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Abstract: In the present paper, microstructural changes in two alloys, IN617 and DMV617 mod, after
5h and 1000 h of aging at 700 °C were investigated using scanning transmission electron microscopy.
The mechanical properties of the samples were evaluated using hardness tests. Precipitates were
identified using energy-dispersive X-ray spectroscopy analysis. After long-term aging, intensive
precipitation of the My3;Cgy carbides and v/ intermetallic phase in the microstructure of alloys was
observed. In the IN617 alloy, continuous layers of M»3Cg carbides along the grain boundaries after
long-term aging were observed. The minor addition of boron to the DMV617 mod alloy is advanta-
geous in microstructure formation during long-term aging because it decreases the agglomeration of
M;3Cg at the grain boundaries.

Keywords: IN617 and DMV617 mod alloys; heat treatment; microstructure; phase precipitation;
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1. Introduction

The legal and ecological conditions of the country and the EU require the construction
of ultra-supercritical power units with high efficiency (above 46%) and lower emissions
of harmful SOx, NOy, and CO, compounds into the atmosphere. Increasing the steam
temperature to approximately 700 °C and the pressure to over 30 MPa requires the use
of materials that must be characterized by high creep resistance and structural stability
at high temperatures. One of the nickel superalloys that can be used for boiler pressure
elements is Inconel Alloy617 (NiCr23Co12Mo). This alloy is characterized by good me-
chanical properties at elevated temperatures and resistance to corrosion and oxidation in
aggressive environments [1-3]. The new DMV617 mod alloys contain additional B and N
in their chemical compositions. These additives cause a more favorable set of functional
properties [4,5]. In the present paper, the changes in the structure of IN617 and DMV617
mod alloys after aging at a temperature of 700 °C and a heating time of 5 h and 1000 h are
investigated [6].

All elements included in Ni-based alloys can be divided into three basic groups. The
first group consists of elements forming the alloy matrix, such as Co, Fe, Cr, Mn, Si, and
Mo. Group II includes elements forming the v’ phase, such as Ni, Al, and Ti. Group III
includes C and B. Ni, which is the basic component of the alloys, determines their structure
and phase stability. The addition of Cr and Si ensures the matrix’s resistance to oxidation at
elevated temperatures. By forming carbides M»3Cy with high durability, Cr also affects the
creep strength and plastic properties of superalloys [7,8]. Al and Ti are added to strengthen
the superalloy by precipitating the v’ phase. Fe can partially replace Ni in the matrix,
which causes the alloy to become cheaper, but as the content of this element increases, the
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heat resistance decreases due to the lower adhesion of the oxidized layers containing iron
oxides. As the Fe content increases, the susceptibility of Ni alloys to the precipitation of the
unfavorable o phase also increases [8]. Co, which can also constitute an alloy matrix, when
added to Ni alloys, significantly reduces the solubility of elements such as Al and Ti in the
matrix. These elements increase the alloys” heat resistance. Mo is introduced into alloys
mainly to strengthen the solid solution at elevated temperatures. This element also forms
carbides, mainly complex ones, often containing additional Cr and Fe. The presence of this
element in the v’ phase increases its strengthening properties.

2. Materials and Methods

The materials for investigation were IN617 and DMV617 mod alloys after saturation.
The chemical composition (Table 1) of the DMV617 mod alloy was modified with the
microaddition of B and N; moreover, the Si and Fe content was limited. The alloy aging
process was carried out at a temperature of 700 °C and heated for 5 h and 1000 h with cooling
in a furnace. A Hitachi HD-2300A scanning transmission electron microscopy (STEM)
technique was used for microstructural investigation. Energy dispersive X-ray spectroscopy
(EDS) analysis of the precipitates was performed on thin foils and extraction replicas.
Quantitative analysis of the v phase precipitates (average diameter) was performed based
on images recorded on a STEM using the Metilo program [9].

Table 1. Chemical composition of alloys.

