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 4 
 5 
ABSTRACT 6 
 7 
Shown in this paper is the analysis of the effects of exploitation duration and temperature on the 
measure of fracture resistance of constituents of a welded joint between new and exploited low-
alloyed Cr-Mo steel A-387 Gr. B subjected to static and variable loads. Exploited parent metal is a  
part of a reactor mantle which was working for over 40 years and is in the damage repair stage, i.e. 
part of its mantle is being replaced with new material. Tensile curves necessary for stress analysis 
were determined, along with material strength properties and Wohler’s curves were drawn, in other 
words permanent dynamic strength was determined as material resistance to crack initiation, on room 
and working temperature. Based on test results, the analysis of fracture resistance represents the 
comparison of values obtained for characteristic areas of the welded joint and justifiability of the 
selected welding technology. 
 8 
Keywords: welded joint; crack; yield stress; tensile strength; permanent dynamic strength. 9 
 10 
1. INTRODUCTION 11 
 12 
Long-time exploitation period of a pressure vessel - reactor (over 40 years) caused certain damage to the 13 
reactor mantle. The occurrence of this damage demanded a thorough inspection of the reactor structure 14 
itself, along with repairing of damaged parts. Reactor repairs included replacing of a part of the reactor 15 
mantle with new material. The pressure vessel considered here was made low-alloyed Cr-Mo steel A-387 16 
Gr. B in accordance with ASTM standard with (0,8-1,15)% Cr and (0,45-0,6)% Mo. For designed work 17 
parameters (p = 35 bar and t = 537°C), the material is in the area where it is prone to decarbonization of 18 
the surface in contact with hydrogen, [21]. As a consequence of surface decarbonization, material 19 
strength may be reduced, [22]. The reactor represents a vertical pressure vessel with a cylindrical mantle. 20 
Deep lids were welded on the top and bottom sides of the mantle, of the same quality as the mantle itself. 21 
Inside the reactor, the most important process in the motor gasoline production stage takes place, and it 22 
involves platforming in order to change the structure of hydrocarbon compounds and thus achieve a 23 
higher octane rating. Tests of new and exploited parent metal (PM), as well as of welded joint components 24 
(weld metal-WM and heat affected zone-HAZ) and the low-alloyed steel the reactor was made of, included 25 
the determining of tensile properties of new PM, WM and butt welded joint between exploited PM and new 26 
PM, [1, 18]  and also the determining the parameters of high-cycle fatigue of butt welded joint between 27 
exploited PM and new PM and of new PM on room and working temperature of 540°C , [1, 19]. 28 
 29 
2. MATERIAL AND METHODS 30 
 31 
2.1 Material For Testing 32 
 33 
Exploited PM was steel A-387 Gr. B with thickness of 102 mm, whereas the new PM is also made of steel 34 
A-387 Gr. B and thickness of 102 mm. Chemical composition and mechanical properties of the exploited 35 
and new PM according to the atest documentation are given in tables 1 and 2. 36 

 37 
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 38 
 39 
 40 
 41 
Table 1. Chemical composition of exploited and new PM specimens 42 
 43 

Specimen 
designation 

% mas. 
C Si Mn P S Cr Mo Cu 

E 0.15 0.31 0.56 0.007 0.006 0.89 0.47 0.027 
N 0.13 0.23 0.46 0.009 0.006 0.85 0.51 0.035 

 44 

Table 2. Mechanical properties of exploited and new PM specimens 45 

 46 
Specimen 

designation 
Yield stress, 

Rp0,2, MPa 
Tensile strength, 

Rm, MPa 
Elongation, 

A, % Impact energy, J 

E 320 450 34 155 
N 325 495 35 165 

 47 
Welding of steel sheets made of exploited and new PM was performed in two stages, according to the 48 
requirements given in the welding procedure provided by a welding specialist, and these stages include: 49 

- Root weld by E procedure, using a coated LINCOLN S1 19G electrode (AWS: E8018-B2), and  50 
- Filling by arc welding under powder protection (EPP), where wire denoted as LINCOLN LNS 150 51 

and powder denoted as LINCOLN P230 were used as additional materials.  52 
Chemical composition of the coated electrode LINCOLN S1 19G, and the wire LINCOLN LNS 150 according 53 
to the atest documentation is given in tab. 3, whereas their mechanical properties, also according to the atest 54 
documentation, are given in tab. 4. 55 
 56 
Table 3. Chemical composition of additional welding materials 57 
 58 

