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Abstract: Long-term exposure at elevated temperatures results 
in a degradation of the short-term tensile properties of metal 
that can cause the deterioration in reliability of power 
equipment. Therefore, in order to avoid unscheduled outages 
and to guarantee fail-safe operation of equipment periodic 
control of the tensile properties of metal is highly significant. 
The comparison of tensile properties values, calculated as a 
function of metal hardness according to known relations and 
obtained from the direct tensile testing of some power plant 
steels is presented in this paper. On the basis of wide 
disagreement of calculated and measured data was drawn a 
conclusion about the significance of direct testing of tensile 
properties. 
Keywords: tensile properties, tensile testing, hardness, power 
plant steels, high temperature 

 

1. INTRODUCTION 
 
One of the most important missions in heat-and-

power engineering is increasing the durability and 
operating reliability of new components of power 
equipment as well as components that had exceeded the 
nominal design life. Boilers and turbines of Narva power 
plants in Estonia were designed for 100 thousands hours 
of operation, but the basic components (except for unit 8 
of Eesti power plant and unit 11 of Balti power plant) 
have been already operated 250…280 thousands hours. 
Nowadays such components of power equipment require 
continuous inspection and replacement (if it is needed). 
In this case in respect to safe and reliable operation of 
equipment it is highly significant to be able to determine 
life consumption and estimate the remaining life of the 
component or the life till the next mandatory inspection 
as accurate as possible. It allows optimize the amount 
and cost of inspection and avoid unscheduled outages 
and unreasonable replacement of components, which is 
rather expensive procedure.  

 

2. TENSILE PROPERTIES DEGRADATION 
 
According to [1] the short-term mechanical properties 

of metal could not be used as a criterion for 
determination of current state of damage of power 
equipment components, operated in creep conditions. 
The main process that allows determining life 
consumption of component is accumulation of metal 
structure damages, caused by creep and fatigue of metal 
under influence of high temperatures and stresses and 
their fluctuations. On the other hand, changes in 
microstructure of metal, which occur in metal during 
long-term exposure in conditions of creep, can cause a 
degradation of short-term tensile properties [2-9]. The 

influence of long-term operation on tensile properties of 
perlitic steel 12Ch1MF (analogue steels are 2¼Cr-1Mo, 
10CrMo9-10), which is commonly used in steam piping 
manufacturing, was investigated in [4]. It is shown, that a 
long-term exposure of steel 12Ch1MF at elevated 
temperatures leads to decreasing of tensile strength (Rm). 
Tensile strength, measured at operating temperature 
(Rm/t), decreases more markedly. Moreover, author 
proposes to use the ratio of tensile strength measured at 
operating temperature to tensile strength measured at 
room temperature (Rm/t / Rm) as one of reliability 
parameters. According to [4] the minimum allowable 
value of the ratio for steel 12Ch1MF is 0.48 at 560-
570°C and 0.55 at 540-545°C. 

The influence of long-term operation at high 
temperature on yield strength (Rp0.2) of perlitic steels 
12Ch1MF and 2¼Cr-1Mo, measured at room 
temperature is presented in Fig. 1 [5, 6, 7]. The steel 
2¼Cr-1Mo, which is also used for manufacturing of 
steam piping and headers, was investigated in Babcock & 
Wilcox [7]. The results of investigation have shown an 
evident tendency of the subsequent yield strength steady 
decrease during service time at high temperatures 
(Fig. 1). It is seen, that after 200 thousands hours of 
operation at 540°C yield strength of steel 12Ch1MF 
decreases approximately by 7%, and for steel 2¼Cr-1Mo 
the decrease of yield strength is 24%. Investigation of 
steam turbine rotor steel Cr-Mo-V [8] has shown the 
decrease of tensile strength and yield strength after 200 
thousands hours of operation at 530°C from 939 to 855 
 

 
Fig. 1. Effect of service time and temperature on the yield strength of 
steels 12Ch1MF [5, 6] and 2¼Cr-1Mo [7] 
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Steel SMiS “Donbassenergo” Ural VTI 

Rp0.2, MPa Rm, MPa Rp0.2, MPa Rm, MPa 

12Ch1MF НВ=100-175  

5.45 HB-480 

НВ=100-175  

3.5 HB 

НВ175  

3.6 HB 

2.35 HB+18 3.35 HB+18 

Tab. 1. Relationship between tensile properties and Brinell hardness for perlitic steel 12Ch1MF [11, 12]. 

