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ABSTRACT 

The method and results of investigation into the influence of preliminary thermomechanical loading or warm 
prestressing (WPS) on the brittle fracture resistance of heat-resistant steel are described. The essence of the 
combined WPS is in superposition of an additional cyclic component at the stage of tensile loading. Compact 
tension specimens of thickness 19 mm were tested in tension according to the scheme heating — loading — 
unloading — cooling — fracture. The combined WPS at 623 K was found to increase the brittle fracture resistance 
of steel 15Kh2MFA at 293 К up to 26% compared to static overloading. The experimental results obtained are 
compared with calculations made using Chell’s model 

 
Keywords: warm prestressing, critical SIF value after WPS, crack-opening displacement, crack-tip opening 
displacement, brittle-to-ductile transition temperature. 

 
1. INTRODUCTION 

The resistance to brittle fracture of ferritic-pearlitic steels and, in particular, of materials of pressure vessels of 
VVER type nuclear reactors can be enhanced by warm prestressing, which involves static overstressing of a 
structure at a certain temperature that exceeds the temperature of the brittle-to-ductile transition with a subsequent 
complete or partial unloading . 

The aforementioned method was probably first proposed by Nichols et al. in (1968). Later on this problem 
was studied by Harrison (1972), Chell and Vitek (1977), Loss (1978), and McGowan (1979). These and 
subsequent publications of these authors were dedicated to the investigation of the influence of the 
temperature-force parameters of overstressing on the WPS effect and to the development of models for the 
methods of evaluation of the WPS effect on the brittle strength of structural steels. 

Some works were devoted to the stability of the WPS effect under the action of service factors Katz Y. et al. in 
(1985), Kotilainen H. (1983), Yasniy (1988), among them the influence of the magnitude of ductile crack 
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extension increment Chongya Y. and Minggao Y. (1980), Hedner G. (1984), Troshchenko V. T., Pokrovskii V. V., 
and Kaplunenko V. G.(1997), Pokrovskii V. V. and Ivanchenko А. G. , holding at high temperatures Katz Y. et al. in 
(1985), Pokrovskii V. V. and Ivanchenko А. G. (1999), and the influence of cyclic loading after WPS Yasniy (1988), 
Chongya Y. and Minggao Y. (1980), Kiselev V. A. and Ryvkin E. Yu. (1988), Pokrovskii V. V. and Ivanchenko А. 
G (2002). 

On the whole, the results obtained from testing laboratory specimens with cracks were encouraging. 
Theoretical calculations showed that the critical SIF under static loading after WPS, Кf, increased from 2 to 5 times 
as compared to the fracture toughness, КІС Chell G. G., Haigh J. R., and Vitek V (1981). This was confirmed by the 
results of testing laboratory specimens, specifically, from heat-resistant pressure vessel steels of thickness 25...150 
mm and their welded joints Yasniy (1988), Troshchenko V. T., Pokrovskii V. V., and Kaplunenko V. G.(1997), 
Pokrovskii V. V. and Ivanchenko А. G. (1999), PokrovskiiV. V. and Ivanchenko А. G (2002). However, this method 
was found to be hardly applicable to real structures, since its implementation involves loads that are higher than 
those admissible for given structures. One of the promising, though laborious, methods of the WPS realization for 
reactor pressure vessels is thermomechanical overstressing Pokrovskii V. V. (2003). 

It is known that, in the general case, the enhancing of the brittle-fracture resistance of materials after WPS 
results from inducing a system of residual compressive stresses, crack tip blunting, and strain hardening of the 
material ahead of the crack tip Chell G. G., Haigh J. R., and Vitek V(1981). 