Additional material % mas. 
C Si Mn P S Cr Mo 

LINCOLN Sl 19G 0.07 0.31 0.62 0.009 0.010 1.17 0.54 
LINCOLN LNS 150 0.10 0.14 0.71 0.010 0.010 1.12 0.48 

 59 
Table 4. Mechanical properties of additional materials 60 
 61 

Additional material Yield stress, 
Rp0.2, MPa 

Tensile strength, 
Rm, MPa 

Elongation, 
A, % 

Impact 
energy, 
J, 20°°°°C 

LINCOLN Sl 19G 515 610 20 > 60 
LINCOLN LNS 150 495 605 21 > 80 

 62 
Butt welded joint was made with a U-weld. The shape of the groove for welding preparation was chosen 63 
based on sheet thickness, in accordance with appropriate standards SRPS EN ISO 9692-1:2012, [2], and 64 
SRPS EN ISO 9692-2:2008, [3]. 65 
 66 
 67 
2.2 Determining of Tensile Properties 68 
 69 
Base properties of material strength, as well as stress-elongation curves which are necessary for stress 70 
analysis are obtained by tensile tests. Tensile testing of butt welded joint on room temperature, including 71 
the shape and dimensions of specimens along with the testing procedure are defined by the standard 72 
SRPS EN 895:2008, [4]. This standard, above all, defines lateral tension, i.e. applying of the load lateral to 73 
the welded joint. Shape and dimensions of the specimen used for lateral tension of a butt welded joint are 74 
shown in fig. 1. 75 
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 76 
Fig. 1. Specimen for determining of tensile properties of a butt welded joint [4] 77 

 78 
Standard SRPS EN 895:2008 also requires the determining of tensile properties of PM and WM at room 79 
temperature. Determining of tensile properties of PM is defined by the standard SRPS EN 10002-1, [5]. Shape 80 
and dimensions of the specimen used for determining of tensile properties of PM and WM are shown in fig. 2. 81 

 82 
Fig. 2. Specimen for determining of tensile properties of PM and WM [5] 83 

 84 
Unlike room temperature tests, the procedure for testing at increased temperature of 540°C, as well as  85 
specimen geometry are defined by the standard SRPS EN 10002-5, [6]. Shape and dimensions fo the 86 
specimen used for tensile tests on increased temperature are shown in fig. 3. 87 

 88 

Fig. 3. Specimen used for tensile tests on increased temperature [6] 89 

 90 
Testing of welded joint specimen made of new PM and WM was preformed on an electro-mechanical 91 
tensile test machine in strain control. The rate of applying the load was 5 mm/min. Elongtion was recorded 92 
using a double extensometer and an inductive transducer [7-10]. 93 
The working temperature of 540°C was achieved in a chamber electrical furnace. Temperature was 94 
measured at three positions along the specimen, due to the relatively long measured part (100 mm). The 95 
goal was to ensure approximately equal temperature along the whole specimen, by means of precise 96 
control and well-timed corrections, since addording to the standard SRPS EN 10002-5, allowed deviation 97 
is ±3°C. 98 
 99 
 100 
 101 
2.3 Determining Of Permanent Dynamic Strength 102 
 103 
Metal fatigue is defined as the process of cumulative damage under the effect of variable load which is 104 
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manifested in the occurrence of cracks and fracture. Fatigue strength of welded joints is determined from 105 
specimen testing with variable load that leads to cracks or fracture. In case of reactors, i.e. pressure 106 
vessels which operate in increased pressure and temperature conditions, high-cycle fatigue tests are of 107 
particular importance. Strength of welded joint under variable loads, such as the ones that occur in non-108 
stationary reactor work modes during starting and stopping, is an important characteristic for assessing 109 
integrity and remaining life. At the same time, it should be taken into account that damage in form of 110 
cracks occurs after a large number of changes in the load at stresses much lower than the yield stress 111 
(high-cycle fatigue). At load levels lower than yield stress, characteristic for high-cycle fatigue, it is 112 
common practice to perform test in rigid mode, i.e. with a given stress amplitude, Sa, MPa. 113 
 114 
It is clear that high-cycle fatigue strength depends on the properties of the welded joint constituents. At the 115 
same time, it should be noted that the characteristics of high-cycle fatigue start changing significantly only 116 
on temperatures above 400 °C in case of steel used for pressure vessels, and their welded joints, thus 117 
these tests are only justified for working temperature, which for this group of materials have a maximum of 118 
550 °C 119 
 120 
Testing of the effects of temperature and exploitation duration on the behaviour of the new PM as well as 121 
on the butt welded joint subjected to variable load was performed with the goal to determine the points in 122 
the S-N diagram (drawing of the Wohler's curve) and to determine the fatigue strength Sf. Welding 123 
procedure, as well as test specimens were defined according to standards ASTM E466, [11], ASTM E467, 124 
[12] and ASTM E468, [13]. The shape of the specimen that was tested using variable load is shown in fig. 125 
4. 126 

