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Abstract 
Zirconium alloys are widely used as fuel tubes and other core components of light water 
reactors, as well as pressurized heavy water reactors (PHWR). To ensure the structural 
integrity of the fuel element for a longer period in the reactor, the principles of fracture 
mechanics can be applied to evaluate the fitness-for-purpose concept of these fuel elements. 
The main objective of the work was the development of the Pin-Loading Test (PLT) 
experimental testing methodology for obtaining the fracture mechanics parameters in the case 
of zircaloy-4 tubes. The experimental data were processed in the MATLAB programming 
environment, to calculate the KIC toughness for the fuel cladding material, in the axial direction 
of the tube. Future determination of the mechanical properties of the Accident Tolerant Fuel - 
ATF fuel element tubes was considered. PLT-type tests are non-standardized tests but are used 
in the literature for thin tubes of small diameters. 
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Introduction 
Zirconium alloys are widely used as fuel tubes and other 
core components of light water reactors, such as boiling 
water reactors (BWR), pressurized water reactors (PWR), as 
well as reactors with pressurized heavy water (PHWR). 
High mechanical strength, strong ductility, a very low neutron 
absorption cross-section, and exceptional corrosion resistance 
are some of these alloys' advantageous characteristics. 
 
It is important to ensure the structural integrity of these 
fuel tubes during various operational transients as well as 
accident scenarios. To ensure the structural integrity of the 
fuel element for a longer period in the reactor, the 
principles of fracture mechanics can be applied to evaluate 
the fitness-for-purpose concept of these fuel elements. 
 
Fracture mechanics introduces the concept of toughness in 
engineering design. Fracture toughness relates the strength 
of a structure to the size of the dominant crack contained 
in that structure. Consequently, one of the essential elements 
in the analysis based on fracture mechanics is determination 
of the crack size and stress intensity factor at the crack tip [1]. 
 
Geometric and compliance functions in linear-elastic fracture 
mechanics (LEFM) have been extensively studied for use in 
determining these critical values. The geometric function is 
used to determine the stress intensity factor in a relatively 
simple stress state (eg., an uniform stress), while the 
compliance function is used to determine the crack length. 
 
 
Experimental work 
Two situations restrict the application of fracture mechanics 
concepts in testing thin-walled tubes [2]. The first situation 

refers to the geometry of the tubes, which does not meet the 
requirements of the ASTM standards for the configuration of 
the samples and the applied load. For example, specimens for 
tensile tests could be obtained from previously straightened 
tube sections, but the straightening process introduces several 
uncertainties in results regarding the change in the material 
microstructure and the redistribution of internal stresses.  
 
The second situation relates to the difficulties of testing 
samples that retain the original geometry of the tubes from 
which they were cut. Taking the whole tensile test as an 
example, there are difficulties in reproducing the actual 
tensioning conditions of ring-type tensile specimens [3, 4]. 
 
Having these considerations, to ensure the structural integrity 
of the components working in the installations, it was 
necessary to know their resistance to crack propagation, 
which led to the need to introduce a new method for 
evaluating the material properties of thin-walled tubes [5]. 
The new method was introduced by Grigoriev [6] and is 
called the Pin-Loading Tension Test - PLT. 
 
This approach requires the specimen to have a crack or a very 
sharp artificial mechanical defect to determine the fracture 
mechanics parameters. Also, the mechanical stress is done at 
one end of the sample, unlike an uniaxial test on the same 
type of sample, in which case the mechanical load is applied 
to the central axis of the sample. The advantage is the fact that 
the force required deforming the sample and the elastic 
deformation of the clamping system is smaller than in the 
case of uniaxial stress, so the elongation of the sample is 
greater, and sufficient data are recorded for the 
characterization of the material (Fig. 1). 
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Fig. 1. Deformation of the sample by stress:  

a) uniaxial, b) Pin-Loading Tension-type 
 
The material used in the experimental program of this 
work was the Zircaloy 4 alloy used in the manufacture of 
fuel elements for Generation III reactors of CANDU type. 
 
By using mechanical processing procedures that included 
cutting and milling, PLT-type samples were obtained (see 
Fig. 2.). Two diametrically opposite slits are made at the 
two ends of each sample. The dimensions of these slits are 
variable in terms of depth, starting from 1.5mm to 5mm. 
The width is kept constant – approximately 0.15mm. 
 

 
Fig. 2. PLT samples. Material: Zircaloy-4 

 
For mechanical testing, two sets of samples were made. 
The first set comprises three samples with different test 
slot lengths (1.5mm, 3mm, and 5mm). These samples are 
used to measure material compliance. The second set 
includes three samples with the same length of the test slits 
– 1.5mm and are used for the actual tests. The results 
obtained in their case are used to calculate the KIC 
toughness of the material. 
 
