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ABSTRACT 

 
The weld used to connect two different metals is known as dissimilar metal welds (DMW). In the nuclear power 

plant, this weld is used to join stainless steel nipples to low alloy carbon steel components on the nuclear 

pressurized water reactor (PWR). In most cases, nickel alloys are used to joint these materials. These alloys are 

known to accommodate the differences in composition and thermal expansion of the two materials. The stress 

corrosion cracking (SCC) is a phenomenon that occurs in nuclear power plants metallic components where 

susceptibility materials are subjected to the simultaneously effect of mechanical stress and an aggressive media 

with different compositions. SCC is one of degradation process that gradually introduces damage of 

components, change their characteristics with the operation time. The nickel alloy 600, and their weld metals 

(nickel alloys 82 and 182), originally selected due to its high corrosion resistance, it exhibit after long operation 

period (20 years), susceptibility to the SCC. This study presents a comparative work between the SCC in the 

Alloy 182 filler metal weld in two different temperatures (303ºC and 325ºC) in primary water. The 

susceptibility to stress corrosion cracking was assessed using the slow strain rate tensile (SSRT) test. The results 

of the SSRT tests indicated that SCC is a thermally-activated mechanism and that brittle fracture caused by the 

corrosion process was observed at 325ºC. 

 

 

1. INTRODUCTION 

 

Nickel based alloys 82 and 182 are widely used as structural material in light water reactor 

(LWR). Typical applications of alloys 82 and 182 in the nuclear pressurized water reactor 

(PWR) are to join stainless steel and nickel base alloys components to low alloy steel reactor 

pressure vessel [1, 2]. However, after many years of plant operation (in the order of 2-3 

decades), those materials showed susceptibility to stress corrosion cracking (SCC). Since 

1994, cracks and leaks have been discovered in about 300 welds of nickel based alloys 82 

and 182 at numerous PWR plant primary coolant system locations [3 - 5]. 

 

Stress corrosion cracking is a one of the most critical kinds of damage experienced in nuclear 

plants. This is a very important question for the owners and operators of the nuclear power 

stations, because it affects the operation and safety of important components, such as the 

reactor and the steam generator [6, 7]. 

 

SCC is a thermally activated mechanism that is result of combined and synergistic interaction 

of aggressive environment, tensile stress and susceptible material, as well as the time for the 

phenomenon to occur [6, 8]. In the case of susceptible material the main factors that influence 

the SCC susceptibility are chemical composition, microstructure and heat treatment of the 
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material [9, 10]. Two main sources of tensile stress are able to promote the process of SCC, 

the stress resulting from the operating conditions (temperature, pressure and mechanical load) 

and the residual stress resulting from the original fabrication processes, such as welding [11, 

12]. 

Among all of the factors that affect SCC susceptibility, the effect of environmental conditions 

is particularly strong. The concentrations of oxygen and hydrogen, the corrosion potential and 

the pH balance of the solution play an important role in this process. The temperature is of 

the greatest significance once the SCC phenomenon is a thermally activated process and can 

be represented by the Arrhenius law. Places which the operating temperatures are high 

develop cracks more rapidly than regions where the operating temperatures are lower. Also it 

has been observed that crack growth rates of nickel based alloys and weld metals in simulated 

PWR primary water environments generally increase with increasing temperature [6, 13 - 

15]. 

 

The purpose of this study is to evaluate, for comparison purposes, the susceptibility to SCC 

of alloy 182 filler metal weld when subject to an environment that is similar to the primary 

circuit of a PWR nuclear reactor at temperatures of 303 and 325ºC. Slow strain rate tensile 

test (SSRT) was used to evaluate the nickel alloy 182 SCC susceptibility. The results indicate 

that the SCC is heat activated and that at 325ºC, the most significant weak fractures arising 

from SCC process can be seen. 

