
 

Fig. 1 – Detail of the carbo-sulfide inclusion with 
small carbide particles inside and along the grain 

boundaries 
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The paper describes the procedures used for the analyses of cracks in the threaded holes 
of the cold collector. Combination of metallography, scanning electron microscopy, dye 
penetration testing, bulk chemical analysis, tensiometric measurements and neutron 
diffraction measurements has been used for description and documentation of the cracks. 
Based on these results the possible cause of the cracks and propagation is proposed. 

 
1. INTRODUCTION 

During regular eddy current checks of the cold collector of the steam generator in 
Dukovany nuclear power station the defect was indicated in one of its thread holes. The dye 
penetration test verified presence of two cracks in the thread hole bottom. Removal of the 
surface material by the grinding machine has shown that the cracks are deeper then 10 mm, 
which is unacceptable for further operation. Whole cold collector has been cut away and 
submitted for detailed destructive testing. The main task has been description of found cracks 
– dimensions and growth mechanism – followed by evaluations of the material and finding 
possible cause of the cracks. 

 
2. RESULTS 

The dye penetration test has been used at first to locate the cracks. Based on its result the 
cutting scheme has been proposed in such a way that the maximum dimensions of the crack 
could be measured and sufficient quantity of material would be available for all the analyses. 

 
2.1 Microstructure 

The microstructure has been evaluated on two perpendicular cuts: axial (parallel with the 
main collector axis) and radial (perpendicular to the collector axis). The microstructure is 
austenitic with low content of delta-
ferrite and numerous twins. The grain 
size according to CSN 42 0462 is ASTM 
5.5, delta-ferrite grains are elongated in 
the axial direction. Two types of 
inclusions have been observed: 

- Titanium carbo-nitrides, with 
sizes from 5 to 10 µm, 
homogeneously distributed.  

- Titanium carbo-nitro-sulfides, 
with sizes op to 10 µm, creating 
long discontinuous chains in the 
axial direction.  

Relatively high number of small 
carbide particles could be found inside 
the austenitic grains as well as on the 
boundaries (see Fig. 1). 

 



 

Fig. 2 – Profile of the crack 2 inside 
the collector wall  

2.2 Crack dimensions 
Two cracks have been found in the thread hole, 

both in the plane parallel with the collector main axis. 
After successive cutting of both cracks, their 

dimensions could be measured. Both maximum depth 
and width together with approximate shape have been 
recorded. Maximum depth is 47 mm for the crack #1 
and 84 mm for the crack #2. Both cracks advanced to 
14 mm from the collector inner surface. The closest 
point from the outer collector surface is 25 mm for 
the crack 2.  

The profile of the crack #2, which has propagated 
farther than crack #1, is shown on Fig. 2. From the 
measured profiles of the cracks it could be assumed, 
that the initiation point of both cracks was probably 
located at the thread hole bottom in the corner. 

 
2.3 SEM 

One part of the crack has been opened and 
observed under the scanning electron microscope. 
The surface has been completely covered with iron 
oxides (spinel - Fe3O4) so the cleaning procedure 
according to ASTM must have been used.  

The main crack mechanism is a brittle 
transgranular fracture with typical facets, visible grain 
boundaries or secondary cracks (see Fig. 3). The 
magistral cracks are transgranular as well as their 
branches.  

The crack locally propagates along the grain 
boundaries intergranularly (see Fig. 4). The ratio of 
the intergranular crack on observed parts is 
approximately 10%. The uneven surface of the 
austenitic grains is caused by the carbide particles. 
 
 

  
 Fig. 3 – Transgranular fracture Fig. 4 – Intergranular fracture 

 

Crack #2 



 

2.4 Bulk chemical composition  
The analysis of chemical composition of the bulk material has been performed in order to 

verify it against the known nominal composition required for the material of the steam 
generator collector. The results are given in Table 1. Composition of all the measured 
elements is well within the requirements with exception of carbide. Its content is by 0.01 
wt.% higher than the nominal composition. This is clearly seen from both the metallography 
and SEM observations by the high content of carbide particles. 

 
Table 1: Chemical composition of the collector and nominal composition [wt. %] 

 C Mn Si P S Cu Ni Cr Ti 

Collector 0,09 1,57 0,47 0,017 0,007 0,03 10,7 17,2 0,55 

Nominal ≤ 0,08 ≤ 2 ≤ 0,8 ≤ 0,035 ≤ 0,020 ≤ 0,30 9 – 11 17 – 19 min 5xC – max 0,7 

 
 

3. INTERNAL STRESSES 
Another important property of the cold collector material, which has been assessed, are 

internal stresses. The material must be mechanically stressed in order to provide conditions 
for crack growth. Due to the construction and operation of the cold collector the internal 
stresses of the material must be considered. Those stresses may be either permanent, created 
during collector manufacturing, or temporary, caused by the operational factors, mainly the 
temperature differences. The temporary stresses may not be measured directly after the 
extraction of collector, but because the temperature difference (even during start-up and shut-
down) is not large and the number of temperature cycles is low, contribution of such factor 
would most likely not be significant.  

Two methods have been used for the inner stress measurements – strain gauges and 
neutron diffraction. 

