strength. 

Proposed rule: 

Show that the maximum principal stress is below the 

material ultimate strength (Rankine criterion). 

 

𝜎1 < 𝛾𝑊. σ𝑈𝑇𝑆(𝑇, ∅) 

Where γW = 0.5 

 

Methodology No specific method is proposed 

 

3 Example analysis and results 

The application of the above rules is demonstrated by an 

example assessment carried out of an ITER-like monoblock 

divertor component using ANSYS 18.2 workbench. The 

assessment includes a static thermal analysis and an elastoplastic 

static structural analysis (the former to define the temperature 

distributions used as inputs for the latter). The defined 

requirement for this example component is 5000 normal 

operation pulses of 2 hr duration with 300 slow transient events 

of approximately 20 second duration (an estimation of 

anticipated normal DEMO operations). 

 

3.1 Model definition 

For both thermal and structural analysis, the monoblock was 

simulated by a quarter model with dimensions and typical mesh 

shown in Figure 5.   

 

 

 

 

Figure 5 Quarter model geometry, dimensions and typical mesh 

using 23694 nodes.  

 

 
 

Figure 6 details of model constraints and pressure loading 

 

 

pressure on 

inner face 

(5MPA) 

Pipe 

pressure 

“cap” 

force on 

end face 

(282N)  
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3.1.1 Thermal model  

The thermal analysis was performed with a uniform heat 

load of 10MW/m2 or 20MW/m2 applied to the plasma facing 

surface to represent respectively the normal and slow transient 

heat loads. A convective cooling condition was applied to the 

pipe bore with a coolant heat transfer coefficient determined 

according to the Sieder Tate correlation [16][17]. This was 

extracted using the Thermprop program [18] with water coolant 

flow of 16m/s at 5Mpa and 150°C. 

3.1.2 Structural model and load cycles 

Chaboche material models were used to define elastoplastic 

properties for the copper and CuCrZr. Separate models were 

used for immediate failure assessment (ductility, fracture) and 

cyclic failure assessment (fatigue and ratcheting) by matching 

the respective monotonic or cyclic stress-strain curves shown in 

literature. An elastic perfectly-plastic model was used for global 

ratcheting assessments (for reasons described in 2.1.4.2). 

Tungsten was defined as elastic or elastic perfectly-plastic (the 

latter only when a recrystalised layer is expected). All materials 

data is tabulated in the appendix.  

Structural model boundary conditions are shown in Figure 6. 

A couple constraint on the pipe end face was used to simulate 

the prevention of pipe bending (simulating the expected 

constraint of the monoblock support system). 

For a complete assessment, load cases of shutdown (uniform 

20°C), standby (uniform150°C), 10MW/m2 and 20MW/m2 

would be considered, either singularly for monotonic rules or in 

(all) combinations for cyclic failure assessment. In the 

following, for brevity, only the shutdown and 20MW/m2 load 

case results are shown. 

For immediate failure assessment (ductility, fracture) a 

single application of the load is simulated, plus a preceding 

manufacturing cycle to capture the expected residual stress. In 

the example assessment given here, a brazing assembly method 

was simulated as described by Fursdon [2]). Here, the simulation 

is simplified to a single cooling cycle step from the point in the 

process where CuCrZr achieves its full strength (the final heat 

treatment cycle). This is achieved by imposing a uniform room 

temperature on the whole monoblock assembly with an assigned 

stress-free temperature of 470˚C (The CuCrZr precipitation 

hardening heat treatment temperature). This is also similar to the 

simulation method described by Li[15] and Miskiewicz [19].  

For cyclic failure assessment several cycles were applied to 

ensure a converged result is achieved. In this example 

assessment, 4 or 5 cycles were found to be sufficient in most 

cases but for local ratcheting up to 300 simulation cycles were 

required. As observed in reference [2], cyclic strain levels tend 

to be independent of residual stress, and hence there is no need 

to use a manufacturing step for cyclic failure assessment. 

