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In accordance with the quality management sys-
tem JSC «VNIINM» in the past few years devel-
oped and implemented more than 10 methods to 
study products from zirconium alloys, and a num-
ber of techniques are now being developed. 

Materials research of zirconium products and 
the corresponding development of techniques is 
made in the following directions:
1) Defi nition of a chemical composition both in 

volume of metal, and in surface layers of prod-
ucts. 

2) Studying of a microstructure of alloys by 
means of optical and electronic microscopy.

3) Determination of parameters of texture with in-
verse pole fi gure and direct pole fi gure. 

4) Studying of mechanical characteristics at 
short-term or long-term tests.

Table 1. Measurement error

Designation Name

εc
The confi dence limits of the random component of 
the error (in terms of convergence) for Р = 0.95

Θ The confi dence limits residual error component for 
Р = 0.95

Δ Thе confi dence limits for the total measurement er-
ror P = 0.95

σс
The standard deviation of the random component 
of the error

5) A corrosion resistance assessment in the con-
ditions of normal operation and high-tempera-
ture oxidation.

6) Measurement of geometrical characteristics of 
products both in the initial state and after the 
infl uence of external factors (radiation, oxida-
tion, hydrogen absorption, etc.) 
At metrological certifi cation of techniques the 

following errors of measurements specifi ed in ta-
ble 1 are defi ned.

For the purpose of ensuring reliable determi-
nation of high concentration of oxygen and hydro-
gen in studies two techniques were developed, 
and one technique of defi nition of impurities was 
modernized in connection with the use of the new 
equipment. Characteristics of errors of these tech-
niques are provided in table 2.

 Introduction of digital pro-
cessing of photos of the oxidized 
samples demanded an assess-
ment of an error of determination 
of thickness of an oxide fi lm (T) 
after corrosion tests. The se-
quence of processing is given 
in fi gure 1, and errors of the de-
veloped technique are given in 
table 3.

The optical microscopy is 
usually applied to determine the 
size of grain in zirconium prod-
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Table 2. Methods of determination of hydrogen, oxygen and impurities. 
Measurement error

Name of element Measurement
range, wt.%,

Error Characteristics

σс Θ Δ
Hydrogen 0.015 - 0.1in. 0.15 0.18 0.25

Oxygen 0.07- 0.2 in. 0.16 0.16 0.24

Fe, K, Ca, Si, Ni, Cr 0.01 - 0.1 0.13-0.25 0.43 0.24-0.29

Al, Mg, Mn, Cu, Mo, Sn, Ti, W 0.001 - 0.01 0.18-0.24 0.43 0.25-0.34



340

Figure 1. Stages of processing of images

a - The original image b - Pre-selection of objects

c - Removing defects d - Overlaying of the mask on the original image 
and the determination of the thickness of the 
oxide fi lm

Table 3. Methods of measuring the thickness of the oxide fi lm after the corrosion test. Measurement error

Magnifi cation of the 
microscope

Measurement range, 
mkm εc Θ Δ

50х 4-140 ± 0.20 ± (0.006*Т+0.20) ± (0.006*Т+0.30)

100х 3-100 ± 0.15 ± (0.006*Т+0.15) ± (0.006*Т+0.22)

150х 2-70 ± 0.12 ± (0.006*Т+0.12) ± (0.006*Т+0.18)

ucts. However the technique with application of 
electronic microscopy is developed for more exact 
determination of the size for use in the arbitration 
purposes.

Middle size of equiaxial grains (U) or middle 
effective diameter of grains (De) was used as a pa-
rameter of grain structure. The effective diameter 
of an individual grain is a diameter of the circle hav-
ing the area equal to the area of grain. The maxi-
mum error of determination of the size of grain by 
this technique doesn’t exceed 8% (table 4).

The typical picture of distribution of grains in 

the cladding tubes from an alloy of E110 is pre-
sented in fi gure 2

For the purpose of ensuring reliable defi nition 
of extent of recrystallization in zirconium materi-
als which is in range from 30 to 100%, the special 
technique was developed (table 5).

 The typical microstructure of the cladding 
tubes from E110 which are in the recrystallized 
state is presented in fi gure 3.

