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STRUCTURE AND PROPERTIES OF A WELDED JOINT OF 

A CORROSION-RESISTANT NICKEL ALLOY USED FOR WORK 

IN MOLTEN SALTS 
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In this paper, an isothermal diagram of the second phase formation in the Hastelloy G35 alloy was constructed 
to understand possible phase transformations during welding. A welded joint has been studied in three areas: 
fusion zone (FZ), the heat affected zone (HAZ), and the base metal (BM). The FZ is represented by a dendritic 
structure; in addition, σ-phase intermetallic compounds are present in the FZ and HAZ. Furthermore, the FZ 
and BM present similar hardness values, while the hardness increases in the HAZ. It has been established that 
thermal effects for different areas are characterized by different rates of increase up to 650°C. 
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INTRODUCTION 

Many industries, especially chemical engineering, are based on continuous development and improvement of 
materials with high properties and their ability to resist harsh environments. This is one of the main reasons for 
continued research on commercial Ni-based alloys, since they concern almost all industries the products of which must 
withstand not only high temperatures, but also extremely aggressive environment, especially corrosive one [1]. 

The Hastelloy® G-35® alloy belongs to the group of corrosion-resistant alloys based on the Ni–Cr–Mo system. 
It was developed by Haynes International, Inc. at the beginning of the first decade of the XXI century and is 
characterized by high corrosion resistance during wet processes with phosphoric acid, oxidizing acids, and chloride-
bearing media; in addition, it is designed to resist localized attacks when working with chlorides, thereby conferring a 
good resistance to chloride-induced stress corrosion cracking [2–3]. In addition, the Hastelloy® G-35® alloy has found 
relevance in oxidative leaching technology field and metal etching [2]; it is also promising as a structural material for 
the safe storage of nuclear waste [4]. As well as other alloys based on the Ni–Cr–Mo system, this material is considered 
to be a candidate for use in contact with aggressive salt and metal melts [4–6]. 

In the current research, the focus on welding of the Hastelloy® G-35® alloy mainly relies on the evaluation of 
the influence of welding procedure on microstructural changes, hardness, and specific heat capacity from welded joints. 
During exploitation, the material experiences long periods of time exposed to high temperatures and molten salts. 
Previous studies have shown a corrosion resistance for 100 h. In work [7], the material corrosion resistance was studied 
with particular emphasis on the development of local corrosion, intergranular corrosion, and microstructural 
morphology changes. Several investigations were focused on the structural changes of the Hastelloy® G-35® alloy 
exposed to molten salts [4–7]. The σ-phases and carbides were registered after exposure to high temperatures and were 
classified as an undesirable phase that negatively affects the corrosion resistance [8]. However, these investigations 
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were focused on the Hastelloy® G-35® alloy in the as-received state and paid little attention to welding processes. 
Moreover, it is well known that different structures (dendrites, partial recrystallized grains, carbides, etc.), which can 
get formed along the joint after the welding procedures, can affect the physical and mechanical properties of the 
material. When creating structures from such alloys, one of the problems is the localization of corrosion damage near 
welded joints or inside welds. Therefore, the question of the structure and phase formation during welding of nickel–
chromium–molybdenum alloys becomes important. 

EXPERIMENTAL 

The MIG welding procedure was carried out with the following parameters: the single pass weld with a current 
of 150 A, speed of 160 mm/min, and gas (Ar) flow rate of 10 l/min. The selected welding filler material was ENiCrMo-
22 (Table 1) chosen by its chemical compatibility with the base material. The tests were carried out for the welded joint 
of a nickel-based Hastelloy G-35 pipe with a thickness of 4 mm and diameter of 89 mm. The as-received state consisted 
of a single hot rolling operation. 

Metallographic analysis was performed using a Jeol JSM-6490 LV scanning electron microscope with an Inka 
Energy TEM 350 microanalysis attachment. Samples were prepared according to the ASTM E47/ E3 standards using a 
cutting procedure followed by grinding on a sandpaper board in a sequential abrasive fraction reduction using the 
Struers LaboPol-5 system to finally polish the samples on a decrease diamond particles suspension (9–1 µm) plus 
colloidal silicon suspension. Any contamination during sample preparation, a gentle air flow was used to remove dust 
particles or distilled water. Since the area of interest is a welded seam, microscopy was performed along the three 
characteristic zones that a weld bead is commonly divided: fusion zone (FZ), heated affected zone (HAZ), and material 
base (MB). 

The hardness tests were performed on a micro-hardness tester (CSM Instruments), while the values were 
determined by the Oliver and Pharr method. Samples consisted of cut parts of the welded joint, and measurements were 
performed at a load of 9 N with a pause of 15 s during indentation at a loading/unloading speed of 18 N/min. The test 
procedure was carried out at room temperature along the welded joint. 