 

 

 

 

3.2 Assessment of the CuCrZr pipe 

3.2.1 Exhaustion of ductility 

 

Figure 7 and Figure 8 show the results set used for the 

evaluation of ductility usage according to the IAP method for the 

20MW/m2 load case. These are:  strain (ε), triaxiality factor (Ktf) 

uniaxial true strain at rupture (εLU) and resulting calculated 

multiaxial rupture strain (εL). Note that the highest strain occurs 

at the top of the pipe (ε=0.012) but the effect of triaxiality has 

it’s biggest effect at the bottom of the pipe (min KTf =0.16) and 

it is not easy to identify which factor will have the highest impact 

in usage. The high triaxiality is due to the large tensile strain 

caused by the constraint preventing pipe bending (reflecting the 

no-bending installation requirements). However, since the 

ductility of CuCrZr is very high in its unirradiated condition 

(with true strain at rupture >100%), the evaluated ductility usage 

at 20MW/m2 and standby (as shown in Figure 9) is negligible, 

with a peak usage less than 5%. 

Conclusion: Assessemnt is passed (usage 5%) 

 
 

 

 

Figure 7 Distributions of strain (ε) and triaxiality factor (KTf) at 

20MW/m2 

 

 
 

 

 

 

Figure 8 Distributions of uniaxial true strain at rupture (εUtr), and 

the limit strain εL (product of KTf and εUtr)  

ε KTf 

εL 

 

εtr 
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Figure 9 Distributions of ductility usage fraction (Ud = ε/ εL) at 

20MW/m2 (left) and standby (right) showing that the maximum 

ductility usage is 4.8% 

3.2.2 Fast Fracture 

Figure 10 shows the evaluated distribution of calculated 

stress intensity (according to the IAP methodology) and local 

value of critical stress intensity at 20MW/m2. The resulting 

usage values for this and the standby case are shown in Figure 11 

(max 0.63 and 0.65 respectively), indicating that resistance to 

fast fracture is acceptable. Note that the maximum usage occurs 

at the bottom of the pipe at 20MW/m2 and at the top of the pipe 

at standby. 

Conclusion: Assessement is passed (usage 63%) 

 

 

 

 
 

 

 

 

Figure 10 Distribution of Calculated stress intensity; local 

(temperature dependant) value of critical stress intensity at 20MW/m2  

 

 
 

 

 

 

Figure 11 Distribution of Calculated stress intensity; local 

(temperature dependant) value of critical stress intensity at 20MW/m2 

and resulting usage fraction (with that at standby usage for comparison) 

 

3.2.3 Ratcheting  

3.2.3.1 Local ratcheting 

For the effective cycle from standby to 20MW/m2 heat load, 

local ratcheting is predicted to occur at the stress concentration 

created by the gap between adjacent monoblocks (see Figure 12). 

The strain is calculated to ratchet from 1% to more than 4% 

during the expected 300 slow transient events (Figure 13) – 

assuming a worst case one event per pulse scenario. The 

multiaxial true strain at rupture for this condition is 84% (as 

shown in Figure 8), leading to a usage fraction of 9.5% 

(including the 0.5 “safety factor”). Hence this local ratcheting is 

not expected to cause failure in the unirradiated condition.  

Note that many cycles are required to expose the local 

ratcheting effect (which appears initially to be masked by stable 

strain values in other areas). For the example shown, the analysis 

took 10 hours to solve raising an additional concern regarding 

the viability of local ratcheting simulation (further to the material 

models concerns discussed above). 

Conclusion: Assessement is passed (usage 9.5%) 

 

 

 
 

Figure 12 Distribution of strain at 10MW/m2 (left) and 20MW/m2 

(right) after 300 cycles. 

 

Ud Ud 

K1@ 20MW/m2 K1C @ 20MW/m2 

UK1C@ 20MW/m2 

UK1C@ 150˚C 

Strain Strain 

UK1C@ 20MW/m2 
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Figure 13 Maximum local strain at 10MW/m2 and 20MW/m2 over 
300 cycles showing local ratcheting in the stress concentration in the 

gap between adjacent monoblocks 

3.2.3.2 Global ratcheting 

Figure 14 shows the calculated displacements in the CuCrZr 

pipe after 30 cycles of loading from standby to 20MW/m2 heat 

load. The history of the maximum displacement is presented in 

Figure 15 which shows that there is some delay in a “fully” 

stabilised result (at approximately 0.04mm). It is suggested this 

delay is possibly caused by elastic follow effects, driven 

primarily by the tungsten and/or shakedown of plastic strains 

within the CuCrZr and copper. Note though that any such delay 

means that identification of a fully stabilised condition retains an 

element of subjectivity (i.e. is less than ideal) even with the 

simplest possible material model. 