 

2. EXPERIMENTAL 

 

2.1. Materials and Weld Procedure 

 

The alloy 182 material was retrieved from a J groove weld joint that was made by joining two 

thick plates (ASTM A-508 class 3 – 130 x 300 x 36 mm and AISI 316L – 130 x 300 x 31 

mm) with alloy 182, thus forming a dissimilar metal weld. The two base metals were used as 

received, AISI 316L in the rolled condition and SA 508 class 3 in the forged condition. Five 

passes of buttering were applied on the ASTM A-508 class 3 plate by Gas Tungsten Arc 

Welding (GTAW) with Alloy 82 wire (AWS A5.14 ENiCr-3). The thickness of the buttering 

layer was about 8 mm. A chamfer was machined on the buttered side and the plate was 

subjected to a post weld heat treatment at 600ºC for 2 hours to relieve the residual stresses. 

The final weld joint was produced by three root passes by GTAW with alloy 82 filler and 

thirty-seven weld passes by Shielded Metal Arc Welding (SMAW) with an alloy 182 

shielded electrode (A5.11 ENiCrFe-3). The chemical composition of both base metals and 

filler wires is shown in Table 1. Figure 1 shows the microstructure of the alloy 182 weld 

joint. 

 

 

 

Table 1. Chemical composition of the base and filler metals (wt%). 

 C Mn Si P S Cr Ni Nb Ti Mo Fe 

316L 0.023 1.46 0.475 0.021 0.003 16.7 9.8 0.02 0.03 2.10 Bal 

A508 0.21 1.34 0.227 0.005 0.003 0.09 0.68 0.002 0.001 0.51 Bal 

182 0.05 6.16 0.341 0.01 0.009 14.3 70.3 2.07 0.049 0.24 Bal 

82 0.04 3.4 0.141 0.012 0.005 18.9 73 2.47 0.25 0.16 Bal 
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Figure 1. Microstructure of Alloy 182 weld joint. 

 

 

 

The finished weld joint (from now on referred to as Alloy 182 weld) was not heat-treated and 

was submitted to nondestructive tests such as dye penetrant and radiographic tests, and no 

weld defects were revealed. All welds were tested in the as-welded condition. The key 

welding parameters are summarized in Table 2 and the base metal plates dimensions and a 

schematic of the welding design is shown in Figure 2. 

 

 

 

Table 2. Welding process and conditions for various weld passes. 

Weld Pass Process Filler 

Metal 

Electrode Size 

(mm) 

Current (A) Voltage (V) Travel Speed 

(mm/s) 

Buttering GTAW 82 2.5 90 – 130 17.5 – 18 1.8 – 3.0 

1 - 3 GTAW 82 2.5 126 – 168 20 – 22 1 – 1.2 

4 - 37 SMAW 182 4 119 – 135 22 – 26 1 – 3.5 

 

 

 

 

Figure 2. A schematic of welding design (dimensions in mm). 
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2.2. Stress Corrosion Cracking Test 

 

The SCC susceptibility of the specimens was assessed by means of slow strain rate tensile 

(SSRT) test. The SSRT tests were carried out in accordance with ASTM G 129-95 standard 

[16]. The applied strain rate was 3x10
-7

 s
–1

, which is an adequate strain rate to promote SCC 

of Alloy 182 weld in PWR primary water environments [17]. All the tests were performed at 

an open circuit potential (EOCP) and the specimens were exposed to the environment for at 

least 24 hours (h) before applying load to stabilize the surface oxide layer. Three testing were 

performed for each condition studied.  

 

Specimens for the stress corrosion tests were taken from the Alloy 182 weld in the 

longitudinal direction using electro discharge machining (EDM). They were machined into 

tensile specimens with 25 mm gauge length and 4 mm gauge diameter (Figure 3), in 

conformity with ASTM G49-2000 and ASTM E8-2000 standards [18, 19]. Prior to the test, 

the specimens gauge length surface was polished with # 2000 silicon carbide (SiC) paper, 

degreased with acetone in an ultrasonic cleaner, washed with distilled water and finally dried 

in air. 

 

 

 

 
Figure 3. Slow Strain Rate Test specimen (dimensions in mm). 

