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ABSTRACT 

The subject of this paper is evaluation of loss of constraint for three types of specimens: Pre-cracked 

Charpy V-notch specimens with deep crack, pre-cracked Charpy V-notch specimens with shallow crack 

and small cruciform specimens. This task was solved by ÚJV Řež a.s. within work package WP1.1 
"Fracture properties" of PERFORM60 project in 2013. The approach used for solution of this task 

consisted in application of two-parametric fracture mechanics, in particular, J-Q locus. J-Q locus 

diagrams were constructed for four RPV materials/material conditions: (1) 20MnMoNi5 5 base metal in 

irradiated condition, (2) S3NiMo1/OP41 TT weld metal in irradiated condition, (3) 22NiMoCr3 7 base 

metal in unirradiated condition, and (4) 22NiMoCr3 7 base metal in irradiated condition. For each 

material and each type of specimen, based on Q-parameter value at general yielding, the value of T-stress 

was estimated and based on this T-stress value, the relative shift of Master Curve reference temperature, 

ΔT0, due to shallow crack effect and/or biaxial loading effect was predicted. The predicted relative shifts 

of T0 (with respect to T0 obtained for pre-cracked Charpy V-notch specimens with deep crack) were then 

compared with the corresponding relative T0-shifts determined from experiments in a standard way 

(without using Q-parameter). In some cases, a very good accordance was found, and in other cases, where 

the difference was larger, the predicted relative shifts of T0 were conservative.   

INTRODUCTION 

The UJV contribution to PERFORM60 project consisted in construction of J-Q locus for three types of 

specimens, namely pre-cracked Charpy V-notch (PCCV) specimens with deep crack, PCCV specimens with 

shallow crack, and small cruciform specimens (SCS) for 4 materials/material conditions of west European 

PWR reactor pressure vessels (RPVs). The materials/material conditions considered were as follows: 

20MnMoNi5 5 base metal in irradiated condition 

S3NiMo1/OP41 TT weld metal in irradiated condition  

22NiMoCr3 7 base metal in unirradiated condition (Euro material A) 

22NiMoCr3 7 base metal in irradiated condition (Euro material A irradiated) 

In the present paper, the results of evaluation are presented for all four materials mentioned above, however, 

due to lack of space, the procedure used for gaining these results is described only for one of these materials, 

namely 20MnMoNi5 5 base metal in irradiated condition.

The goal of the analysis was to apply two parametric fracture mechanics (J-Q) to predict loss of constraint for 

specimens with shallow crack compared to specimens with deep crack (both loaded uniaxially), and to verify 

that if specimen with shallow crack is loaded biaxially (small cruciform specimen), then the loss of constraint 

due to shallow crack is partially cancelled. The biaxiality ratio of the cruciform specimens was prescribed to be 

approx. 2.3 : 1 (with higher load applied to the shorter arm of the cruciform specimen, i.e. the stress opening 

the crack is produced by lower load applied to longer arm). This biaxiality ratio is relatively very high, 
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therefore it may be expected that the effect of biaxiality, if it exists, will be pronounced and will be easily 

recognized from the results (by comparing the J-Q locus diagrams for different types of specimens).   

Based on the values of Q-parameter at general yielding in the individual types of specimens, the corresponding 

values of T-stress were determined, and based on the T-stress values, the (relative) shifts of Master Curve 

reference temperature T0 due to shallow crack effect and/or due to combination of shallow crack effect and 

biaxial loading effect (compared to T0 for PCCV specimens with deep crack) were determined.  

When solving the task, finite element (FE) codes SYSTUS and MSC Marc were used. For small cruciform 

specimens, contact between test body and the loading unit was modelled. In this paper, only the results 

obtained by SYSTUS are presented. 

  

MATERIAL PROPERTIES USED IN THE CALCULATIONS 

 

Tensile properties 

The true stress - true strain curves for all materials, for temperatures used in FE calculations (near to test 

temperatures), are seen in Fig. 1 [5]. Values of Young modulus E (in MPa) were taken as follows 

E(T) = 207000 – 90*(T ),         (1) 

where T is temperature in °C. Poisson ratio ν was assumed equal to 0.3. 
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Fig. 1. True stress – true total strain curves for 4 examined materials 

  

In Table 1, the yield strength values for the appropriate temperatures are summarized. 