No global ratcheting was observed for the CuCrZr pipe even 

when pipe pressures were increased by 5. This is because the 

through thickness temperature gradient does not tend to result in 

generalised cyclic plasticity. For materials with less conductivity 

global ratcheting is more likely to be a concern. For illustrative 

purposes Figure 14 shows the results of a ratcheting margin-of-

safety assessment for a stainless steel pipe (0.5mm thick) from 

which the max allowable pressure can be determined (in this case 

~14MPa). 

Conclusion: Assessement is passed (usage not determined) 

 

  
 

 

 

Figure 14 Total displacement (mm) in CuCrZr pipe after 30 cycles 

from standby to 20MW/m2 heat load) 

 

 

 
 

Figure 15 History of maximum displacement (mm) in CuCrZr pipe 

over 30 cycles from standby to 20MW/m2 heat load showing that 

stabilised conditions are achieved but only after 25 to 30 cycles. 

 

Figure 16 Example cycle by cycle max. displacement ratcheting at 

various internal pressures in a monoblock with 316LN pipe of 0.5mm 

wall thickness  

 

Figure 17 Cyclic displacement increment at various coolant 
pressures for 316LN pipe (from Figure 13) indicating a pressure limit 

of approximately 15MPa  
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3.2.4 Fatigue 

Figure 18 and Figure 19 shows the total equivalent strain 

range distribution in the CuCrZr pipe for the cyclic load step 

from standby to 10MW/m2 and standby to 20MW/m2 

respectively. The resulting (design) fatigue life is determined 

using the data listed in the appendix (Table 8). A summary of the 

calculated fatigue usage fractions from these and all other cyclic 

load cases is shown in Table 1. This indicates that, even under 

normal standby-to-10MW/m2 loads alone, the fatigue criterion 

is failed (V=1.44).  

 

 
 

Figure 18 calculated intensity of strain range occurring during the 

step from standby (150˚C) to 10MW/m2  heat load, showing a 

maximum strain range of 0.4% 

 

 
 

Figure 19 calculated intensity of strain range occurring during the 

step from standby (150˚C) to 20MW/m2 heat load, showing a 

maximum strain range of 0.9% resp. 

 

 

 

 

 

 

Table 1 Fatigue usage fraction for all normal operations 

unirradiated conditions, showing that even under normal 10MW/m2 

loading, the maximum usage (unit value) is exceeded. (1.44) 

case A B C D E 

From 150°C 20°C 20°C 150°C 20°C 

To 10MW/m2 150 10MW/m2 20MW/m2 20MW/m2 

Δε% 0.395 0.198 0.4 0.9 0.94 

N 3465 79843 3324 162 143 

Nspec 5000 300 300 300 300 

Vi 1.44 0 0.09 1.85 2.1 

ΣVi 3.63 
    

      
Conclusion: Assessement is failed (usage 363%) 

3.3 Assessment of Copper 

The structural integrity assessment of the copper interlayer 

in the ITER-like design is hampered by an apparent stress/strain 

discontinuity at the free surface ends of the copper to tungsten 

joint (Figure 20) indicated by ever-increasing peak strain with 

increasing mesh density (as shown in Figure 21). Under these 

circumstances the IAP recommends the hot spot method, but as 

stated, only if benchmark data were available. 

 Alternatively, and to enable demonstration of the standard 

IAP rules for the interlayer, a modified joint design has been 

created to avoid this singularity (according to the methods 

outlined by Kelly [8]). This is achieved by creating a scalloped 

end face to the interlayer as shown in Figure 22. The strains in 

the modified design are finite and, as such, can be assessed 

against the same IAP rules used for assessing the CuCrZr. 

 

 

Figure 20 Strain in the copper interlayer at 20MW/m2 show strain 

concentration at surface of dissimilar material joint interfaces (top left) 

 

 

Figure 21 Strain in the copper interlayer at 20MW/m2 at different 

mesh density showing the presence of a strain singularity and hot spot 

extrapolation of peak stress at copper to tungsten joint free surface 

Δε intensity 

Δε intensity 
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3.3.1 Exhaustion of ductility 

Figure 23 shows the calculated ductility usage for the 

modified interlayer design at 20MW/m2, with maximum value 

of 29%. This is considerably more than the CuCrZr max usage 

but well within requirements.  