The specific heat capacity measurement (of the DSC curves) was carried out using the NETZSCH STA 449 C 
F3 Jupiter thermal analyzer in the following testing conditions: an argon atmosphere with a gas flow rate of 20 ml/min 
and heating rate of 20 K/min in the temperature range 30800°C. As part of the process of differential scanning 
calorimetry (DSC) evaluation, samples were prepared from each characteristic zones of the welded seam, including the 
fusion zone, heat affected zone, and base material. The sample dimensions were as follows: a diameter of 5 mm and a 
thickness of 1 mm. A total of 4 samples, 2 from HAZ and 2 from FZ zones, were cut from the BM. 

RESULTS 

Since the areas adjacent to the resulting melt are affected by the heating bath during the welding process due to 
the temperature gradient between the melt bath and the base metal, a C-shaped temperature-time-transformation 
diagram of the release of excess phases during isothermal exposure was constructed for the G-35 alloy to predict 
possible phase transformations (Fig. 1). 

Metallographic analysis of the microstructure of the samples after various exposure times and temperatures was 
carried out. The closed circles in the diagram indicate the presence of secondary phases under these conditions, while 
the open circles indicate their absence. The solid curve here corresponds to the beginning of the formation of the second 
phases. It was found that at temperatures around 800–900°C, the processes of separation of intermetallic compounds 
along grain boundaries begin after a fifteen-minute exposure. 

Figure 2 shows the macrostructure of the welded joint. This study did not detect defects such as pores, hot 
cracks, undercuts, non-welding, etc., which confirms a high-quality weld. The red straight lines indicate the trajectories 
of hardness measurement. The microstructure was studied in the three areas that characterize the welded joint: FZ, 
HAZ, and BM (Fig. 3). The FZ is characterized by the dendritic structure oriented mainly along the heat dissipation 
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direction. The equiaxed grains are observed in the HAZ and BM. At high magnifications, the microstructure in the FZ 
and HAZ (Fig. 4) showed the presence of rounded particles of secondary phase (as expected when constructing the 
isothermal diagram). 

Table 1 presents the G-35 chemical composition according to the UNS N060355/ASTM B619 standards with 
the ENiCrMo-22 filler and the results of the EDS analysis of the BM and FZ. 

As follows from Table 1, the chemical composition of the alloy satisfies to the requirements of the standards as 
well as demonstrates that it does not change during the welding process due to possible burnout of the elements under 

 

Fig. 1. Isothermal diagram of the separation of secondary 
phases in the G-35 alloy after isothermal exposure. 

 

Fig. 2. Macrostructure of the G-35 alloy welded joint. 

     

Fig. 3. Areas of the microstructure characteristic of the welded joint: FZ (a), HAZ (b), and BM (c). 
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the influence of the local high temperature condition. From the results of hardness tests of the welded joint samples 
(Fig. 5), it can also be seen that the HAZ is characterized by high hardness values, and similar values are observed for 
the FZ and BM. 

The onset and end phase transformation temperatures were determined through the evaluation of the 
exothermal and endothermal effects in the DSC curves. Figure 6 shows the change in the heat capacity of the alloy 
samples taken from the characteristic zones of the welded joint. The effect (marked with the dashed straight lines) is 
observed in the temperature range of 250–500°C. The decrease in the curve before reaching the first inflection point at 
400°C is more pronounced for the base metal samples. After that, there is a local decrease in the heat capacity as the 
temperature increases, followed by its increase. The beginning of this effect for the samples is marked with the arrows. 

TABLE 1. Chemical Composition of the Hastelloy G-35 and ENiCrMo-22 filler according to the ASTM B619 and 
AWS A5.11 Standards and the Results of EDS Analysis of the FZ and BM 

As demanded by the standard or delivery 
 

Content of the elements, wt.% 
Ni Cr Mo Fe Si Mn Al C 

Standardized by UNS N06035, ASTM B619 BAL 33 8 2* 0.6* 0.5* 0.4* 0.05*
Standardized by UNS W86022, AWS A5.11 BAL 32–34 7.6–9 2* 0.6* 0.5* 0.4* 0.05*

BM 56.7 34.5 7.5 1.3 – – – – 
FZ 57.8 33.5 7.4 1.3 – – – – 

Note: Here * indicates the maximum value. 

     

Fig. 4. Microstructure of the FZ (a) and HAZ (b) at high magnifications 
demonstrating the presence of the second phase particles. 

 

Fig. 5. Hardness Vickers test graphic results from the G 35 welded pipe sample. 
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For the BM samples, the transformation begins at a lower temperature (510°C), while the initial temperatures for the 
HAZ and FZ samples are higher, 571 and 574°C, respectively. Despite the temperature difference at the beginning of 
the transformation, the effect stops in the samples taken from different regions at a temperature of approximately 
650°C. 