On the basis of previous investigations it was found that the main factors that contribute to the enhancement 
of the brittle fracture resistance of reactor pressure vessel steels of type 15Kh2MFA and their weld metal 
10KhMFT after WPS are crack tip blunting and residual compressive stresses Yasniy (1988),Pokrovskii V. V. and 
Ivanchenko А. G. (1999), PokrovskiiV. V. and Ivanchenko А. G (2002). At that, for the base metal and weld metal 
after heat treatment, which simulates radiation embrittlement of the material at the end-of-life of a VVER-440 type 
reactor pressure vessel, the crack tip blunting is the main factor responsible for the enhancement of the brittle 
fracture resistance Yasniy (1988),Pokrovskii V. V. and Ivanchenko А. G. (1999), PokrovskiiV. V. and Ivanchenko 
А. G (2002). 

The authors of the present paper proposed a technique for increasing the efficiency of the method of warm 
prestressing, which involves addition of a low-amplitude cyclic component to static tension at the stage of 
overstressing Yasniy P. V., Pidkolzin V. Yu., and Kovalchuk Ya. О (1998), Yasniy P. V., Hutsaylyuk V. B., and 
Pshonyak P. V. (2003).  

The objective of this paper is to study the influence of the parameters of combined WPS (overstressing 
amplitude and frequency) on the residual crack tip opening displacement and brittle fracture resistance of 
heat-resistant steels. 

2. EXPERIMENTAL PROCEDURE 
The influence of combined WPS on the brittle fracture resistance was studied by testing compact-tension 

specimens (Fig. 1 a) of thickness 19 mm in tension using an electrohydraulic machine СТМ-100 with a computer 
control (IBM-type PC). 

A fatigue precrack was grown in all specimens at the stress ratio in a load cycle R = Kmin/Kmax = 0.1 and the 
loading frequency 50 Hz according to the recommendations in ASTM E99-83 (here Kmin and Kmax are the lowest 
and the highest stress intensity factors (SIF), respectively). The relative length of a precrack was 0.45…0.55b (here 
b is the specimen width). 

In the course of WPS and fracture toughness testing, all measured values of the load (P) and crack opening 
displacement were recorded on an X-Y recorder and memory unit. 
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Fig. 1 Compact-tension specimen for fracture toughness testing in tension (а) and scheme of 
crack face measurement and specimen heating (b): 1 – specimen, 2 – grips, 3 – furnace, 4 – 

extensometer, 5 – extension rods, 6 – thermocouple. 
When performing tests in the temperature range from 423 to 623 К, specimen 1 with grips 2 were placed in a 

split electroheat furnace 3 attached to the columns of the testing machine (Fig. 1 b). Crack opening displacement 
was measured with extensometer 4, which was connected to the specimen edges via extension rods 5. 

The temperature was measured and controlled using thermocouple 6. After WPS and cooling down to room 
temperature, the specimen was removed from the testing machine. A metallurgical microscope of type МІМ–10 
was used to measure residual crack opening displacement on both specimen surfaces at different distance from the 
crack tip. The measurement error did not exceed 0.001 mm. 

Т1 = Т2 = 623 К, 423 К; Т3 = 293 К 
K

T

K =Kf 3

KIC

K1

K2

T1T3 T2  

a b 
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c 

Fig. 2. WPS schemes: а - general; b, c – 
at the overstressing stage: b – static 

loading,  c – combined loading. 
Since in previous studies no appreciable influence of the unloading value К2 on the WPS effect was found for 

heat resistant reactor steels, in our investigations we used the WPS scheme involving complete unloading К2 = 0 
(Fig. 2 а). 

A specimen was heated up to T1>Тbd (Тbd is the brittle-to-ductile transition temperature) and loaded to the 
level К1<Кс (Т1) (Кс(Т1) is the critical SIF of the material at the temperature Т1). Then it was completely unloaded, 
cooled down to Т2 = 293 К and fractured at this temperature under the load К = Кf (Кf is the critical SIF of the 
material at the temperature Т2= 293 К after WPS). 

