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Abstract
Our research focused on Inconel 625 weld overlays on 16Mo3 steel boiler pipes. The investiga-
tion focused on the characterization of changes in the microstructure and chemical composi-
tion after annealing. The annealing was performed for ten hours at temperatures from 600 to 
1000°C. Changes in the microstructure were observed with a scanning and transmission electron 
microscope (SEM and TEM). The investigation was supplemented by hardness measurements. 
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Streszczenie 
Badania przeprowadzono na napoinach ze stopu Inconel 625 na stali kotłowej 16Mo3. Skon-
centrowano się na charakterystyce mikrostruktury i składu chemicznego zmian po wyżarzaniu. 
Obróbkę cieplną przeprowadzono w temperaturze od 600 do 1000°C przez 10 godzin. Zmiany 
mikrostruktury obserwowano przy użyciu skaningowej i transmisyjnej mikroskopii elektronowej 
(SEM i TEM). Badania zostały uzupełnione o pomiary twardości. 

Słowa kluczowe: Inconel 625, mikrosegregacja, wyżarzanie 

1.	 Introduction 

Nickel alloys are widely used in various domains. These alloys have good strength prop-
erties at high temperatures (even with variable loads) and good resistance to creep and 
high temperature corrosion. These alloys can be used at cryogenic temperatures and 
temperatures of up to 1250°C (even 1400°C for short periods of activity) and in highly cor-
rosive environments (compounds of sulfur, nitrogen, and carbon). With the appropriate 
alloying additions, these alloys provide useful corrosion resistance and have applications 
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in a wide range of industries [1, 2]. Nickel is capable of dissolving high concentrations of 
alloying elements as compared to other metals, which creates the conditions not only 
to obtain specific properties of these alloys but also enabling them to be solid-solution 
strengthened [3, 4]. 

The high concentration of alloying elements in nickel alloys when the multicompo-
nent phase equilibrium systems of nickel alloys are not known may, under come condi-
tions, trigger phase transitions. A  considerable concentration of elements such as Mo 
and Nb as well as the fact that padding welds have a cast structure that is characterized 
by a marked chemical composition inhomogeneity make the Inconel 625 alloy (which is 
a solution hardened alloy) prone to forming numerous precipitates within it [5, 6]. The 
625 alloy (which is designed as a  single-phase alloy) actually proves to be very com-
plex in terms of microstructure, especially under the prolonged influence of temperature 
[7, 8]. This may result in the creation of a wide variety of secondary phases. 

2.	 Methodology 

The research was focused on Inconel 625 weld overlays on 16Mo3 steel boiler pipes. The 
investigation focused on the characterization of the changes in the microstructure and 
chemical composition after annealing. Particular emphasis was placed on the changes in 
the chemical composition across the fusion line as well as microsegregation. The anneal-
ing was performed for ten hours at temperatures from 600 to 1000°C. 

The microstructures were examined by a scanning electron microscope (SEM) model 
FEI Inspect S50, Nova NanoSEM 450, equipped with an energy dispersive X-ray spectros-
copy (EDS) system. The samples for characterization by transmission electron microscopy 
(TEM) were produced and analyzed using a JEOL JEM-2010 microscope coupled with the 
EDS microanalysis system. 

The investigation was supplemented by hardness measurements. The hardness 
measurements were performed on a Tukon 2500 Wolpert-Wilson with a Vickers indenter. 
The measurements were performed in a direction perpendicular to the fusion boundary 
as a function of the distance from the boundary. The process parameters were as follows: 
indenter load  – 9.81 N; time  – 10 s. 

The samples for research were delivered by SEFAKO  – a company specializing in the 
production of boilers. The weld overlays were produced by an innovative method of cold 
metal transfer (CMT). 

3.	 Results and discussion 

The typical microstructure revealed on an overlay cross-section is shown in Figure  1. 
Neither the fusion zone nor the entire overlay showed evidence of spatter, porosity, or 
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microcracking. The Inconel overlay thickness was almost uniform, with a  thickness of 
about 2.5 mm. Its microstructure in regions adjoining the fusion zone exhibited a rough-
ly columnar dendrite and cell structure emanating in a direction parallel to the heat ex-
traction. In general, the microstructure of the overlay is a typical one for conventional 
casting [9, 10]. 