 127 
Fig. 4. Specimen for dynamic tests according to ASTM E466 [8] 128 

 129 
Testing was performed on a high frequency pulsator. Achieved frequency ranged between 115 and 165 130 
Hz, depending on the load magnitude and testing temperature. In order to fully evaluate the behaviour of 131 
materials subjected to variable load, while taking into account the dimension of the specimen, the most 132 
critical case of variable load was considered, with the use of variable load that alternated between tension 133 
and pressure (R=-1). 134 
 135 
During this testing, it is a general rule to only determine the number of load changes until fracture under 136 
the load with a constant range, and the standard only requires data about the magnitude of stress for 137 
which crack initiation and fracture after a specific number of cycles does not occur (typically between 106 138 
and 108 cycles). For steel materials, standard ASTM E466 defines fatigue strength, Sf, after 107 cycles. 139 
In order to draw a Wohler's curve and determine the fatigue strength, it is necessary to test the specimens 140 
at 6 to 7 different levels of load. According to standard ASTM E 466 for every level of load, three 141 
specimens were tested, which makes a total of 21 specimens. Due to this, such tests are very expensive 142 
and is only justified when data for designing are necessary, above all from the aspect of fatigue and 143 
fracture mechanics, in other words when parts subjected to long-term variable loads are designed as a 144 
part of the total designed structure life [14-16]. 145 
 146 
3. RESULTS AND DISCUSSION 147 
 148 
Results of testing butt welded joint specimens by lateral tension at room temperature of 20°C and work ing 149 
temperature of 540°C are given in tab. 5, [1]. Typi cal tensile stress-elongation curve for but welded joint 150 
specimen denoted by WJ-1-1, tested at room temperature, is shown in fig. 5, [1], and the curve for 151 
specimen WJ-2-1, tested at working temperature, is shown in fig. 6, [1]. 152 
 153 
 154 
 155 
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 156 
 157 
Table 5. Results of tensile tests of the welded joint 158 
 159 

Specimen 
designation 

Testing 
temperature, °°°°C 

Yield stress, 
Rp0.2, MPa 

Tensile 
strength, 
Rm, MPa 

Elongation1, 
A, % 

Fracture 
location 

WJ-1-1  295 451 19.2 Expl.  PM 
WJ-1-2 20 285 448 20.4 Expl.  PM 
WJ-1-3  291 454 19.7 Expl.  PM 
WJ-2-1  217 293 26.3 Expl.  PM 
WJ-2-2 540 205 285 25.6 Expl.  PM 
WJ-2-3  211 287 26.9 Expl.  PM 

 160 
1 measured at L0 = 100mm, as comparative value (not as a material property). 161 
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Fig. 5. Stress-elongation diagram of a butt welded joint specimen WJ-1-1 163 
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Fig. 6. Stress-elongation diagram of a butt welded joint specimen WJ-2-1 165 

 166 
Results of new PM specimen testing at room temperature of 20°C and at working temperature of 540°C are  167 
given in tab. 6, [1]. Testing of exploited PM was not performed, since during welded joint specimen testing, all 168 
specimens that were tested fractured in the PM, which provided us with the characteristic of the exploited PM. 169 
A typical tensile stress-elongation curve for specimen denoted by PM-1-1N, taken from the new PM and tested 170 
at room temperature is given in fig. 7, [1], and for specimen PM-2-1N, also taken from the new PM, but tested 171 
at working temperature, is shown in fig. 8, [1]. 172 
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 173 
 174 
 175 
Table 6. Results of tensile tests of new PM specimens 176 
 177 