For combined WPS, at the stage of overstressing up to К = К1, cyclic loading with the SIF range ∆К = 
Kmax-Kmin was superimposed on tension (Fig. 2 c) (here Kmax and Kmin are the highest and lowest SIFs of the load 
cycle). 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
We studied the influence of the parameters of combined WPS (loading amplitude and frequency) on the 

stress-strain state and fracture toughness of pressure vessel heat-resistant steel 15Kh2MFA after heat treatment, 
which models radiation embrittlement of the material at the end-of-life of the pressure vessel of VVER-440-type 
reactor. 

Chemical composition, heat treatment conditions, and characteristics of mechanical properties of the steel 
under study are listed in Table 1. 

 
Table 1. Chemical composition, heat treatment conditions, and characteristics of the 

mechanical properties of the steel studied. 
σ0.2 σu δ ψ Material and 

composition, % Heat treatment 
Т

, 
К MPa % 

 
Steel 15Kh2MFA (III): 

0.18С, 0.62Мо, 0.27Si, 
0.29V, 0.48Mn, 2.58Cr, 
0.019S, 0.16Ni, 0.013P, 
0.011Ti 

 
Quenching at 1273 К 

for 4 h in oil, tempering 
during 6 h (single) at 893 К

 
77 

183 
293 
373 
473 
623 

 
1440 
1160 
1100 
1040 
956 
880 

 
1590 
1250 
1160 
1110 
1020 
970 

 
3.1 

14.2 
16.6 
15.7 
15.6 
15.2 

 
2.9 

54.0 
67.2 
65.8 
67.4 
65.2 

 
The brittle-to-ductile transition temperature of steel 15Kh2MFA Tbd = 393 К Troshchenko V. T., Yasniy P. V., 

and Pokrovskii V. V(1986). 
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The WPS parameters are listed in Table 2. The relative SIF value at overstressing was 0.85 at the overstress 
temperature 623 К and 0.67 and 0.75 at 423 К. The SIF range varied from 10 to 30 MPa√m, the loading frequency 
at ∆К = 10 and 20 MPa√m was 25 Hz. At ∆К = 30 MPa√m, the loading frequency was reduced to 15 Hz to ensure 
the loading rate equal approximately to that at  ∆К = 20 MPa√m.  

 
Table 2.  Parameters of warm prestressing. 

Т1, К 
KQ,5% 
MPa√
m 

1K  F, Hz ∆К, 
MPa√m 

N, 
cycle Kf, 

MPa√m

623 0.85 25 10 1475 
 664 

136.9 
141.3 

623 0.85 25 20 1280 
 900 

151.1 
143.9 

623 

125.8 

0.85 15 30 780 
475 

157.2 
134.4 

423 0.67 0 0 0 107.1 
423 0.75 0 0 0 149.2 
423 0.75 25 20 1050 114.9 
423 

161.8 

0.67 15 30  435  85.6 
N is the number of cycles at K ≥0.5КIc (Fig.2c) 

Figure 3 presents the residual COD, δ1 and δ2, at the specimen surfaces and averaged residual COD, resδ , 
after WPS at 423 К as a function of the distance from the crack tip. The averaged value of δres was determined from 
the results of measuring the residual COD on the front, δ1, and back, δ2, specimen surfaces 

2
21

/)(res δδδ += . The dependences considered have a maximum of the COD at the distance 0.1…0.5 mm 

from the crack tip. Further on we observed insignificant decrease in the crack opening displacement as the distance 
from the crack tip increased. This dependence is probably related to the peculiarities of the distribution of residual 
compressive stresses initiated in the vicinity of the crack tip after WPS. 