Conclusion: Assessement is passed (usage 29%) 

 

 

Figure 22 Modified interlayer design with scalloped copper surface 

to remove dissimilar material joint strain discontinuity (and model 

implementation used to achieve viable mesh and run times) 

 

 
 

 

 

Figure 23 Ductility usage for Copper at 20MW/m2 

3.3.2 Fast fracture 

No assessment of fast fracture was deemed necessary for 

copper in its soft unirradiated state. 

3.3.3 Ratcheting 

3.3.3.1 Local ratcheting 

The copper shows a similar local strain ratcheting response 

as that shown by the CuCrZr in Figure 13. In this case however  

the strain level are far more significant rising from an initial 

value of 19% to over 100% after 300 cycles. Furthermore, the 

maximum available strain (nominally 139% in the uniaxial case) 

is reduced by significant triaxial stress factor of 0.19 (Ktf=0.19), 

and as a result total strain usage is determined to be 3.5. This 

suggest voids or cracks might be created even in this the 

unirradiated case. As for the CuCrZr, the result must be viewed 

with caution pending further validation of the material model.  

Conclusion: Assessement is failed (usage=3.5) 

3.3.3.2 Global ratcheting 

Under normal operating conditions, ratcheting in the 

interlayer is not expected if the pipe does not ratchet (since both 

experience the same driving force of pipe pressure), and Figure 

24 shows that the calculated maximum displacement achieves a 

near stabilised value in the first step (0.045mm). Nonetheless the 

results still show some small fluctuation in subsequent cycles as 

seen in the CuCrZr implying some “shakedown” effects within 

the model (as discussed above). 

Conclusion: Assessement is passed (usage not determined) 

 

 

Figure 24 study of max displacement history in the scalloped 

interlayer at 20MW/m2 

3.3.4 Fatigue  

The calculated cyclic strain range in cycles from standby to 

20MW/m2 in the scalloped interlayer is 2.1% ( Figure 25). This 

indicates that this load condition alone is sufficient to cause 

failure according to the recommended design curve (SDC-IC) 

(with a design life of just 25 cycles and fatigue usage of 12). 

Moreover, even using the average test life data of Liu [20], 

failure is expected after just 250 cycles. Similar fatigue usage is 

found for the normal operating 10MW/m2 case. The assessment 

indicates that improvement is required. 

Conclusion: Assessement is failed. 

 

 
 

Figure 25 total strain increment in the scalloped interlayer cyclic 

loading from standby to 20MW/m2 

Δε intensity 
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3.4 Assessment of Tungsten 

3.4.1 Recrystalised layer 

Figure 26 shows the result of the thermal model of a 

20MW/m2 heat load case used to identify the recrystalised 

tungsten material. It also shows the partition of the FE model 

created to allow allocation of elastoplastic material properties to 

the recrystalised zone.  

To identify the plastic strain above and below the DBTT, a 

transient thermal analysis of the load case was carried out to 

determine the thermal field when the temperature at the strain 

concentration crosses the DBTT.  This thermal field was then 

used to determine the associated “reference” strain distribution 

at the DBTT point, from which differential strains relative to the 

standby and max heat load condition were determined.  

Figure 27 shows the differential strains calculated for the 

example ITER-like design above and below the DBTT with 

maximum values of 0.14% and 0.07% respectively. The fatigue 

lives of each case are determined from the Manson Coffin data 

shown in appendix A of stress relieved tungsten at 815°C and 

20°C respectively (following the method of Li [15]). Under these 

conditions the fatigue life of tungsten for periods below the 

DBTT is calculated to be just 88 cycles (for this 20MW/m2 

condition) leading to a fatigue usage fraction of 3.4 (for the 

assumed 300 cycle requirement). 