Fig. 1. Macrostructure of clad layer of Inconel 625 alloy 

The dendrites form a tightly packed columnar-grain structure with precipitates in 
the inter-dendritic spaces enriched with Nb and Mo. At the same time, the content of 
Cr and Ni in the dendrite axes center is higher than average. The precipitates form in the 
interdendritic spaces due to an eutectic reaction after the liquid becomes enriched with 
Mo and Nb. The solidification process proceeds as follows: L → L + γ → L + γ + NbC →  
L + γ + NbC + Laves phase → γ + NbC + Laves phase [1, 2, 11]. 

In the as-welded condition, two types of precipitates were identified. The first type 
of precipitate is probably the Laves phase enriched with Nb and Mo. Their shape is elon-
gated and thin. The second type consists of carbides enriched with Nb and Ti, which have 
an angular shape. The shapes and chemical compositions of the precipitates are shown 
in Table 1 and Figure 2. 

Table 1. Chemical composition of γ phase, MC carbide, and Laves phase in weld overlay 

Phase
Elements composition [wt.%]

Nb Mo Cr Fe Ni Ti

γ 4 9 23 1 65 –

MC carbide 56 4 6 1 10 15

Laves phase 25 15 19 1 51 –
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Fig. 2. SEM and TEM images of precipitates observed in Inconel 625 overlay: (a, b) SEM of Laves 
phase and carbide; c) BF-TEM of carbide 

After a heat treatment of between 600 and 700°C, no changes were observed in the 
microstructure. It was found that, above 750°C, the secondary phase dissolves and a new 
phase forms (needle-type form). The morphology of the needle-type form phase are 

a)

b)

c)
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shown in Figures 3a and 3b. Considering the particle shape and chemical composition, 
the data presented in references [7, 8] were identified as the δ phase. It was found that 
the δ phase is enriched with Nb (26 wt.%) and Mo (14 wt.%). After annealing at 1000°C 
(Fig. 3c), the needles observed previously in the interdendritic spaces disappeared. 

a)

b)

c)

Fig. 3. Microstructure after annealing: a) 800°C (SEM); b) 800°C (BF-TEM); c) 1000°C (SEM) 



78

Fig. 4. Line distribution of chemical elements in weld overlay: a) as-welded condition; b) 800°C; 
c) 1000°C 

a)

b)

c)
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Figure 4 shows the weld overlay microstructure with a  marked line on which an 
analysis of the chemical composition was carried out. This allows for the assessment of 
microsegregation elements during the solidification process. An analysis of the chemical 
composition (the as-welded condition and after annealing at 800°C) showed that the 
interdendritic regions were considerably enriched with Nb and Mo, simultaneously de-
pleted of Cr and Ni. The distribution of Fe in the weld overlay was relatively uniform. After 
annealing at 1000°C, no differences in the chemical composition were found between 
the dendrite cores and the interdendritic spaces. 

The hardness (Fig. 5) after welding was within a range of 250–275 HV1. After an-
nealing at 600° and 700°C, an increased hardness occurs (exceeding a value of 300 HV1). 
While at higher temperatures, there was a rapid decrease to about 225 HV1. This is prob-
ably related to the phase transformations occurring in the interdendritic spaces. 

Fig. 5. Hardness distribution in weld overlay 

4.	 Conclusion 

The microstructure of the weld overlay revealed a characteristic dendritic structure. The 
solidification process resulted in pronounced differences in the chemical composition 
between the dendrite cores and interdendritic spaces. An analysis of the chemical com-
position showed that the interdendritic regions were considerably enriched with Nb and 
Mo and simultaneously depleted of Cr and Ni. Despite the fact that Inconel 625 is a solid-
solution strengthened alloy, the precipitates of the secondary phases occurs in the weld 



overlays. The microstructure depended on the annealing temperature. In the as-welded 
condition, two types of precipitates were identified. Analyzing the chemical composition 
and shape, these precipitates were identified as the Laves phase enriched with Nb and 
Mo and carbides enriched with Nb and Ti. Above 750°C, the secondary phase dissolves, 
and a new phase forms. Considering the particle shape and chemical composition, it was 
identified as the δ phase. 
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