 

N/mm
2
 (9%) and from 786 to 686 N/mm

2
 (13%) 

respectively. According to investigation of carbon steel 
St. 20 [9], operation at 450 °C leads to decrease of tensile 
strength by 13% and yield strength by 20% after 79 
thousands hours. Consequently, long-term exposure at 
elevated temperatures in the conditions of creep results in 
a degradation of the short-term tensile properties of metal 
for all investigated power plant steels. Moreover the 
decrease of short-term tensile properties for some steels 
is specified in standards [10]. So, the allowable decrease 
of short-term tensile properties (tensile strength and yield 
strength) after 100 thousands hours of exposure for metal 
of steam pipelines (straight sections and bends), which 
are operated in conditions of creep, is not more than 
30 N/mm

2
 in comparison with requirements for the new 

material. The ratio of yield strength to tensile strength 
(Rp0.2/Rm) measured at room temperature should also 
satisfy certain requirements (e.g. for metal of boiler drum 
the ratio should not exceed 0.7 for carbon steels and 0.8 
for alloyed steels [10]). Thus, in order to determine the 
life consumption and current state of damage of power 
plant components in addition to analysing of metal 
structure it is highly significant to measure periodically 
tensile properties of the metal. 

 

3. COMPARISON OF DIRECT AND 

INDIRECT METHODS OF TENSILE 

PROPERTIES DETERMINATION. 

 
Traditional destructive methods of mechanical 

properties evaluation by means of tension tests of 
standard specimens require removing metal from the 
component in great quantities and hence the replacement 
of the component. Therefore in order to reduce the cost 
of the metal examination and to determine the material 
properties of the in-service components without necessity 
of the replacement indirect techniques of the mechanical 
properties evaluation have been developed. These 
techniques are based on the relationship between tensile 
properties and hardness, which can be easly measured in 
situ without metal removing by using of portable 
hardness testers. In this case prior to hardness testing it is 
necessary just to polish the surface of the component. 
Particularly, the methods of SMiS “Donbassenergo” and 
Ural VTI [11, 12] are used for determining the tensile 
strength and yield strength of some steels, which are used 
for manufacturing of the basic components of power 
plants in Estonia. The equations of Brinell hardness 
number (HB) conversion into tensile properties of perlitic 
steel 12Ch1MF are presented in Tab. 1.  

In order to analyse the validity of using above-
mentioned methods, the results of metal testing during 
many years in the laboratory, are taken into 
consideration. The values of tensile strength and yield 
strength obtained from the tension tests of standard 

cylindrical specimens fabricated from unexposed steel 
12Ch1MF and Brinell hardness measured by means of 
bench-top testers have been selected. The comparison of 
tensile properties measured by means of tensile testing at 
temperature of 20 °C and calculated depending on 
Brinell hardness values is presented in Fig. 2. It is seen, 
that the results of the real direct tensile tests and 
calculated data have shown quite a good agreement. 
However the ratio of yield strength to tensile strength 
could not be practically predicted on the basis of 
hardness values with acceptable accuracy (Fig. 3). 
Moreover according to equations of Ural VTI the ratio 
Rp0.2/Rm is practically the constant value that is not valid. 
 

 
Fig. 2.Tensile strength and yield strength of steel 12Ch1MF measured 
by tensile testing at temperature of 20°C and calculated depending on 
Brinell hardness values according to the correlations of SMiS 
“Donbassenergo” and Ural VTI. 

 

 
Fig. 3.The ratio of yield strength to tensile strength of steel 12Ch1MF 
measured by tensile testing at temperature of 20°C and calculated 
depending on Brinell hardness values according to the correlations of 
SMiS “Donbassenergo” and Ural VTI. 

 

The measurements of post-exposed at elevated 

temperature material have shown that it is impossible to 
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find functional relation between yield to tensile ratio and 

service time (Fig. 4) or between yield strength and tensile 

strength at room temperature (Fig. 5). Thus, it is valid to 

consider, that it is impossible to estimate the yield 

strength depending on measured tensile strength with 

acceptable accuracy. At the same time the yield strength 

is a very essential parameter for the operational integrity 

assessment of some components (e.g. turbine casing). 

