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ABSTRACT:

Three Ni-base alloys Hastelloy C22, Inconel 600, and Inconel 601 with carbon contents of 0.003, 0.05,
and 0.3 wt. % respectively were used to investigate the effect of carbon on the morphology grain
boundaries at constant heat treatment. From microstructural characterization and analysis, it was
observed that the lowest carbon content resulted in planer character grain boundaries, the carbon
content produced wavy grain boundaries and the highest carbon content produced saws-teeth grain
boundaries. It is suggested that higher carbon contents result in the formation of occurred grain
boundaries due to the formation of M»3Cs morphology.
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l. INTRODUCTION

Ni-base alloys are widely used in space and marine environments due to their high strength, ductility
and corrosion resistance. It is well documented that grain boundary serration occurs by the formation of
precipitates along grain boundaries [1-6]. Investigators have found that, grain boundary serrations in stainless
steel improve creep and fatigue properties of this alloy [5]. Furthermore, it has been found that in alloys 304 and
316 stainless steels, when grain boundaries are serrated the amount of carbides reduced and carbide precipitate
shape changed from triangular to planar which has been proven to improve fatigue properties for those alloys
[7]. In other studies [8,9] it was found that grain boundary serration occurs before carbides are precipitated on
the grain boundaries. These studies also claim that when precipitation of carbides eventually occurs, planar
carbides form along serrated boundaries while triangular carbides form along the unserrated boundaries. This
contradicts previous reports that claim that grain boundary serration is due to precipitation of phases in the grain
boundary serration. It has been found that the phase precipitated on grain boundaries in stainless steels are
M,3Cs type carbides [10-17]. Therefore, the main purpose of this study is to investigate the effect of carbon
content on the morphology of grain boundary serration.
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Figure 1Model shows grain boundary serration formation in stainless steel due to M»sCg precipitation,
(a-a) grain boundary prior to formation of M;3Cs; (b-b), (c-c) serrated grain boundary after formation of M3Cs
[10].

1. EXPERIMENTAL PROCEDURE
In order to investigate morphology of grain boundary serration in three kinds of Ni-base alloys are
Hastelloy C22, Inconel 600, and Inconel 601, specimens were all solution heat treated at 1000°C for 1 hour
followed by air cooling. Specimens were investigated under constant conditions using scanning electron
microscopy and energy dispersive spectroscopy SEM-EDS.
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Chemical compositions of the alloys are given in Table 1. To study grain boundary morphology with

different carbon content, more than 5 specimens from each alloy were prepared and investigated under the same
experimental conditions to confirm results.

Table 1 Nominal chemical composition of the three alloys

Chemical composition of Ni- alloys (wt.%)

Alloy C Fe Mo Cr Ni
Element

Haselloy C22 0.003 2.95 13.67 21.45 Bal.

Inconel 600 0.05 8.58 - 15.77 | Bal.

Inconel 601 0.3 16.09 | - 22.14 | Bal.

Microstructural examination of Hastelloy C22 alloy (0.003%C) as shown in “Figure 2” reveals that
more precipitates formed on grain boundaries. Also, the grain boundaries were essentially planar possibly
because of the formation of the planer and spherical precipitates along these grain boundaries.

Figure 2 SEM images showing planer grain boundaries of Hastelloy C22 (a)
magnification.

The morphology of the grain boundaries in Inconel 600 as shown in “Figure 3” is quite different from
those for Hastelloy C22 as shown in “Figure 2”. In Inconel alloy 600, the grain boundaries have wavy
appearance possibly due to the grain boundary formation of small amount of carbides. Further in Inconel 600
the grain boundaries are more rounded morphology compared to those in Hastelloy C22.

Figure 3 SEM images showing wavy grain boundaries of Inconel 600 (a) at 2000 and (b) at 4000 magnification.

In Inconel 601, it was observed that the grain boundaries are very distinct saw teeth shape like as
shown in “Figure 4” and also the carbides precipitates within the grains are triangular in shape as shown in
“Figure 5” and a single precipitate observed at 8000 magnification as shown in “Figure 5 b”. Further it was
found that the grain boundaries are more visibly serrated in Inconel 601 than in Inconel 600 or Hastelloy C22.

Figure 4 SEM images showing saw teeth and serrated grain boundaries of Inconel 601(a) at 2000 and (b) at
4000 magnification.
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Figure 5 SEM images of triangle carbides precipitates in Inconel 601(a) at 2000 and (b) at 8000 magnification.

A major observation that Inconel 601 alloy which contains a significantly higher carbon content (C =
0.3%) showed the most visible within the grains and within grain boundaries serration. Also, Inconel 600 alloy
(C = 0.05%) had more visibly serrated grain boundaries than Hastelloy C22 (C = 0.003%). Therefore, it can be
concluded that the percentage of carbon composition possibly determines the morphology of the grain
boundaries as well as the shape of grain boundaries precipitates. The higher the carbon content the more
pronounced the grain boundary serration. Figure 6 general schematic diagram illustrate grain boundaries for the
three alloys planar, wavy and saw teeth (a) Hastelloy C22 (b) Inconel 600 and (c) Inconel 601

Figure 6 1Model shows grain boundaries planar serration, wavy, and saw teeth for (a) Hastelloy C22 (b) Inconel
600 and (c) Inconel 601 respectively.

Examination of the ternary Ni-Cr-Fe phase diagram [18] indicates that the major constituent phase in
the three alloys considered is the y phase. Further analysis done using computer program software JMatPro 4.0
shows that the Hastelloy C22 and Inconel 600 is the y phase, whereas Inconel 601 show that the y phase and
M-C; at temperature 1000°C for lhour for three alloys as shown in “Figure 7.
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Figure 7 Show phase diagram of three Ni-base alloys solution treated at 1000°C for 1 hour followed by air
cooled exhibited y phase (a) Hastelloy C22, (b) Inconel 600 and (c) Inconel 601.
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I1l. CONCLUSIONS
The study shows grain boundary morphology can be related to the amount of carbon present in nickel

base alloys. Grain boundary serration becomes more pronounced with increasing carbon content. With
increasing carbon content, grain boundary morphology changed from planar in Hastelloy C22 to serrate with
rounded features in Inconel 600 alloy and to serrated with saw-teeth like appearance in Inconel 601.
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