Alloy C Cr Co Mo Al Ti Mn Si Fe B N Ni
IN617 01 220 120 90 10 04 07 07 20 - - Bal.
DMV617 mod 01 220 120 90 10 04 07 03 15 001 0.05 Bal

3. Results and Discussion

The initial microstructure of the alloy consists of prior austenite grains. In this state,
Mjy3C4 and MC(X) carbides are distributed along the grain boundaries and inside the
grains [6]. The microstructure of the alloys after aging at 700 °C/5 h and 700 °C/1000 h
is presented in Figure 1. Three kinds of precipitates are identified in both alloys by EDS
analysis: M3Cs, MC(X), and the ¥’ intermetallic phase (Table 2). From the obtained results
in Figure 1, it is evident that My3Cg and MC(X) carbides are well visible within the grains
and at the grain boundaries. Studies conducted showed that the ' phase was observed
after the aging process (Figure 2). However, the amount of the y’ phase in the IN617 and
DMV617 mod alloys during 5 h of aging at 700 °C was slight and not well visible in thin
foil; for this reason, EDX investigations were performed using extraction replicas methods.

Figure 1. SEM images of (a) IN617 after aging at 700 °C/5 h, (b) IN617 after aging at 700 °C/1000 h,
(c) DMV617 mod after aging at 700 °C/5 h, and (d) DMV617 mod after aging at 700 °C/1000 h.
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Table 2. Chemical composition of precipitates in IN617 and DMV 617 mod after aging.

Chemical Composition (wt.%)

IN617 (700 °C/5 ) Ni Cr Co Mo Al Fe Ti
M3Cs 13 60 6 20 - 1 -

Y 72 3 - 9 12 2 2

v 54 21 13 10 - 2 -

IN617 (700 °C/1000 h)

M3Ce 5 72 2 21 - - -

v 74 4 - 7 10 1 4

v 60 23 1 10 3 3 -

DMV617 mod (700 °C/1000 h)

Ma3Cs 7 72 2 19 - - -

v 79 1 3 3 5 4 5

v 58 20 12 9 - 1 -

o= [AIK] o p— [TiK]

Figure 2. STEM-EDS mapping of the y’ phase in the DMV617 mod alloy after aging at 700 °C/1000 h.

The solid solution based on Ni is characterized by high heat resistance. This significant
increase in the heat resistance of Ni is caused by its significant susceptibility to creating
solid solutions with high stability [7,8]. The strengthening of the solid solution vy is mainly
provided by the alloying elements dissolved in it, which reduce the diffusion coefficient
and the stacking fault energy, making transverse slip more difficult [7]. Based on the XRD
analysis of the investigated alloys, it was shown that the elements that have a particularly
intensive impact on the strengthening of the matrix are Ni, Co, Fe, Cr, Mo, and Al to a
lesser extent (see Table 2). However, the average metallic composition of the matrix of the
investigated alloys varies.

The vy’ phase has a decisive influence on the heat resistance [7,8]. Due to long-term
aging, decomposition of the solid solution y occurs, and the heat resistance and plasticity
of the alloy significantly decrease. The amount of the precipitated phase depends primarily
on the total content of Al and Ti in the alloy because the chemical composition of this phase
has a significant impact on its morphology and properties. Based on the XRD analysis of
the investigated alloys, it was shown that the elements that have a particularly intensive
impact on the strengthening of the y" are Ni, Co, Fe, Cr, Mo, and Al (see Table 2 and
Figure 2). The chemical composition of the y’ phase also affects the degree of coherency of
its crystal lattice to the matrix lattice, which affects the morphology of the precipitates [7,8].
Its strengthening effect is greatest when the mutual coherence of the matrix and the y’
phase is ensured (Figure 3). With the increase in aging time, Y’ shows no coherence with the
matrix. At the same time, the phase size and shape change. In the IN617 alloy, the average
diameter of the v’ phase is 11.7 nm and 58.1 nm, respectively, for 5 h and 1000 h of aging.
Meanwhile, in the DMV617 alloy, the average diameter of the vy’ phase after 1000 h of aging
is 71.1 nm. The ¥/ particles for 5 h of aging were not observed in the extracted replicas.
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Figure 3. Microstructure of the extracted vy’ phase in the IN617 alloy: (a) 700 °C/5 h and
(b) 700 °C /1000 h.