The clamping system is composed of two cylinder halves 
(see Fig. 3) with the possibility of fixing at one end in the 
traction rods of the mechanical testing machine. At the 
other end, the clamping system has a conical geometry 
with a channel on which safety is mounted to allow the 
insertion and fixation of the PLT samples. 
 

 
Fig. 3. Clamping system for PLT samples 

 
 
Results and discussion 
Determination of compliance 
To determine the compliance of the Zircaloy-4 alloy, it 
was necessary to carry out mechanical tensile tests on 
specimens with different mechanical crack lengths 
(1.5mm, 3mm, and 5mm). The compliance calculation was 
performed for each sample using the force-displacement 
curves obtained after testing. Fig. 4 presents an example 
for sample Zy-4 – 1.5mm. 
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Fig. 4. Determination of compliance for Zy-4 sample – 1.5mm 
 
For the exponential fit of the compliance, it is necessary to 
know the compliance parameters (C1.5, C3, C5) and a/W. 
Thus we have: 
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Considering relation (3) and W = 16.42mm, relation (2) 
becomes: 
 

 9.5 11 13a 0 5785 0 6699 0 7917=
16 42 16 42 16 42W

. ; . ; ., ,
. . .

        
(4) 

 
Next, an exponential fit is made (see Fig. 5) according to a 
function of the form b xf(x)=a e  , obtaining the exponential 
form of the compliance function: 
 

-7 3 346 xaC =1.09 10 e
W

.     
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   (5) 

 

where x=a W and was chosen in the range 0.5785 – 0.7917 

from the relation (4). 
 

 
Fig. 5. Exponential fitting curve for  a WC  

 
Polynomial compliance will be obtained by a polynomial 
fitting after a polynomial of degree 6. Thus we have: 
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Next, the compliance derivative is calculated: 
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Determination of geometric function 
The geometric function is given by the relation: 
 

1
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     (8) 

 

where: t = 0.4mm; E = 970 GPa –Young's modulus value is 
provided in the literature [6]. 
 
Performing the fitting by a polynomial of degree 5, we 
obtain the final form of the geometric function: 
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Determination of KIC toughness 
KIC toughness can be calculated by using the relationship: 
 

Q
IC

P aK = f
W2t W
   
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     (10) 

 

where a, t, and W factor values are known (a = 1.5mm,  
t = 0.4mm, W = 18.5mm). PQ load values for the tested 
samples are, however, obtained by analyzing the experimental 
curves resulting from the actual test according to the 
recommendations of the ASTM standards (see Fig. 6.) [7]. 
 

 
Fig. 6. Main types of experimental load-displacement curves 
 
Fig. 7 shows how to determine the point corresponding to 
the P5 load for one of the test samples. 
 

 
Fig. 7. Determination of PQ load value 
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Following the analyses made based on the experimental 
curves, the PQ load values corresponding to the three 
tested samples were obtained. These values were entered 
into relation (10) to determine the KIC toughness values.  

The results obtained are presented in Table 1. The average 
value of the zircaloy-4 sheath toughness, KIC, obtained 

from the tests in this study is 123 MPa m . 
 

 
Table 1. Experimental results for material Zy-4 

Sample 
PQ  
(N) 

Geometric function 
f(a/W) 

Toughness KIC  

 MPa m  

test1  1320 9.9506 128.13 

test2  1275 9.9506 123.76 

test3  1225 9.9506 118.92 

 
 

Conclusions 
The study highlighted the importance of the pin-loaded 
test method as an essential test method for ensuring the 
structural integrity of the components operating in the 
active zone of the nuclear reactor, namely the fuel channel. 
The entire documentation activity is integrated into the 
current context of the development of new types of 
accident-tolerant nuclear fuels, an issue treated with 
interest also within RATEN ICN. 
 
The development of an experimental testing methodology 
of the Pin-Loading Test type was possible considering the 
experience accumulated in the RATEN ICN’s mechanical 
testing laboratory regarding the PLT tests. Thus, the 
equipment used and the specially developed specimen 
fixing systems were presented. 
 
The experimental data acquired by the software of the 
testing facility were processed by using the MATLAB 
programming and numerical calculation platform, to 

calculate the KIC toughness for the fuel pellet capping 
material - Zircaloy-4 alloy.  
 
In the first step, the compliance of the Zircaloy-4 material 
was determined. The compliance calculation required 
performing mechanical stress tests on samples with 
different artificial defects having depths of 1.5mm, 3mm, 
and 5mm, respectively. Through an exponential fitting 
followed by a polynomial fitting after a polynomial of the 
degree 6, the compliance function was obtained. The 
derivative of this function allowed the calculation of a 
geometric function. also called a geometric correction 
factor. This factor is an important parameter in the KIC 

toughness calculation. 
 
The average toughness value for the Zircaloy-4 tube, KIC, 

obtained after performing the tests was 123 MPa m . 
 
The results of the study will be used for future work on 
development and characterization of ATF-type sheaths. 
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