 

Table 1. Yield strength values for the examined RPV materials at the FE calculation temperatures 

 20MnMoNi5 5 base 

metal in irradiated 

condition, T=-50 °C 

S3NiMo1/OP41 TT 

weld metal in irradiated 

condition, T=-50 °C 

22NiMoCr3 7 base 

metal in unirradiated 

condition, T=-100 °C 

22NiMoCr3 7 base 

metal in irradiated 

condition, T=-90 °C 

Rp0.2 

[MPa] 
541 642 597 643 

 

Fracture properties 

In Table 2, the overview of values of Master Curve reference temperature T0 is attached for all examined 

RPV materials and for all examined types of specimens [5]: In this Table, also the relevant neutron 

fluence is attached.    
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Table 2. Overview of values of Master Curve reference temperature T0  

 T0 [°C] 
PCCV deep PCCV shallow SCS 

20MnMoNi5 5 irradiated  

(fluence approx. 7E+18 n/cm
2
 )  

-54 -101 -83 

S3NiMo1/OP41 TT weld metal in irradiated 

condition (fluence approx. 9E+18 n/cm
2 
) 

-26 -113 -84 

22NiMoCr3 7 base metal in unirradiated 

condition 
-112 -154 -134 

22NiMoCr3 7 base metal in irradiated condition 

(fluence approx. 4E+19 n/cm
2
 ) 

-78 -126 -101 

 

   

GEOMETRY OF SPECIMENS 

 

PCCV specimens with standardized dimensions (ASTM E1820 standard) with side grooves were used. 

For PCCV specimens with deep crack, relative crack depth a/W=0.5 was used in FE calculation, and for 

PCCV with shallow crack the relative crack depth a/W=0.1 was used.    

Geometry of small cruciform specimen (SCS) was as follows: specimen length is 90 mm (=total length of 

longitudinal arm), thickness of each arm is 10 mm, specimen width (W, in direction of crack propagation) 

is 20 mm, and total length of transversal (shorter) arm is 44 mm. Relative crack depth was a/W=0.15 

(shallow crack). The SCS geometry is seen in Fig. 2. 

 

 
Fig. 2. Engineering drawing of small cruciform specimen 

 

FE MESHES 

In Figs. 3 - 5, FE meshes of PCCV with deep crack, PCCV with shallow crack and small cruciform 

specimen (SCS) are seen, respectively. These meshes were constructed using SYSTUS FE code.  

For FE modelling of cruciform specimens, the contact between test body and the rigid contactors (sphere 

and two supporting cylinders) was modelled. Loading span on the transversal (shorter) arm was 35 mm, 

on the longitudinal (longer) arm 80 mm. Consequently, the biaxiality ratio was approx. 2,3 : 1 (in 

association with this, the uniaxial loading of PCCV specimens is characterized by biaxiality ratio = 0:1). 
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Fig. 3. FE mesh of a quarter of PCCV specimen with deep crack 

 

 
Fig. 4. FE mesh of a quarter of PCCV specimen with shallow crack 

 

 
Fig. 5. FE mesh of a quarter of small cruciform specimen (with shallow crack) 

 

For determination of Q-parameter, a small scale yielding (SSY) solution is needed. The two-dimensional 

FE mesh appropriate for the SSY solution is seen in Fig. 6. In this mesh, the crack is modelled as a notch 

of radius 1 μm (0.001 mm), and the size of element adjacent to the notch is 0.1 μm. Radius of the entire 
semi-circle is 10 m. The SSY solution was obtained by solving the modified boundary layer problem with 

using SYSTUS FE code. FE meshes for PCCV specimens contained quadratic isoparametric elements, 

while FE meshes for small cruciform specimens were constructed using linear elements only. 
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Fig. 6. FE mesh for the reference SSY solution with T-stress = 0 (2D mesh) 

 

DEFINITION OF Q-PARAMETER 

 

The Q-parameter was calculated according to the following equation [1-2]  

0

0,)(

0

( 0(( TSSYyyyy
Q        (2)  

   

where    σyy  is stress opening the crack for the examined specimen,  

 (σyy)SSY, T=0 is stress opening the crack for the reference SSY solution with T-stress = 0,  

 σ0 is yield stress of the respective material (denoted also by sig0 in the figures).  