 

 

 

The specimens were tested in simulated beginning-of-cycle PWR primary coolant 

environment (1000 ppm B as boric acid and 2 ppm Li as lithium hydroxide) at pressure of 10 

and 12.5 MPa. Deionized water and analytical grade reagents were used. The test solution pH 

and conductivity at room temperature were 6.5 and 21 S/cm, respectively. The dissolved 

oxygen (DO) concentration was less than 5 ppb oxygen and it was obtained by bubbling pure 

nitrogen gas (N2) in the work tank. After the DO content was < 5 ppb, the desired DH level, 

25 cm
3
 H2/kg H2O, were adjusted by bubbling hydrogen gas (H2). Tests were carried out at 

two temperatures levels, 303ºC and 325ºC. 
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The SCC tests were conducted in 1.5 L type AISI 321 stainless steel autoclave, with a high 

temperature water circulation system of maximum flow rate 2 L h
-1

. The facility was 

designed for SCC testing in simulated PWR or BWR (Boiling Water Reactor) environments. 

It is equipped with a servohydraulic loading system controlled by displacement or load with 

an aqueous medium circulation. The displacement is measured by a linear variable 

differential transformer (LVDT) and the load is measured by a load cell. The autoclave is 

heated externally by an electric oven controlled continually by a proportional-integral-

differential (PID) system. During the execution of the tests, on-line measurements of load, 

displacement, temperature, pressure, conductivity and oxygen concentration are taken. A 

software application developed in the LabVIEW environment is responsible for acquiring the 

data and for their graphic representation. Figure 4 shows a schematic diagram of the 

installation. 

 

 

 

 
Figure 4. Schematic diagram of the installation for SCC tests: (1) autoclave, (2) Pt 

electrode, (3) medium circulation pump, (4) pressure accumulator, (5) medium storage 

tank and (6) cooler. 

 

 

 

The susceptibility to SCC was evaluated by means of the ductility parameters obtained from 

the stress-strain curves and the fracture surface analyses. The fracture surfaces of the samples 

were examined using a Jeol JXA-840 scanning electron microscope (SEM). All results were 

compared to baseline tests conducted in inert medium (N2 – nitrogen gas) at the same strain 

rate. The ratio of time to failure at test condition to baseline (Tf.solution/Tf N2) and the ratio of 

elongation at test condition to baseline (Esolution/EN2) were used as parameters to measure the 

degree of SCC susceptibility. In general, ratios near 100 indicate higher ductility and less 

susceptibility to SCC [16, 20]. 
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3. RESULTS 

 

Figure 5 presents the stress-strain curves obtained from SSRT for Alloy 182 weld in the test 

condition at the two temperature levels. 

 

 
Figure 5. Stress - Strain curves of Alloy182 weld obtained from SSRT at strain rate of 

3x10
-7

 s
-1

 in PWR primary water condition at 303°C and 325°C. 

 

 

 

It is clear from the results of these tests that there is a difference in material response when 

exposed to the test solution at different temperatures. A decrease in the ultimate tensile 

strength (UTS) and in total elongation (E) was observed for the specimens tested in solution 

at 325ºC. This reduction was attributed to the SCC process that led to the weakness of the 

material. 

 

Table 3 summarizes the mechanical properties. Figure 6 presents the stress-strain curves 

obtained from SSRT for Alloy 182 weld in the test solution at the two temperature levels and 

in the baseline conditions at 325ºC. Table 4 shows the results of time to failure ratio and 

elongation ratio of the specimens under the three different environments. 

 

 

 

Table 3. Mechanical Properties obtained from SSRT test. 

Test 

Environment 

Yield Strength  

(MPa) 

Ultimate Tensile 

Strength - UTS (MPa) 

Plastic Strain to Failure 

E (%) 

 Range Mean Range Mean Range Mean 

Baseline N2 359 - 399 379 608 - 616 612 40 – 45 42 
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303ºC 364 - 400 382 594 - 610 602 39 - 41 40 

325ºC 343 - 395 369 515 - 555 535 26 - 29 28 

 

 

 
Figure 6. Stress - Strain curves of Alloy182 weld obtained from SSRT at strain rate of 

3x10
-7

 s
-1

 in PWR primary water condition at 303ºC and 325ºC and in baseline (N2 gas) 

condition at 325°C. 