Conclusion: Assessement is failed (usage 340%) 

 

 
 

 

 

Figure 26 Location of line demarking 1300C used to define the 

recrystallised tungsten boundary, and the remodelling of the 
recrystallized zone (green) with elastic perfectly-plastic material 

properties   

  
 

 
 

Figure 27 delta total strain in cooling phase above 800C (Δε 

=.14%) and in cooling phase from 800C to standby (Δε =.07%) - 

fatigue strain above and below DBTT 

3.4.2 Ultimate strength 

Figure 27 shows that at 20MW/m2 in the unirradiated 

condition the maximum value of maximum principal stress 

(732MPa) exceeds the allowable stress of 489Mpa (An effective 

usage of 1.49). There is thus a danger of brittle fracture. 

Conclusion: Assessement is failed (usage 149%) 

 

 

  
 

 

 

Figure 28 Maximum principal stress in the tungsten at 20MW/m2 

and standby  

 

 

 

3.5 Summary of assessment results 

Table 2 summarises all the above elastoplastic assessment 

results for the example ITER-like PFC design. Most of the rules 

are passed except fatigue and tungsten brittle fracture. Fatigue is 

failed by a not-insignificant margin, especially for the copper. 

Note however this assessment of the copper was only possible 

after modification of the tungsten copper interface geometry. 

Δε intensity Δε intensity 

Temperature Deg C σ1 MPa σ1 MPa 
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It is also suggested that the perfectly constrained single 

monoblock model may exaggerate the monoblock gap stress 

concentration effects. A more precise representation of the 

support geometry may lead to an improved fatigue life 

estimation. 

 

Table 2 summary of elastoplastic assessment of the ITER like 

monoblock in its unirradiated state in terms of usage fractions (rule is 

failed if >1) 

  
CuCrZr Cu 

(scallop) 
Tungsten 

 
Standby 20MW/m2 20MW/m2 

 

ductility 0.038 0.048 0.29  

fracture/UTS 0.65 0.63 - 1.49 

local ratchet 0.095 3.4 
 

global ratchet pass pass 
 

fatigue 3.63 >12/1.2(1) 3.4 

footnote (1) test life/design life 

 

 

4 Summary 

4.1 Overview 

This paper presents guidelines (known as the Inelastic 

Analysis Procedure-IAP) for the recommended method of 

assessing by analysis the structural integrity of PFCs under high 

heat flux loads. The objective is to be able to justify the merits a 

proposed DEMO concept design without complete reliance on 

testing. 

The use of analysis to provide such a justification is 

particularly important when considering the irradiated case. In 

DEMO, the effects of irradiation are potentially very significant 

and perhaps lead to the worst-case condition. Since it is 

impractical to physically test irradiated components at the 

concept phase of development, it appears only analysis is 

capable of providing (or estimating) the required data for judging 

a design concept’s irradiated performance. 

The IAP aims to overcome two main shortfalls in existing 

methods of analysis-based PFC design-assessment. These 

shortfalls are that there are no rules to assess armour or interlayer 

failure and that the existing elastic method for assessing the 

structural (pipe) component gives incorrect stress values.  

4.1.1 Rules 

To allow prediction of the armour failure, specific 

assessment rules have been devised, (since there are no formal 

code rules for the structural integrity assessment of brittle 

materials). So far two rules have been created: One based on the 

work of Li [15] for the prediction of deep cracking and the 

second based on the textbook Rankine criterion using UTS. The 

deep cracking rule assesses plastic strain fatigue in recrystallised 

tungsten when above the DBTT. These rules should be viewed 

as provisional pending further work. 

 

To overcome the specific issues in the analysis of the pipe 

(and to allow analysis of the interlayer) elastoplastic methods are 

presented. These methods overcome the problems caused by the 

multi-material nature of PFCs (with the associated mix of 

dissimilar CTEs and yield strengths). They also allow the 

explicit simulation of the changes in material properties due to 

irradiation so that accumulated strain effects before and after 

irradiation can be accounted for. 

In this paper the recommended low temperature 

(elastoplastic) code rules have been detailed. They comprise two 

rules for armour (as above) and four rules for the ductile 

materials (categorized as SDC-IC). These are as follows:  

1. An exhaustion-of-ductility rule based on ASME with an 

adaptation from SDC-IC, (this rule is particularly 

important for assessing loss of integrity due to the severely 

limited ductility associated with irradiated materials);  

2. A fast fracture rule based on SDC-IC (necessary to expose 

failure of “embrittled” irradiated materials containing 

minor defects);  

3. A conventional fatigue rule (primarily exercised by stress 

concentrations in gaps between monoblocks) and  

4. A ratcheting rule designed to capture two failure modes. 

Firstly by “local ratcheting” where strains locally grow 

progressively to exceed material limits (and potential 

crack initiation) and the second by “global ratcheting” 

where, for example, pipe wall thinning develops leading to 

plastic collapse (this is particularly important if low 

conductivity materials such as Eurofer are used). 