Specimen 
designation 

Testing 
temperature, °°°°C 

Yield stress, 
Rp0.2, MPa 

Tensile stress, 
Rm, MPa 

Elongation, 
A, % 

PM-1-1N 
20 

342 513 27.5 
PM-1-2N 339 505 28.3 
PM-1-3N 335 498 28.6 
PM-2-1N 

540 
251 323 29.1 

PM-2-2N 242 316 30.8 
PM-2-3N 247 320 30.4 

 178 
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Fig. 7. Stress-elongation diagram for new PM specimen PM-1-1N 180 
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Fig. 8. Stress-elongation diagram for new PM specimen PM-2-1N 182 

 183 
Results of WM specimen test performed at room temperature of 20°C and at working temperature of 184 
540°C are given in tab. 7, [1]. A typical tensile s tress-elongation curve for WM specimen denoted by WM-185 
1-1, tested at room temperature is shown in fig. 9, [1], whereas for specimen WM-2-1, tested at working 186 
temperature, it is shown in fig. 10, [1]. 187 
 188 
 189 
 190 
 191 
 192 
 193 
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 194 
 195 
Table 7. Results of tensile testing of WM specimens 196 
 197 

Specimen 
designation 

Testing 
temperature, °°°°C 

Yield stress, 
Rp0.2, MPa 

Tensile strength, 
Rm, MPa 

Elongation, 
A, % 

WM-1-1 
20 

518 611 20.9 
WM-1-2 510 597 22.7 
WM-1-3 514 605 21.3 
WM-2-1 

540 
331 419 26.1 

WM-2-2 319 406 27.3 
WM-2-3 325 412 27.7 

 198 
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Fig. 9. Stress-elongation diagram for WM specimen, WM-1-1 200 
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Fig. 10. Stress-elongation diagram for WM specimen, WM-2-1 202 

 203 
The effect of exploitation duration and temperature on values of fatigue strength Sf, i.e. maximum dynamic 204 
stress for which there is no initiation of crack-like defects in smooth structure shapes, is graphically shown 205 
in form of Wohler's curves (S-N diagrams) in fig. 11 for butt welded joint specimens, [1], and in fig. 12 for 206 
specimens taken out of the new PM, [1]. 207 
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Fig. 11. S-N diagram for specimens tkaen out of the butt welded joint and tested at room and 209 

working temperature 210 
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Fig. 12. S-N diagram for specimens tkaen out of the new PM and tested at room and working 212 
temperature 213 

 214 
Testing of specimens taken out of the exploited PM was not performed, since all welded joint specimens 215 
cracked in the zone of exploited PM, hence these tests provided te characteristics of the welded joint and 216 
exploited PM. 217 
 218 
The effect of testing temperature on values of fatigue strength Sf, obtained by testing of specimens taken 219 
out of a butt welded joint and the new PM is shown in fig. 13, [1]. 220 
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Fig. 13. Change of values of fatigue strength Sf for specimens taken out of the new PM and a 222 