For claddings from Zr-based alloys the impor-
tant characteristic is the distribution of hydrogen 
in wall thickness. For example, after operation in 
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Figure 4. The distribution of hydrogen on wall thickness in claddings

Table 4. Methods of measurement of the grain size in the zirconium alloys by TEM. Measurement error

Designation of 
the parameters

Measurement range,
 mkm

Error Characteristics

εc Θ Δ

U 2.0-5.0 +5 % +6 % +8 %

De 2.5-7.0 +5 % +6 % +8 %

Figure 2. Distribution of grains in the cladding 
tubes from an alloy of E110

 Table 5. Method for determining of the recrystallization degree by TEM.
Measurement error

Designation of the
parameters Magnifi cation Range, % σс,%

The degree 
of recrystallization, %

x 2000 0 - 100 11.8

x 5000 0 - 100 11.2

Figure 3. Microstructure of the cladding tubes 
from E110

  

Zircaloy-4, PWR E635, VVER-1000
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Table 6. Method for determining of the uneven distribution of hydrides in the tubes of Zirconium alloy. 
Measurement error

Designation of the
parameters

Measurement
range

Error Characteristics

Θ Δ σс

Area fraction occupied hydrides 
throughout the cross sectional 
area

2 - 10 % absolute ± 9 % ± 3.0 % 4.0 %

10 - 50 % absolute ± 4.5 % ± 1.5 % 2.0 %

The proportion of the area occu-
pied by the hydrides in the outer 
segment of the cross-sectional

2 - 10 % absolute ± 22 % ± 2.5 % 10 %

10 - 50 % absolute ± 15 % ± 1.5 % 7 %

The proportion of the area occu-
pied by the hydrides on other seg-
ments of the cross-sectional

2 - 10 % absolute ± 13 % ± 2.0 % 6.0 %

10 - 50 % absolute ± 7 % ± 1.5 % 3.0 %

 

Figure 6. Nanohardness and the module of elasticity of an oxide fi lm of a cladding E110

Figure 5. Scheme of tests and chart of compression of a ring 
(D0-initial external diameter)

 𝜀𝑝=100*Δ𝐷𝑐𝑟𝑎𝑐𝑘/𝐷0
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claddings from alloy E110 the distribution of hy-
drogen in thickness of a wall is distributed rather 
uniformly, and its general contents don't exceed 
100 ppm. However in case of multicomponent 
alloys such as E635 or Zircaloy the general con-
tent of hydrogen after operation exceeds 400 ppm 
and the gradient of distribution of hydrogen in wall 
thickness is observed (fi gure 4). Therefore the 
special technique was developed for an assess-
ment of heterogeneity of hydrogen distribution in 
zirconium products (table 6).

The technique of determination of residual 
plasticity (𝜀𝑝) at tests for ring compression of the 
oxidized samples after the high-temperature oxi-
dation modeling accidents with loss of coolant was 
developed (fi gure 5). This technique is passing 
metrological certifi cation now.

In JSC VNIINM the technique on measure-
ment of the elastic modulus and nanohardness 
of oxide fi lms after the high-temperature oxida-
tion and autoclave tests is made. Measurements 
are taken by means of Agilent Technologies G200 
Nano Indenter. The results of measurements of 
nanohardness and the module of elasticity of an 
oxide fi lm of a cladding from an alloy of E110 are 
given on fi gure 6. Metrological certifi cation of this 
technique isn't required. 

 Conclusions

1. The basic methodological framework for the 
study of the characteristics of zirconium prod-
ucts was created in JSC «VNIINM». The reli-
ability of experiments confi rmed the results of 
metrological certifi cation procedures.

2. Further development of methodological sup-
port of «VNIINM» for Zr products research is 
the development and validation of methods to 
determine:

 ● mechanical characteristics under internal 
pressure;

 ● Determination of Contractile Strain Ratio 
(CSR);

 ● Expansion Due to Compression (EDC);
 ● Plane Strain Tensile (PST)
 ● characteristics of resistance multi-cycle and 

low-cyclic fatigue;
 ● texture parameters using the orientation distri-

bution function;
 ● the electrical characteristics of the oxide fi lm 

by impedance.