The paper has also presented specific analysis 

methodologies to cover such things as simulation of manufacture 

(to account for and include effects of residual stress and 

manufacturing strains) and the use of usage-fractions to account 

for variability of ductility limits before and after irradiation 

(where accumulated strain is important).  

4.1.2 Example application and results 

The rules have been demonstrated by an example structural 

integrity assessment of a monoblock pipe, interlayer and armour. 

In this paper only the unirradiated case is studied where fatigue 

is exposed as a potential failure mechanism for all components 

(fatigue crack initiation in the armour would consequently cause 

deep cracking fast fracture). In a follow-up paper the rules are 

used to estimate component performance in the irradiated 

embrittled case where exhaustion of ductility and fast fracture 

are more significant. 

The example analyses also expose other notable aspects of 

monoblock assessment. Firstly, that multiaxial stress effects in 

ductility usage are significant in further reducing potentially 

already limited ductility. This suggest that multiaxial effects 

need to be considered in the assessment of other failure 

mechanisms. Secondly the examples confirm that strain 

singularities complicate the assessment of current monoblock 

designs, however since these effectively indicate an extreme 

stress concentration, it is suggested that these should be removed 

by a design change rather than attempt a bespoke failure 

assessment ‘device’ such as the hot spots methods.  

 



15 

 

The example analyses also show that in some rules there are 

a number of independent local effects contributing to a local 

usage-fraction maximum. For example, ductility usage, which is 

dependent on temperature dependent strain limits, locally 

variable triaxiality and locally variable stress. In these 

circumstances, contour plots of the computed usage (combining 

all effects) were created, so that the location of maximum values 

could be easily identified (and associated maximum value 

determined). 

The results of the local ratchetting assessment should be 

viewed as indicative only, because of the concerns relating to the 

ability of material models to predict progressive local strain 

growth accurately. Further validation tests will be required to 

demonstrate acceptance. Nonetheless this is an improvement on 

existing elastic assessment where local ratchetting is not 

assessed.  

4.1.3 Irradiation and creep assessment 

In part 2 of this paper, an assessment of the ITER-like 

component in its irradiated state is presented using the above 

rules. In this case stress strain curves are modified and irradiated 

allowable applied. Consideration for the accumulation of strain 

before and after irradiation is given. In part 3 a creep assessment 

is made using explicit inelastic simulation of creep strain 

accumulation and assessment of rupture under multiaxial stress 

conditions. 

4.2 Conclusion 

It is argued that the proposed analysis procedure (with its 

inelastic techniques and devised armour rules) provides a 

significant step forward towards a reliable method of justifying 

by analysis the expected structural performance of DEMO PFC 

designs. Such analysis methods are deemed essential for DEMO 

concept development in order to estimate irradiated performance 

in the absence of test data. 

These methods will be further validated and developed using 

the observations from ongoing PFC testing within 

EUROfusion’s divertor PFC concept development program. 

4.3 Further work 

The ongoing development of the IAP will focus on the following 

areas:  

1. Armour assessment: Increasing the range of armour failure 

rules, through further observations of existing armour 

failures or specific failure testing. 

2. Ratcheting: many aspects of local ratcheting assessment 

need improvement. This includes further validation of 

material models and validation of the local material failure 

mechanism (in a manner that can be distinguished from 

fatigue failure).  

3. New materials: methods need to be devised illustrating how 

the structural integrity of new materials such as tungsten 

fibre reinforced copper can be assessed.  

4. Joint strength: The current procedure assumes joint strength 

exceeds that of the parent material (in all damage 

mechanism). It is suggested that joint strength rules could 

be created by a detailed study of the susceptibility of each 

joint type (joined material and joining method combination) 

to fatigue, ductility usage, fast fracture. 

5. Multiaxial effects: Investigate if the significance of 

multiaxial effects shown in ductility usage also extends to 

other rules, for example fatigue.  