My3Cg carbide, characteristic of Ni alloys, is released during heat treatment as a result
of Cr binding C from the matrix. In the investigated alloys, Mp3Cg carbide approximately
corresponds to the formula Cr, (Mo, Ni, Co, Fe) C (Table 2). An important change in the
microstructure is the increase in the volume fraction of carbides with increasing aging
time (Figures 1, 4 and 5). Initially, carbides are formed as discrete particles along the grain
boundaries, and then, with increasing time, they continue to be formed as continuous
phases along the grain boundaries, twin boundaries, and as scattered particles within the
grains (for example, Figure 1a). The continuous network of carbides (visible in Figure 1c) at
the grain boundaries facilitates the propagation of cracks, and the difficult sliding process
along the grain boundaries affects the stress concentration and accelerates the occurrence
of brittle scrap. On the other hand, if there are no carbides at the grain boundaries, the
boundary slipping is facilitated by the simultaneous occurrence of voids during plastic
deformation at elevated temperatures [7,8].

HD-2300A 200kV x45.0k TE

Figure 4. M3Cg carbides and the ¥’ phase in (a) the IN617 alloy after aging at 700 °C/5 h and (b) the
DMV617 mod alloy after aging at 700 °C/5 h.

Figure 5. M»3Cg carbides (a) and the vy’ phase (b) in the DMV617 mod alloy after aging at 700 °C/1000 h.

The carbide mesh visible in DMV617 mod during aging at 700 °C/5 h (Figure 1c)
“disappears” during long-term aging (Figures 1d, 4 and 5). The particularly harmful effect
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of the “mesh” M3Cs particles on grain boundaries can be removed by the release of the v’
phase at the grain boundaries, blocking the growth of M3Cg [5]. Inside the grains, small
carbides with a plate-like and rod-like shape are observed after long-term aging (Figure 5).
The small Mp3C¢ carbides are especially responsible for the pining of dislocation during
creep. It should be noted that the morphology of carbide precipitates during the aging
of both alloys is different. In the IN617 alloy, carbides are precipitated along the grain
boundaries and further grow along the grain boundaries with the extension in the aging
time. However, in the DMV617 mod alloy, the secondary phases are more fragmented and
evenly distributed in the matrix, which is undoubtedly influenced by the microaddition of
B. Increasing the aging temperature results in an intensified M»3Cg carbide release.

The hardness of the alloys starts to increase as the aging time increases (Figure 6).
Moreover, the hardness of the DMV617 mod alloy becomes less than that of the IN617 alloy.
The changes in hardness values are consistent with microstructural changes in the samples.
The precipitation of the M3Cq carbides promotes the depletion of Mo, Ni, Cr, and Fe from
the solid solution. On the other hand, the M,3C¢ carbides can contribute to the increase
in the strength through precipitation hardening. From the literature, it is known [8] that
precipitation strengthening can compensate for the loss of solid solution at an early stage
of aging where the particles of carbides are small. After a long aging period, the My3Cg
precipitates lose their ability to inhibit the motion of dislocations. Such interplay between
the solid solution strengthening and precipitation strengthening also applies to the y’ phase.
It is interesting to note that the average diameter of the v’ phase in the DMV617 mod alloy
is bigger than in the IN617 alloy.

400
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Figure 6. Influence of chemical composition and aging time on changes in hardness.

4. Summary

The pronounced precipitation of the My3C¢ carbides and the v’ intermetallic phase in
alloys takes place during long-term aging. M»3Cg carbides frequently precipitate on grain
boundaries and inside grains. Different morphologies of M»3C¢ carbides were detected in
the analyzed alloys. Particles with irregular shapes were observed, especially at the grain
boundaries of the IN617 alloy. Meanwhile, in the DMV617 mod alloy, the carbides in the
grain boundaries were smaller and more regular. Moreover, inside the grain, regular and
equiaxed carbides were observed. As the aging time increased, the average diameter of the
v’ phase increased in both phases. In the DMV617 mod alloy, the growth of the y’ phase
was greater than in the IN617 alloy.
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