 

Values of σyy and (σyy)SSY, T=0 were determined always on symmetry plane. Reference solution (σyy)SSY, T=0 

was obtained by solving the Modified Boundary Layer Problem in 2D (plane strain).  

Q-parameter calculated according to (2) may attain different values in dependence on at which value of 

normalized distance rσ0/J it is evaluated (r is distance before crack front, J is value of J-integral at the 

given load level). In what follows, Q-parameter was evaluated for rσ0/J = 2, 3 and 4. Standard J-Q locus is 

evaluated for rσ0/J = 2 [1-2]. The other J-Q loci (for rσ0/J = 3 and 4) are attached here as a supplementary 

information.  

Q-parameter (similarly as other constraint parameters) depends on loading. Therefore, in our calculations, 

a set of load levels was selected, for which the Q-parameter was evaluated. Number of selected load 

levels differed moderately for different types of specimens; usually between 12 and 20 load levels were 

selected.  

In Figures showing the stress fields (Figs. 8 - 10), the SSY-solution curve was plotted for load level 

corresponding to J ≈ 100 kJm-2
. Simultaneously, it was verified that shape of this curve is independent of 

J-value selected (at least for rσ0/J from interval (2, 10), as mentioned in [1-2]). 

For small cruciform specimen, besides of formula (2) also an analogous formula was used for calculation 

of Q-parameter, in which the hydrostatic stress σm was used (in accordance with [3]). Both types of J-Q 

locus (based on stress opening the crack and on hydrostatic stress) were compared.  

 

RESULTS OF CALCULATIONS FOR 20MnMoNi5 5 MATERIAL IN IRRADIATED 

CONDITION 

 

In Fig. 7, the FE calculated force vs. CMOD curves are seen for different types of specimens for 

20MnMoNi5 5 material in irradiated condition.  
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Fig. 7. FE calculated force vs. CMOD curves for two PCCV specimens with deep and shallow crack (a), 

and for SCS (b), for 20MnMoNi55 material in irradiated condition 

 

In Figs. 8 - 10, stress fields in dependence on normalized distance rσ0/J are seen for PCCV specimens 

with deep and shallow crack, and for SCS, respectively, and also the curve for SSY solution is plotted. 
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Fig. 8. Variation of stress opening the crack in dependence on rσ0/J for PCCV specimen with deep crack 

and comparison with SSY solution, for 20MnMoNi55 material in irradiated condition.  

 

200

400

600

800

1000

1200

1400

1600

1800

2000

0 2 4 6 8 10

si
g

m
a

 y
y

 [
M

P
a

]

rsig0/J [-]

PCCV, shallow crack:

Stress opening the crack vs. rsig0/J

SSY, J=101.4 kJm-2

7.04 kJm-2

13.5 kJm-2

23.0 kJm-2

45.8 kJm-2

69.5 kJm-2

93.1 kJm-2

116.5 kJm-2

140.0 kJm-2

163.4 kJm-2

186.9 kJm-2

210.5 kJm-2

234.3 kJm-2

258 kJm-2

281.7 kJm-2

305.4 kJm-2

329.2 kJm-2

352.9 kJm-2

376.8 kJm-2

396.1 kJm-2

 
Fig. 9. Variation of stress opening the crack in dependence on rσ0/J for PCCV specimen with shallow 

crack and comparison with SSY solution, for 20MnMoNi55 material in irradiated condition.  
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Figure 10. Variation of hydrostatic stress in dependence on rσ0/J for SCS specimen and comparison with 

SSY solution, for 20MnMoNi55 material in irradiated condition. 

 

In Figs. 11 - 13, the J-Q loci with Q determined at different values of normalized distance rσ0/J=2,3,4 are 

seen, for PCCV with deep crack, PCCV with shallow crack and  SCS, respectively.  
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Fig. 11. J-Q locus diagrams with Q determined at rσ0/J =2,3,4, for PCCV with deep crack, for 

20MnMoNi55 material in irradiated condition. 
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Fig. 12. J-Q locus diagrams with Q determined at rσ0/J =2,3,4, for PCCV with shallow crack and 

20MnMoNi55 material in irradiated condition.  
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Figure 13. Comparison of J-Q locus diagrams with Q determined at rσ0/J=2,3,4 for SCS, Q based on 

stress opening the crack and on hydrostatic stress. Material 20MnMoNi55 in irradiated condition. 

