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Hot cracking of nickel-based superalloy turbine blade

Pekanie gorace topatki turbiny z nadstopu na osnowie niklu

Abstract

The aim of this study was to present the hot cracking behavior of a blade originating from a tur-
bine blade segment. The crack was induced by a gas tungsten arc welding process, and the re-
search material was a MAR-M247 nickel based superalloy. This alloy is considered to be difficult to
weld because of its high tendency to crack. Light microscopy and scanning electron microscopy
show the occurrence of cracking in the melted zone, heat-affected zone, and base alloy. A scan-
ning electron microscopy investigation revealed that cracks are propagated by stresses and liqua-
tion of the low temperature constituent.
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Streszczenie

Celem pracy byta analiza mikrostrukturalna pekniecia goracego na powierzchni topatki z seg-
mentu van cluster. Pekniecie powstato w wyniku oddziatywania skoncentrowanego zrédta ciepta,
jakim byt tuk elektryczny jarzacy sie w ostonie argonu. topatka zostata wykonana z nadstopu na
osnowie niklu o nazwie handlowej MAR-M247. W przypadku konwencjonalnych metod spawania
jest on uwazany za trudno spawalny. Przeprowadzono badania makrostruktury i mikrostruktury
za pomoca mikroskopii swietlnej i skaningowej. Na podstawie wykonanych badan stwierdzono
wystepowanie pekniec ciagtych zaréwno w obszarze przetopionym, strefie wpltywu ciepta, jak
i materiale rodzimym. Obserwacje za pomoca skaningowej mikroskopii elektronowej pozwolity
na stwierdzenie, ze pekniecie propagowato w wyniku naprezen, jak réwniez likwacji niskotopli-
wych sktadnikéw mikrostruktury.

Stowa kluczowe: nadstopy, stopy niklu, likwacja, pekanie gorace, topatki turbiny

1. Introduction

One of the materials that the Martin Marietta company developed in the 1970s is poly-
crystalline nickel-based superalloy MAR-M247. Its good castability, corrosion resistance
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at high temperatures, and high mechanical properties (including creep strength) made
it a widely used alloy in gas turbine structures. Its combination of unique properties
contributed to MAR-M247’s use for rotating components in aircraft engines, including
turbine blades and segments [1, 2]. Strengthening of the alloy mainly corresponds with
semicoherent precipitation y. MAR-M247 is comprised of about a 60% volume of inter-
metalic phase Ni;(Al, Ti). Additional solution strengthening is due to the presence of Co,
Mo, W, and Cr. Carbon, boron, zirconium, and hafnium precipitate mainly in the form of
carbides and borides along the grain boundaries (which improves creep strength). The
increased amount of refractory metals (i.e., Ta, W, and Mo) as well as the aforementioned
Hf and the segregation of alloying elements during crystallization lead to the formation
of the eutectic y/y and carbides in the interdendritic regions [3-5]. Due to the consid-
erable differences in their chemical composition and the resulting differences in their
structural composition, the welding of nickel-based superalloys is difficult. Elements in
the alloys may take on slightly different roles that may cause difficulties related to the at-
tainment of good-quality welds or pad welds. The properties of nickel alloys in the aero-
space industry require the use of special welding and repair technology. The high cost
of nickel superalloys as well as development in welding technology have compelled the
aviation industry to repair rather than replace such components after long-term service
or even utilize new parts with casting defects that are in need of repair. For this purpose,
welding technologies such as cladding and brazing are often used. Manufacturers of
aircraft engines have accurately defined the requirements of repair-welding technolo-
gies [6-8]. The scope of this study is to present the repair results of the MAR-M247 nickel
alloy.

2. Experimental procedure

The component used in these experiment was cast the turbine segment presented in
Figure 1. The lement is made of the nickel-based superalloy known as MAR-M247. The
chemical composition of the alloy is given in Table 1. The first stage of our investigation
was to characterize the base metal microstructure. Subsequently, the airfoil of the blade
was modified by Gas Tungsten Arc Welding. For this purpose, an Oerlikon welding ma-
chine was used. The parameters of the GTAW process are presented in Table 2. For light
microscopy, the sample was initially ground with sandpaper (with weights of #320, #600,
#800, #1000, #1200, and #2000) and then mechanically polished with diamond paste
of 3 um and 1 um grits. Afterwards, the sample was electrolytically etched with a 10%
solution of chromium (VI) trioxide. The investigation was carried out on a Leica light mi-
croscope. The scanning electron microscopy (SEM) examination and energy dispersive
spectroscopy were conducted on a Jeol microscope operated at 20 kV.Imaging in the
SEM was performed by backscattered electrons on the polished samples.
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Fig. 1. Turbine segment originating from aircraft engine

Table 1. Chemical composition of MAR-M247 [3]

Element Co w Cr Al Ta Hf Ti Mo C Zr B Ni
% wt. 10 10 8.4 5.5 3 1.5 1 0.7 0.15 | 0.05 | 0.015 | Bal.