DISCUSSION 

Figure 1 shows that during the short-term heating of the alloy in the temperature range of 800–900°C, the 
processes of excess release of undesirable phases begin. Hence, it is expected that the particles of the second phases will 
be detected, which can negatively affect the corrosion resistance of the material because of the depletion of grain 
boundaries in Cr and Mo. These results are confirmed by the fact that the excess phases were detected in the FZ and 
HAZ of the welded joint (Fig. 4). The base metal was characterized by the presence of prior austenite coarse grains 
without secondary phases or carbides. There were almost no changes in the HAZ compared to the base metal; the 
matrix was formed by similar austenitic grains. However, at high magnification, the presence of small bright particles 
was registered. In previous work [9] devoted to the study of the characteristics of the Hastelloy alloy, these bright 
particles were defined as the σ-phase. A strong presence of these small particles was recorded in the thermally affected 
zone located close to the austenitic grain boundaries. This was the area with the greatest amount of the registered σ-
phase, especially in the HAZ center. 

The morphology of the welded well appears to follow the heat input direction during cooling of the weld bead 
having a dendritic columnar structure. Such microstructure formation is the product of differences between the 
temperature and composition during solidification [10]. The dendrites are oriented approximately parallel to the surface 
of the all-weld metal cross section; similar dendritic growth was described by H. Schönmaier et al. [11]. In addition, it 
was found that the scattered σ-phase particles found in the weld are characterized by large sizes compared with the 
particles from the HAZ.  

The hardness distribution along the center of the welded joint cross section exhibits symmetrical values (the 
indentation positions are shown in Fig. 2). The presence of the maximum hardness (around 230 HV) was registered in 
the HAZ; when moving toward the FZ, it can be observed that the hardness values drop and reach the value around 
210 HV. Similar behavior can be observed when moving toward the BM where the hardness decreased approximately 
to 209 HV. Hence, the BM had the lowest hardness in the whole joint. In this case, the hardness is related to dislocation 
density and residual stress; this last one is the product of the thermal, microstructural, and thermo-elastoplastic changes 
generated by the localized application of heat to melt the material and form the joint. When the material solidifies, the 
stresses are created around the weld area, due to which the HAZ has a higher hardness. 

 

Fig. 6. Heat capacity versus temperature diagram for the G35 alloy. 
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In work [12] it was shown that the formation of the ordered Ni2(Cr, Mo) phase is possible in the alloys of the 
Ni–Cr–Mo system; hence, the low-temperature effects of the material under study in the range of 250–450°C are 
associated with this phase. In the case of the base metal, where the chemical elements are more uniformly distributed, 
the generation of a larger number of particles of the Ni2(Cr, Mo) phase is possible; as a result, the effect (the deviation 
of the black curve from the dashed straight line) is more pronounced. In the case of the chemically inhomogeneous 
material in the fusion zone, due to the enrichment in Cr and Mo of interdendritic spaces, the effect is less due to smaller 
areas of possible formation of this phase. A further decrease in the heat capacity curves is associated with the increase 
of the formed particles more pronounced in the fusion zone. After the inflection points denoted by the arrows, the 
previously formed particles of the Ni2(Cr, Mo) phase dissolve. Again, the effect is shifted toward higher temperatures in 
the fusion and heat-treated zones. In addition, the less pronounced growth of the base metal curve is observed. 
However, despite the beginning temperature, the dissolution ends at approximately the same temperatures of about 
650°C. 

CONCLUSIONS 

1. The C-shaped diagram of the secondary phase formation in the G35 alloy after isothermal exposure from 750 
to 950°C has been constructed. It was found that the formation of particles occurs already after a fifteen-minute 
exposure at a temperature of 850°C. 

2. It was shown that no defects characteristic of the welding process were found in the sample of the welded 
joint. The high heat input by welding affects the formation of different structures in the welded joint. The 
microstructure of the fusion zone is characterized by the columnar dendritic structure. The heat affected zone and the 
base metal are represented by the austenitic grains. It was found that the release of the σ-phase particles was present in 
the fusion zone (in the interendritic space) and heat affected zone (along the grain boundaries).  

3. The hardness profile of the welded joint had increased values (231 ± 4 HV) characteristic of the heat affected 
zone, which is associated with the high stress level in this area. The base metal and fusion zones had similar hardness 
values of 207 ± 2 HV and 210 ± 7 HV, respectively. 

4. It was found that the formation and dissolution of particles of the ordered Ni2(Cr, Mo) phase in the fusion 
zone was shifted toward higher temperatures. The different magnitudes of the effects were due to different chemical 
uniformity degrees of the metal in different zones of the welded joint. Regardless of the temperature at which the 
formation/dissolution of this phase began, the effect ended at approximately the same temperature in different areas of 
the welded joint. 
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