 

It is seen from Figs. 11 – 13 that the effect of where the Q-parameter is determined (rσ0/J =2,3,4) on  the 

shape of J-Q locus is  significant, while the effect of whether stress opening the crack or hydrostatic stress 

is used in (2) (in case of SCS) is small.  

The same evaluation procedure was used also for three other RPV materials; the resulting J-Q locus 

diagrams are presented in Fig. 14 (for all 4 examined materials). This figure shows only small variability 

in dependence on the material examined. On the other side, it demonstrates a significant difference in 

constraints between the individual types of specimens. The highest loss of constraint (lowest values of Q) 

was found for PCCV specimens with shallow crack loaded uniaxially (a/W=0.1, loading ratio 0:1); this 

loss of constraint is due to shallow crack effect (a/W = 0.1). Medium loss of constraint was found for SCS 

loaded biaxially (a/W=0.15, loading ratio 2,3:1). This loss of constraint is due to two effects: (1) shallow 

crack effect (a/W=0.15), and (2) biaxial loading effect (biaxiality ratio 2,3:1). The second effect partially 

compensates the first one. Lowest loss of constraint was found for PCCV specimens with deep crack 

loaded uniaxially (a/W=0.5, loading ratio 0:1). The appropriate Q-values range from some small positive 

value (approx. 0.05) to -0.25 in dependence on load. 
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Fig. 14. Comparison of J-Q locus diagrams for all types of specimens and all materials; Q determined at 

rσ0/J=2. 
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Note. The “change of slope” appearing on the J-Q locus diagrams for SCSs at loading level of about J=30 

kJm
-2

 (Fig. 14) corresponds, most likely, to the change in distribution of the total experimental force into 

the individual arms. In particular, at this load level, the longitudinal arm starts to take slightly lower 

portion of the total load, while the transversal arm starts to take slightly higher portion of the total load 

than in the beginning of loading. In this way, starting from this loading level, the loading biaxiality ratio 

(and, consequently, the constraint level) is moderately increased. 

 

T0 SHIFT ESTIMATION BASED ON Q-PARAMETER 
 

As mentioned in [4], to derive a shift of T0 from a constraint parameter is not an easy task; in our case the 

following approach was used: For given type of specimens (PCCV with deep crack, PCCV with shallow 

crack or SCS) the T-stress based on Q-parameter at the state of general yielding in the particular specimen 

was determined, and based on the T-stress the shift of T0 was established. For the first conversion the 

following relation was used [4]: 

 T-stress = Q*σ0,        (3)  

where σ0 means yield stress at the appropriate temperature. 

For the second conversion the following conservative relation was used [4]: 

 ΔT0 = T-stress/12.        (4)  

General yielding is assumed to occur in the specimen when plastic zone spreading from the crack front is 

merged with plastic zone arisen on the opposite side of the specimen (in direction of crack propagation). 

In Table 3, there are summarized values of Q determined at the state of general yielding for each type of 

specimens, as well as the corresponding shifts ΔT0 (determined according to (3) and (4) for all types of 

specimens and all types of examined materials). 

 

Table 3. Values of both Q-parameter and shift ΔT0 for all types of specimens and all examined materials 

 PCCV deep PCCV shallow SCS 

 Q  [-] ΔT0 [°C] Q [-] ΔT0 [°C] Q [-] ΔT0 [°C] 
20MnMoNi55, irrad. -0,138 -6,2 -0,776 -35,0 -0,585 -26,4 

S3NiMo1/OP41TT irrad. -0,146 -7,8 -0,838 -44,8 -0,588 -31,5 

22NiMoCr37 unirradiated -0,151 -7,5 -0,822 -40,9 -0,596 -29,7 

22NiMoCr37 irrad. -0,145 -7,8 -0,812 -43,5 -0,586 -31,4 

 

The shifts of T0 attached in Table 3 were determined with respect to T0 relevant for full constraint (SSY 

solution, with T-stress=0). To obtain relative shifts of T0 with respect to T0 for PCCV specimens with 

deep crack, the shifts ΔT0 for PCCV specimens with deep crack have to be subtracted. In Table 4, the 

resulting relative shifts of T0 for PCCV specimens with shallow crack and SCSs (with respect to T0 of 

PCCV with deep crack) are summarized. Also the comparison with experimental relative shifts ΔT0 [5] 

for PCCV with shallow crack and SCSs (see Table 2) is attached. 