Table 2. Parameters of regeneration by GTAW

Current [A] Voltage [V] | Travel speed [mm/min] | Efficiency n Heat input [kJ/cm]
50 12 240 0.65 0.97

3. Results and discussion

3.1. Microstructural characterization of base metal

The microstructure and EDS spectrum of nickel based superalloy MAR-M247 are present-
ed in Figure 2.

a) b)

Fig. 2. Cast MAR-M247: a) microstructure; b) EDS spectrum

183



The microstructure revealed equiaxed grains in the blade-as-cast and after heat
treatment (Fig. 2a). The obtained microstructures show that the analyzed MAR-M247
originated from a low-pressure turbine. Different methods of casting such elements al-
lows to reached directionally solidified structure for use in the high-pressure turbine [1].
Further observations of the microstructures using a higher magnification and the EDS
spectrum of carbide are presented in Figure 3.
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Fig. 3. Precipitation in as-received condition: a) eutectic; b) carbides; c) EDS spectrum of carbide.

It obtained that carbides as well as eutectic y/y’ are revealed (Figs. 3a, 3b). In the
microstructure, M,;C-, MsC-, and MC-type carbides can be present [2]. Evidence of an
MC-type carbide (Hf, Ta)C was confirmed during energy dispersive spectroscopy (Fig. 3c).

3.2. Microstructure of hot cracking

The typical macrostructure of the observed cracking is presented in Figure 4.

In the macrostructure (Fig. 4a), a crack was observed over the entire width of the
melted region. The crack did not stop at the fusion line; as a result, liquation of the grain
boundary and high stress expanded in the direction of the base material through the
heat-affected zone (Figs. 4b, 4c).
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Fig. 4. General location of crack obtained during repair welding

As a result of welding, the width of the melted area is just over 2 mm (Fig. 5a), while
the heat-affected zones are about 600 um (Figs. 5b, 5¢). The dimension of the crack in the
base metal is shown in Figure 6.

a)

Fig. 5. Dimension of investigated regions: a) melted region; (b, c) HAZ
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Fig. 7. Microstructure of crack: a) general view; b) liquated carbides; c) location of EDS spot; d) EDS
spectrum

On the left side, the crack developed into the base metal through 748 um (Fig. 6a),
and so the total length of the crack (HAZ and BM) on this side is about 1350 um. On the
other side, the crack is shorter — only about 915 um (Fig. 6b). The difference in the crack’s
dimensions is probably the result of different heat conductivity in the base metal near
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the tip and on the opposite side. The crack on the right side is located near the leading
edge, and so the higher cooling rate did not allow it to propagate a greater distance into
the base metal (the thickness of the base metal near the leading edge is lower). Figures 7
and 8 illustrate more details about the microstructure of the crack.

An SEM investigation allows us to state that the crack propagated in close proxim-
ity to the carbides and eutectic (Fig. 7a). The solidus temperature of the base material
is higher than the incipient melting temperature of the eutectic and carbides; so, liquid
was present during the welding process along the grain boundaries (Fig. 7b). The ther-
mal stresses and melted constituents caused failure and did not allow us to repair the
component. The energy dispersive x-ray spectroscopy analysis shows that the selected
area cracked near eutectic y/y’ (Figs. 7¢, 7d).

a) b)
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Fig. 8. Change of crack microstructure: a) increased width; b) fracture with carbide precipitates

The greater temperature gradient and increased stresses contributed to the change
in the crack’s microstructure. The crack in the selected region was wider, while on the
edges, the base metal was fully melted (Fig. 8). Figure 8b illustrates the fracture of hot
crack and primary carbide precipitates with diameters of about 1 pm.

4. Discussion of cracking mechanism

Due to their complex chemical composition, alloys melt and solidify at a wide range of
temperatures. This range is expanded with increasing amounts of alloying elements, and
for nickel-based superalloys, this range is quite wide. Hot cracking is initiated in the final
stage of crystallization of the weld. A liquid film along the grain boundaries and closed in
the interdendritic spaces at a sufficiently high level of stress, resulting in the low ability
of a material to strain (ultimately leading to cracking). The metal surrounding the weld
also begins to shrink due to the cooling that increases the level of stress. In the weld-
ing process, the base material adjacent to the fusion line is heated up to a temperature
within the range of solidus-liquidus. The microstructure in this region is partially melted
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and, thus, is described as the partially melted zone (PMZ). Cracking occurs in the PMZ be-
cause the liquid distributed along the grain boundaries cannot accommodate stresses.
The sensitivity of a weld on hot cracking is determined by both metallurgical factors and
local stress levels in the final stage of crystallization. The tendency of nickel-based super-
alloys to hot cracking is greater with the increase of heat input.

5. Summary

The results show the high tendency of nickel-based superalloy MAR-M247 to hot crack-
ing. This is associated both with the chemical composition resulting from the high con-
tents of titanium and aluminum (Al + Ti > 6 wt.%) a well as the used welding process.
Due to its relatively high heat input, gas tungsten arc welding is not appropriate to re-
pair these types of elements. The increased heat input caused a high level of stress, so
the crack expanded through both the melted region and heat-affected zone to the base
metal. The length of the crack indicates that the repair of these types of components
must be performed using a concentrated heat source such as a plasma arc or laser beam.
The selection of parameters should be taken into account for reducing welding stresses
and the liquation of low melting temperature constituents.
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