6. Plastic collapse:  Include example assessments of plasma 

disruption EM load cases. 
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Appendix: Materials properties and limit data 

 

Table 3 Summary of properties of considered materials at selected temperatures (taken from [22]) 

 

Temperature 

(˚C) 

Coefficient of 

Thermal 

Expansion (1/˚C) 

Young's Modulus 

(MPa) 

Thermal 

Conductivity 

(W /mmK) Poisson’s ratio 

Copper 20 1.68E-05 117000 0.401 0.33 
 400 1.82E-05 98000 0.374 0.33 

CuCrZr 
20 1.67E-05 127500 0.318 0.33 

450 1.82E-05 110000 0.347 0.33 

Tungsten 
20 4.50E-06 398000 0.173 0.28 

1200 4.98E-06 356000 0.105 0.28 

 

Elastoplastic data for global ratcheting Copper yield stress = 30MPa. CuCrZr = 220 MPa (average of data from [22]) 

Table 4 Monotonic rule assessment Chaboche model parameter values for Copper and CuCrZr elasto-plastic kinematic 

hardening model. (manual parameter fit to tests data from [22]) 
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 Temperature 
(C) 

Yield 

Stress 

(MPa) 

Material 

Constant 

C1 (MPa) 

Material 
Constant γ1 

Material 

Constant 

C2 (MPa) 

Material 
Constant γ2 

Material 

Constant 

C3 (MPa) 

Material 
Constant γ3 

Copper 
20 45 40000 7500 11000 846 1000 55 

400 18 10000 4000 2500 450 250 55 

CuCrZr 
20 220 22000 1000 2000 40   

300 160 33000 1500 1600 40   

 

 

Table 5 Cyclic rule assessment Chaboche model parameter values for Copper and CuCrZr elasto-plastic kinematic 

hardening model. (manual parameter fit to tests data [23] (Cu) and [22] (CuCrZr) 

 

Temperature 

(C) 

Yield 

Stress 

(MPa) 

Material 

Constant C1 

(MPa) 

Material 

Constant 

γ1 

Material 

Constant 

C2 (MPa) 

Material 

Constant 

γ2 

Material 

Constant 

C3 (MPa) 

Material 

Constant 

γ3 

Copper 
20 90 80000 7500 22000 846 2000 55 

400 55 20000 4000 5000 500 500 55 

CuCrZr 
20 180 300000 4000 30000 825 6000 45 

350 152 200000 5000 30000 1000 6000 48 

         

Table 6 Yield data for recrystalised Tungsten elastic perfectly-plastic material model [15] 

Temperature (C) Yield Stress (MPa) 

20 377 

400 362 

1200 223 

2000 57 

2500 57 

 

Table 7 Limit data for Copper CuCrZr (from [22]) 

 Temperature 

(C) 

True strain 

at rupture 

(%) 

JQmin 

KJ/m2 

K1C(2) 

MPa/√m 

CuCrZr 

20 124 206 157 

100 112 154 136 

200 99 114 117 

300 87 99 109 

400 76 No data No data 
 20 120 No data  

Copper 100 120 No data  

 250 139 No data  

 300 No data1 No data  
 400 No data1 No data  

Note (1) assumed > 120%, (2) evaluated from JQ 

 

Table 8 Fatigue data for CuCrZr, Copper and stress relieved tungsten  

(recommended “design” data or average test “life” data). 
 

Copper 

design [22] 

Copper life 

[20] 

CuCrZr 

design [22] 

W life at 

20°C [21] 

W life at 

815°C [21] 

Cycles total strain 
range % 

Total 
strain % 

total strain 
range % 

plastic strain 
range % 

plastic strain 
range % 

10 2.7  2.29 0.125297 11.78905 

40 1.35  1.395 0.082665 6.230621 

100 0.88 3.0 1.026 0.062797 4.087699 

400 0.5 1.6 0.672 0.041431 2.160386 

1000 0.37 1.3 0.526 0.031473 1.417356 

4.00E+03 0.25 0.8 0.376 0.020765 0.749085 

1.00E+04 0.21 0.6 0.308 0.015774 0.49145 

4.00E+04 0.15 0.4 0.2233 0.010407 0.259736 

1.00E+05 0.12 0.33 0.1852 0.007906 0.170404 

 