  

It is seen from Table 4 that the predicted relative shifts ΔT0 are, for PCCV with shallow cracks, lower (in 

absolute value) than the corresponding experimental ones, i.e. they are conservative. For small cruciform 

specimens, the relative shifts in Table 4 are either lower (in absolute value) than the experimental ones 

(for 20MnMoNi55 and S3NiMo1/OP41 TT materials) or they are practically equal (or even slightly 

higher) than the experimental ones. Nevertheless, for all materials considered, the predicted values of 

relative shifts of T0 (with respect to T0 of PCCV with deep cracks) are acceptable, since they are not, in 

any case, non-negligibly higher than the shifts ΔT0 found experimentally. 
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Table 4. Comparison of predicted relative (with respect to T0 for PCCV specimens with deep cracks) 

shifts of T0 for PCCV with shallow crack and for SCS, with the corresponding experimental ones 

 20MnMoNi5 5 

irradiated 

 S3NiMo1/OP41 

TT irradiated 

22NiMoCr3 7 

unirradiated 

 22NiMoCr3 7 

irradiated 

PCCV 
deep 

PCCV 
shallo

w 

SCS PCCV 
deep 

PCCV 
shallo

w 

SCS PCCV 
deep 

PCCV 
shallo

w 

SCS PCCV 
deep 

PCCV 
shallo

w 

SCS 

Experimental relative 

shift ΔT0 [°C] - -47 -29 - -87 -58 - -42 -22 - -48 -23 

Predicted relative 

shift ΔT0  [°C] - -28,8 -20,2 - -37 -23,7 - -33,4 -22,2 - -35,7 -23,6 

 

CONCLUSION 

 

In the paper, J-Q locus diagrams were constructed for 3 types of specimens (PCCV with deep crack, 

PCCV with shallow crack, and small cruciform specimens), and for four types of materials/material 

conditions. The results showed: (1) the dependence of J-Q locus shape on the normalized distance from 

crack front (rsig0/J) at which the Q-parameter is determined is significant (evaluation of Q-parameter at 

rsig0/J=2 is considered as the standard approach), (2) the dependence of shape of J-Q locus on the type of 

material is very small, (3) the dependence of shape of J-Q locus on the type of specimen is significant.  

As expected, PCCV specimens with shallow crack loaded uniaxially exhibit highest loss of constraint (Q-

values range from -0.5 to -1.2), medium loss of constraint was found for SCSs subject to biaxial loading 

(Q-values ranged between -0.3 and -0.85), and lowest loss of constraint was found for PCCV specimens 

with deep crack loaded by uniaxial loading (Q-values ranged from approx. +0.05 to -0.25). Loss of 

constraint found for SCSs is consequence of shallow crack effect partially compensated by biaxial loading 

effect.  

In SCS evaluation, a “change in slope” of J-Q locus was found at load level approx. J≈30 kJm-2
, this 

finding is attributed to the small increase in biaxial loading ratio (i.e. increase in constraint) occurring in 

the specimen at this load level.  

Based on Q-values for different types of specimens and different materials, predictions of relative (with 

respect to T0 for PCCV specimens with deep crack) shifts of Master Curve reference temperatures T0 due 

to loss of constraint were performed for PCCV specimens with shallow crack and for small cruciform 

specimens. The predicted relative shifts of T0 were then compared with the corresponding experimental 

ones [5]. It was shown that in all cases the predicted shifts were lower (in absolute value) or practically 

equal to the experimental ones. In view of this result, it may be concluded that the used engineering 

method for determination of shifts of T0, based on J-Q locus, is sensible and may be used in practice. 
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