 

 

 

Table 4. Time to failure and elongation ratios obtained from SSRT test. 

Test 

Environment 

Time to Failure 

(Hours) 

Tf solution/Tf N2 

(%) 

Esolution/EN2 

(%) 

 Range Mean   

Baseline N2 367 - 418 391 - - 

303ºC 367 - 401 384 99 95 

325ºC 259 - 283 271 69 67 

 

 

 

At 303 ºC the ultimate tensile strength was only 2% lower than the baseline while 12% for 

the higher temperature condition (325ºC). A decrease in total elongation was observed for the 

specimens tested at 325ºC comparison with the baseline and no significance difference was 

observed for the sample tested at 303ºC. It was observed that higher elongation and time to 

failure ratios values were obtained at 303ºC, mean of 99% and 95%, respectively. In general, 

ratios near or equal 100% indicate higher ductility and less susceptibility to SCC [20]. The 

sample tested at 325ºC presented lower values of elongation and time to failure ratios, mean 

of 69% and 67%, respectively, indicating a higher susceptibility to SCC. 
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Figure 7 shows the SEM micrographs of the fracture surfaces of Alloy 182 weld tested in 

nitrogen gas at 325°C. The fracture surface was completely ductile with extensive shear parts. 

 

 

 

 
Figure 7. SEM micrographs of Alloy 182 weld fractured surface tested at strain rate of 

3x10
-7

 s
-1

 in baseline (N2 gas) at 325°C (a) overview (b) detail. 

 

 

 

The respective SEM micrographs of Alloy 182 weld tested at 303 and 325ºC are shown in 

Figures 8 and 9. All surfaces exhibit ductile fracture in the middle of the specimen and areas 

of brittle fracture at the edges, indicating crack initiation by SCC. The fracture mode was 

intergranular. The intergranular stress corrosion cracking (IGSCC) facets reached an average 

depth of 100 µm and 764 µm for the samples tested at 303º and 325ºC, respectively. 

 

 

 

 
Figure 8 – SEM micrographs of Alloy182 weld fractured surface of the SSRT at strain 

rate of 3x10
-7

 s
-1

 in PWR primary water at 303°C (a) overview (b) detail of ductile 

fracture (c) and detail of SCC fracture failure. 
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Figure 9 – SEM micrographs of Alloy182 weld fractured surface of the SSRT at strain 

rate of 3x10
-7

 s
-1

 in PWR primary water at 325°C (a) overview (b) detail of ductile 

fracture (c) and (d) detail of SCC fracture failure. 

 

 

 

The increase of fragile fracture area and of crack depth with the increase of temperature is 

consistent with the stress-strain curves obtained in SSRT, which indicates a higher 

susceptibility to SCC at 325ºC. This result exhibit the same tendency that reported by 

Totsuka et al., increasing the temperature increase the SCC susceptibility [13, 21]. 

 

 

4. CONCLUSIONS 

 

In the present study, a DMW with alloy 182 was made to reproduce a weld joint of a PWR 

pressurizer nozzle. The susceptibility of Alloy 182 weld to SCC in PWR primary water was 

studied in two levels of temperature 303 and 325ºC. From this study the following remarks 

can be made: 

 

Slow strain rate tests showed that Alloy 182 weld is susceptible to SCC when submitted to an 

environment similar to the PWR primary coolant environment. However, a low level of 

susceptibility was seen due to the presence of extensive areas of ductile fracture and only a 

few regions of brittle appearance, characteristic of the SCC process. 

 

The tests carried out showed that the influence of temperature on SCC was significant. It was 

observed that an increasing of temperature, the SCC susceptibility of material was increased. 
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At a higher temperature the Alloy 182 weld lost mechanical properties, particularly, 

elongation. Moreover the crack depth at 325ºC was 7 times higher than at 303ºC. 
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