butt welded joint depending on the temperature 223 
 224 
Based on the obtained results for tensile properties of specimens taken out of a welded joint between 225 
new PM and WM on selected temperatures, it can be concluded that the increase in temperature lead 226 
to reduced strength properties, i.e. yield stress and tensile strength. Likewise, an increase in 227 
temperature leads to increased elongation. Elongation increase with the temperature is explained by 228 
the increased total plasticity of the material at higher temperatures, but can also be explained by a 229 
much less favourable ratio of homogeneous to non-homogeneous elongation. In addition, exploitaiton 230 
duration greatly affects the reduction of strength and strain properties, which can be related to the 231 
micro-structures of the exploited and new PM, [1]. 232 
 233 
Testing welded joint specimens by applying lateral load to the welded joint provided the necessary 234 
data for determining how the chosen welding technology and exploitation duration affect the strength 235 
of the welded joint, as well as its components. Results obtained by welded joint specimen testing by 236 
applying lateral load to the welded joint, tab. 5, have shown that all of the specimens that were tested 237 
cracked in the exploited PM. This information is of great importance, since it indicates the weakening 238 
of the exploited PM. Fracture of specimens in the PM clearly points out the character of the welded 239 
joint. In this case, it was „over-matching“, which means that the weld metal strength was higher than 240 
that of the parent metal, [1]. Character of obtained tensile curves at room temperature corresponds to 241 
a ductile material with approximate share of homogeneous and non-homogeneous elongation with a 242 
ratio of 1/2:1/2, where homogeneous elongation includes elongation up to the maximum force, 243 
whereas non-homogeneous elongation involves elongation from maximum force to fracture, meaning 244 
the moment when a neck starts forming on the specimen, i.e. when unstable growth of the initial crack 245 
in the material starts. For testing of welded joint specimens at room temperature, there is a similar 246 
tendency of strength properties change as in case of room temperature testing, however there is a 247 
difference in strain (elongation) properties. Namely, here we have the case where the ratio of 248 
homogeneous to non-homogeneous elongation of approximately 1/4:3/4, which is rather unfavourable 249 
from the aspect of exploitation properties. The homogeneous plasticity reserve of the material is 250 
considerably smaller, thus the hazard of consequences of potential installation malfunction on the PM 251 
is quite real. By analyzing the results obtained by tensile tests at room temperature of specimens 252 
taken out f the new PM, given in tab. 6, it can be concluded that the test results for the new PM are 253 
within the boundaries of values defined by the standard for that material, i.e. they correspond to the 254 
values given in the atest documentation provided by the manufacturer. Results obtained by tensile 255 
tests of WM specimens, given in tab. 7, confimr that the proper welding technology, i.e. welding 256 
parameters, were chosen. Yield stress and tensile strength satisfy the values provided by the 257 
standard, whereas strain properties are much better than those contained within the standard for this 258 
type of additional materials, [17]. This indicates that the post-weding thermal processing mode was 259 
chosen in an adequate way. Behaviour of the HAZ in the welded joint subjected to load was 260 
conditioned by its small volume portion, as well as by the heterogeneity of the structure and different 261 
mechanical properties of specific areas within the HAZ. A well made welded joint, designed according 262 
to the principle of higher WM strength, should break in the PM during tensile tests, which is exactly 263 
what happened during the tests discussed here, [1,18]. 264 
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 265 

 266 

Material resistance to crack initiation is determined by testing of the fatigue strength of materials. This 267 
is the maximum value of stress for which crack initiation on smooth specimens does not occur. The 268 
higher the ratio of fatigue strength to yield stress value, the better its resistance to crack initiation. By 269 
analysing the results obtained by high-cycle fatigue testing of smooth specimens for the purpose of 270 
drawing of Wohler's curves and determining of fatigue strength, it can be seen that exploitation and 271 
duration have a dominant effect on the obtained values of fatigue strength. In case of testing of 272 
welded joint specimens made of exploited PM at room temperature, the ratio of fatigue strength to 273 
yield stress value of 0.68, i.e. the obtained value of fatigue strength represents 68% of the yield 274 
stress. All welded joint specimens that were broken while being tested with loads higher than the 275 
fatigue load, were cracked either in the exploited PM or HAZ on the side of the exploited PM. 276 
Resistance to crack initiation in case of new PM was better, and the ratio of fatigue strength to yield 277 
stress is 0.71, [1]. The effect of testing temperature is such that an increase in temperature leads to 278 
reduced fatigue strength. Also, in this case, the welded joint specimens were cracked either in the 279 
exploited PM or its HAZ. The value of fatigue strength that was obtained by testing of new PM 280 
specimens at the temperature of 540°C is about 37% higher than the fatigue strength value obtained 281 
for welded joint specimens, [1]. Crack initiation resistance for tests at 540°C decreases, i.e. their 282 
tendency towards brittle fracture increases. The ratio of fatigue strength to yield stress for welded joint 283 
specimens was 0.51, whereas for new PM specimens it was 0.60, [1,19, 20]. 284 

 285 
4. CONCLUSION 286 
 287 
Test results obtained by high-cycle fatigue, as well as the tensile test results point towards the 288 
conclusion that the effect of exploitation duration and testing temperature is much more significant for 289 
dynamic tests, compared to static tests. Exploitation period of approximately 40 years lead to reduced 290 
value of fatigue strength in welded joint specimens, i.e. exploited PM for around 19%, which can 291 
represent very important information, assuming that the conditions in which the reactor operates are 292 
known (p = 35 bar and t = 537°C). 293 
 294 
Test results and their analysis have sustified the choice of welding technology for the purpose of 295 
replacing the part of the reactor mantle. 296 
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