The measurements of post-exposed material, conducted 

at operating temperature of 540 °C have shown 

significantly higher scatter of the data (Fig. 6). 

Another comparative analysis of real tensile 

properties and converted from hardness values has been 

carried out. Tensile properties have been determined by 

 

 
Fig. 4. Relationship between the ratio of yield strength to tensile 
strength Rp0.2/Rm of post-exposed steel 12Ch1MF at temperature of 

20°C and service time 

 
Fig. 5. Relationship between the yield strength Rp0.2 and tensile strength 
Rm of post-exposed steel 12Ch1MF at temperature of 20°C 

 
Fig. 6. Relationship between the yield strength Rp0.2, tensile strength Rm 

and hardness HB of post-exposed steel 12Ch1MF at 540°C 

tensile testing of the miniature flat specimens (Fig. 7), 

which have been fabricated from the samples extracted 

from the in-service components [2]. The metal hardness 

has been measured by portable testers (type 54-359 M) 

on the surface of the dimple, remained after sample 

extraction (Fig. 8). It should be mentioned, that the 

hardness has been measured not from the surface layer 

but at a depth of about 2–3 mm from the surface of the 

component, that represents the properties of bulk metal. 

A detailed review of the sampling devices, experience in 

metal extraction of miniature samples is presented in [13, 

14]. The results of tensile testing of miniature specimens, 

conducted at room temperature, were compared with 

calculated values depending on metal hardness. In Fig. 9 

it is clearly seen, that the values, predicted by 

correlations, are significantly higher, than the values of 

mechanical properties, obtained from direct tensile 

testing. The ratio of yield strength to tensile strength also 

practically could not be predicted (Fig. 10). 

 

 
Fig. 7. Miniature specimen for tensile testing (all dimensions are in 

mm) 

 
Fig. 8. Dimple remained after metal sampling 

 
Fig. 9. Tensile strength Rm and yield strength Rp0.2 of steel 12Ch1MF 
measured at room temperature and calculated depending on Brinell 

hardness measured on the surface of the dimple 
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Fig. 10. Yield strength and tensile strength ratio Rp0.2/Rm of steel 
12Ch1MF measured at room temperature and calculated depending on 
Brinell hardness measured on the surface of the dimple 

 
It should be briefly mentioned, that automated ball 

indentation (ABI) technique [15] could be also applied to 
evaluate the tensile properties of metal. ABI is non-
destructive technique, which is based on ball indentation 
and the uniqueness of which is the fact that this technique 
does not require post measurement of the diameter of 
indentation. According to [15] ABI allows determining 
several tensile properties (e.g. yield strength, tensile 
strength). However, plasticity of the metal (percent 
elongation and reduction of area, which are very 
important parameters in estimation of durability of such 
components as boiler drums, piping) could not be 
measured by this technique, neither by conversion of 
hardness values.  

In addition, it should be emphasised that in contrast to 
direct tensile tests neither ABI technique, nor the 
converted hardness values do not provide the information 
whether obtained tensile properties are in the longitudinal 
or transverse direction. It should be also pointed out, that 
both of the methods provide data about properties of the 
surface layer of the component, which are 
unrepresentative of bulk metal properties. So, in view of 
surface effects such as oxidation or carbon depletion, 
either during manufacturing or in service, mechanical 
properties of the surface layer are significantly different 
from properties of the bulk metal. 

 

4. CONCLUSION 
 
The comparison of the tensile properties of post-

exposed material, obtained from the direct tensile testing 
and calculated as a function of measured hardness 
according to indirect techniques, has shown a vital 
importance of direct testing in order to determine tensile 
strength, yield strength and ductility properties. The 
mentioned indirect techniques are not sufficiently reliable 
for the metal which has been subjected to long-term 
operation at high temperature and could not substitute the 
direct tensile tests. Thus the tensile properties of the 
actual material can be obtained only by means of direct 
tensile testing. The complete material behaviour could be 
adequately and reliably depicted only by the entire stress-
strain curve, which could not be provided by indirect 
techniques. Thus, direct testing of tensile properties is the 
only reliable source of data. 
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