 
3.1 Strain Gauges 

The strain gauges, or tensiometers, are glued to the material surface and afterwards the 
pieces of material are cut away. During cutting the internal stresses are released and the 
dimensions are microscopically changed. Those changes are manifested by change of the 
electric resistance of the tensiometer. After each piece of material is cut away, the resistance 
of tensiometer is measured. The value and sense of the internal stresses in the location of 
tensiometer may be calculated from those measurements.  

Unfortunately the tensiometers could not be attached before the cold collector was cut 
away from the steam generator. Due to the operational causes the thread holes ring must have 
been cut into four symmetric parts and only after that operation the tensiometers could have 
been attached to the surface of the thread holes. It is necessary to consider the fact that certain 
part of the inner stresses could have been released by this cutting, which was not evaluated in 
any way. However, the qualified estimation shows that the main stresses have been still 
present even after these cuts. 

The tensiometer has been attached to the 
bottom part of the thread hole without cracks 
and five cuts have been made (see Fig. 5). 
During these cuts the resistance of the strain 
gauge has been measured and recalculated to the 
stress values (see Table 2). The total value 
represents the sum of all stresses after all cuts. 

Table 2: Internal stresses 
 ∆σ [MPa]
Cuts #1 and #2: symmetric axial  48 
Cut #3: radial 4 
Cut #4: radial -6 
Cut #5: tangential  -14 
Total  32 MPa 



 

Fig. 6 – Measurement of the internal 
stresses by the neutron diffraction  

 
 
 
 
 
 
 
 

Fig. 5 – Cutting scheme of the collector 
 

3.2 Neutron diffraction 
The thermal neutrons are extremely useful for the non-destructive evaluation of the 

internal stresses, particularly because of their ability to penetrate deeply into most common 
materials. The measurement is based on precise measurement of the matrix parameter dhkl of 
the selected crystallographic plane hkl. The measured parameter is then compared to the 
ideal parameter d0,hkl of non-deformed material. The relative deformation may subsequently 
calculated from: 
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In general, only one component of the deformation tensor is obtained from one diffraction 
measurement (one which is parallel). The other components must be measured by 
subsequent measurements and stress calculated from: 
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where E is Young modulus (195.2 GPa) and 
ν is Poisson number.  

All the measurements have been made after the 
fifth cut approximately at the position of the strain 
gauge (see Fig. 5), so that the stresses still present 
in the material not released by the cutting could 
be measured by neutron diffraction. This way the 
results of both measurements could be added 
together. 

The results of the measurement show high 
scatter of the values in the direction of x axis (see 
Fig. 6), which are caused by the manufacturing 
procedure. The anisotropy of the material is 
clearly seen on the metallography. In the direction 
of y axis the results are more or less stable, with 
the highest close to the bottom of the thread hole. 
The highest value is 70 MPa. 
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4. DISCUSSION 
According to the performed analyses the most likely cause of the crack initiation is stress 

corrosion cracking. The root cause is simultaneous effect of the following factors: material, 
stress and corrosion environment. 

Material: Although the possible initiation point of the cracks has been grinded away 
before the collector has been submitted to the analysis, it is clear, that inside the material a 
lot of carbo-sulfides and other inclusions are present. If such inclusions had been present at 
the surface, the integrity of the material may have been significantly affected. The bulk 
chemical composition also shows higher content of carbon, resulting in high density of 
carbide particles inside the grains and along the grain boundaries. These particles weaken 
the bonds and are likely the reason of relatively high ratio of the intergranular fracture. 

Stress: The magnitude of the stresses inside the material of the thread hole is not 
negligible. In the position of a possible initiation point of the thread hole without cracks the 
stresses reached more than 100 MPa (measured by the strain gauge & neutron diffraction). 
In addition comparatively small diameter of the thread hole bottom acts like the stress 
concentrator. According to [1] the stress intensity factor has been calculated as 4 MPam1/2. 
If, for example, the stress in such critical location is increased by factor of five (i.e. from 20 
to 100 MPa), the stress intensity factor reaches 20 MPam1/2. This value is higher than the 
threshold value for the corrosion cracking in the thread holes, which has been calculated as 
18–43 MPam1/2 [2]. 

Corrosion environment: No information about the chemical composition of the deposits 
inside the thread hole is available. Based on the previous analyses of cracks in other 
collector it is known, that the crack may grow by the stress corrosion cracking mechanism. It 
is possible to presume, that weak alkaline environment formed mostly by Cl-, SO4

2-, Na+, 
K+, Ca2+, Al, SiO2 has been created at the thread hole bottom. Relatively high concentration 
of SO4

2- has been measured in the hot collector in 1996 [3]. 
 
5. CONCLUSIONS 

A possible cause of the crack initiation and propagation in the thread hole of the cold 
collector has been stress corrosion cracking. The initiation point of both cracks is probably 
in the corner of the thread hole bottom. The corrosion cracking may have been initiated in 
concurrence with: 

- local changes of the microstructure (increase of the sulfur and carbide inclusions), 
- internal stresses originating from the thread hole manufacturing and stresses caused 

by the bolt tightening, which have been increased by the notch effect of the small 
thread hole bottom radius, 

- oxidation environment of the liquid at the thread hole bottom. 
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