 Figure 4 presents relative SIF value, fK  = Kf / K1c, for steel 15Kh2MFA as a function of the SIF range, ∆К, 
at the stage of overstressing at 623 К and 423 К. In most cases, the crack extension increment in specimens under 
overstressing was absent. 
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Fig. 3. Residual COD in steel 15Kh2MFA as a function of the distance to the crack tip 
after WPS at Т1 = 423 К, t = 19 mm, 06.11 =K : 1 – COD, δ1,  on the specimen front 
surface, l = 22.85 mm; 2 – COD, δ2,  on the specimen back surface, l = 23.20 mm; 3 – 
averaged COD values, δres  
Simultaneous superposition of an additional cyclic component on static tension at 623 K leads to an 

appreciable (up to 26%) increase in the brittle fracture resistance of steel 15Kh2MFA as compared to the critical 
SIF after static WPS at similar SIF values 1K . With an increase in the SIF range, ∆К, the critical SIF after 
overstressing increases and all data can be described by a single relation. The exception is the result of an 
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experiment with ∆К = 30 MPa√m, where at the stage of overstressing the ductile crack extension was 0.63 mm. In 
the absence of the ductile crack extension, the largest enhancement of the brittle fracture resistance fK  = 2.4 was 

observed at ∆К = 30 MPa√m. 
In contrast to these results, superposition of additional cyclic component at a temperature of 423 К, which is 

close to the brittle-to-ductile transition temperature of steel, reduces the brittle fracture resistance of steel 
15Kh2MFA as compared to static WPS. It should be noted that this decrease in the WPS efficiency after 
superposition of an additional cyclic component as compared to static overstressing is observed for various values 
of the SIF, 1K .  

∆ l= 0.47 mm 

∆l=0.63мм 
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a b 

Fig. 4. 
fK  versus ∆К relation at 623 К – а and 423 К – b. 

Photographs of fracture surfaces of compact tension specimens tested after WPS according to various 
regimes are given in Fig. 5. 

   
a b c 

Fig. 5. Fracture surfaces of compact-tension specimens tested after WPS at Т = 623 К – 
а; b – static fracture at Т = 623 К, c – static fracture at Т = 423 К. 

For specimens tested after static WPS we calculated the critical SIF using Chell’s model Kotilainen H (1983), 
Chell G. G., Haigh J. R., and Vitek V (1981). The calculation results are presented in Fig. 6. 

As is seen from Fig. 6, the calculation by Chell’s model for both cases represents qualitative changes in the 
critical SIF, Kf, but yields somewhat underestimated data compared to the experiment. 
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Fig. 6. Kf versus K1 relation for steel 15Kh2MFA at the temperature of overstressing: Т1 = 
623 К (а), Т1 = 423 К (b). 1 – experiment, 2 – calculation by Chell’s model Kotilainen H 
(1983), Chell G. G., Haigh J. R., and Vitek V (1981). 

4. CONCLUSIONS  
The authors proposed a combined method of preliminary thermomechanical loading (warm prestressing), 

which is more efficient than the static one and involves superposition of a low-amplitude cyclic component on 
static tension at the stage of overstressing. The character of the influence of the additional cyclic component during 
WPS on the critical SIF of steel 15Kh2MFA after heat treatment that simulates radiation embrittlement at the end 
of the service life depends on the ratio between the temperature of prestressing and the brittle-to-ductile transition 
temperature. 

 At a temperature of warm prestressing of 623 K, which is much higher than the brittle-to-ductile transition 
temperature for a given steel (Тbd = 390 К), the combined WPS increases the critical SIF, Кf, of steel 15Kh2MFA up 
to 30% as compared to the static WPS. 

At a temperature of warm prestressing of 423 K, which is close to the brittle-to-ductile transition temperature 
for a given steel, the combined WPS decreases the critical SIF, Кf, of steel 15Kh2MFA compared to the static WPS. 

The influence of the combined WPS on the critical SIF of steel 15Kh2MFA is governed by two factors, namely, 
the crack tip opening displacement and changes in the cleavage stress. At high temperature (623 К), dynamic creep 
is initiated at the crack tip, which leads to an increase in the crack tip opening displacement. On the other hand, an 
additional cyclic component decreases cleavage stresses compared to static loading at similar plastic strain. 
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