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Abstract: High temperature tensile tests have been conducted on samples of a Fe-Ni based
superalloy, Incoloy A-286, and significant ductility loss has been observed at 1220 <C.
Titanium-rich, thin-film-like phase has been found on the inter-granular facets of fracture
surfaces. It appears that sulfur content of Ti-rich phase was higher than that of the matrix.
At 1220 <C, liquation of Ti-rich phases has resulted in thin-film-like morphology along the
grain boundary and caused the ductility loss during tensile deformation.
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1. Introduction

Incoloy A-286 (A-286) is an iron-nickel base, austenitic superalloy containing 25 wt. % of Ni,
15 wt. % of Cr and other minor elements like Ti, Al and Mo. A-286 has a long service history in the
gas turbine engine industry due to its strength and oxidation resistance at intermediate temperatures
around 650 <C [1-4]. However, A-286 has been found to be prone to intergranular fracture when it is
deformed at high temperatures [4,5]. The issue of hot ductility loss has attracted much attention in the
superalloy industry, and numerous studies have been reported [6-11]. Most of these studies have
suggested impurities segregations and formation of precipitates along grain boundaries to be
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responsible for loss of ductility. For example, segregations of phosphorus and sulfur to grain
boundaries have been observed to result decrease ductility significantly [12]. And, formation of Laves
phase at 980 <C may also affect the ductility of A-286 [13]. However, limited literatures are available
to describe the mechanism of ductility loss at temperatures above 1200 <C.

The present article aims to elucidate the underlying mechanisms of high temperature ductility loss
for A-286 by examining the fracture surfaces after high temperature tensile tests with scanning
electron microscope and transmission electron microscope analysis.

2. Experimental Procedure

An ingot of A-286 processed by vacuum induction melting and was supplied by Gloria Materials
Technology Cooperation (Tainan, Taiwan), in as-solutioned condition, and the ingot was then
subjected to standard ageing heat treatment at 750 <C for 16 h to induce precipitation of strengthening
v’ phase. Cylindrical tensile specimens with a diameter of 6 mm and a length of 8 cm were machined
from the ingot. High temperature tensile tests were conducted on Gleeble 3500 (Dynamic Systems
Inc., Austin, TX, USA), at 1180, 1200 and 1220 < with a constant strain rate of 103 s™*. After the
tensile tests, fractured specimens were taken for microstructure analysis.

The chemical composition of the as-received A-286 bar was analyzed via glow discharge
spectrometer (GDS, LECO GDS-750A, St. Joseph, M1, USA), and listed in Table 1. The cross sections
of the fractured specimens were examined by scanning electron microscope (SEM, Hitachi SU8010
FE-SEM, Tokyo, Japan) and its Energy Dispersive X-ray Spectrometer (EDAX). Focus ion beam
system (FIB, JEOL JIB-4601F, Tokyo, Japan) was utilized to prepare specimens from fracture surface
for transmission electron microscope analysis. Diffraction patterns and compositional analysis were
conducted by transmission electron microscope (TEM, Philips Tecnai F30 FEG-TEM, Amsterdam,
The Netherlands) and its EDAX spectrometer.

Table 1. Chemical composition of A286 specimens via GDS analysis in wt. %.

Element Fe Ni Cr Ti Mn Mo Si Vv Al Cu C P S

wt. % Balance 25.0 143 178 147 127 051 034 010 020 0.04 0.02 <0.01

3. Results and Discussion

Stress-strain curves are shown in Figure 1, and certain degree of work hardening can be observed
before fracture for 1180 <C and 1200 <C conditions. It is obvious that both tensile strength and strain
decrease with increasing testing temperature. Although the fracture strain at 1200 <C has been
decreased by 50% from 1180 <C, 13% of strain is still considered as ductile fracture behavior. An
increase in temperature can soften the material as indicated by the decrease in tensile strength;
however, the ductility of A-286 has also been decreased dramatically. Interestingly, a near-zero
ductility at 1220 <C indicates a brittle fracture behavior at this temperature.
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Figure 1. The stress-strain curve for A-286 specimens tested at different temperatures.

Fracture surfaces after tensile tests are shown in Figure 2. A typical ductile fracture surface with
majority of dimple features can be observed for the 1180 <C condition, Figure 2a. A mixture of dimple
and sharp cleavage surfaces can be seen for the 1200 <C condition, Figure 2b. For 1220 <C condition,
inter-granular fracture surface can be seen mainly indicating that it is brittle fracture mode, Figure 2c,
and there appears to be some cavities on the grain facets.
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Figure 2. Fracture surfaces of A-286 tested at (a) 1180 <C; (b) 1200 <C; (c) 1220 <C.
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With higher magnification, a film-like layer appears on the surfaces of grains, which is shown in
Figure 3a, and their positions are associated with voids; however, these film-like phases and voids
were not present in the as-heat treated microstructure, Figure 3b. It appears that film-like phases and
voids were formed during the high temperature tensile test. The chemical composition of the film-like
layer has been analyzed by SEM-EDAX and shown in Table 2. Although results indicate that the
content of Ti is high, these film-like surfaces may be too thin to be isolated; therefore, major elements
like iron, nickel and chromium, which belong to the substrate, have also been detected.
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Figure 3. (a) Film-like precipitates on the inter-granular facets after 1220 <C tensile test;
(b) as-heat treated microstructure.

Table 2. Chemical composition of Ti-rich precipitates via SEM-EDAX analysis in wt. %.

Element Fe Ni Cr Ti Mn Si Al O C P S

wt. % 4018 21.04 12.39 22.67 - - 0.25 187 159 <001 <0.01

FIB was used to section TEM specimens from the film-like regions of the fracture surface shown in
Figure 3a for TEM analysis. Figure 4a shows a cross-section containing both matrix and the surface
layer. Their chemical compositions are shown in Table 3, and it is clear that the surface layer contains
high level of Ti (A region, Figure 4b). On the other hand, the region beneath the top layer (B region)
can be seen as A-286 matrix judging from the corresponding diffraction pattern, Figure 4c. Some
elements were depleted, possibly due to the oxidation. The abrupt change in Ti content between the
surface layer and the substrate indicates a phase boundary. Although the thickness of the Ti-rich layer
is only about 100 nm, the area being enclosed can be around 50 pm? as shown in Figure 3a. The
diffraction pattern taken for the Ti-rich phase is shown in Figure 4b and indicates a FCC structure with
a lattice constant of 0.4398 nm, which is only slightly larger than the reported 0.4326 nm of TiC [14].
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Figure 4. Transmission electron microscope analysis (TEM) analysis of A-286 tested at
1220 <C, (a) cross sectional view, and (b) diffraction pattern of the surface layer
(A region), (c) diffraction pattern of the matrix (B region).

Table 3. TEM-EDS results in wt. %.

Site Fe Ni Cr Ti Mn Si Vv P S
A 2.75 0.78 0.57 95.38 - - - 0.18 0.31
B 55.05 33.06 11.41 0.19 - - 0.07 - 0.19

The interfaces between grain boundaries and phases within are known to be incoherent [15], and
these interfaces are at higher energy state; therefore, impurities such as sulfur tend to segregate toward
grain boundaries. Furthermore, TiC is often observed at the grain boundaries in A-286 [16]. Therefore,
it is likely that TiC acts as a precursor for the formation of Ti-rich phase. Since the slightly higher level
of sulfur and phosphorus are being detected in the Ti-rich phase, it is likely that both P and S react with
TiC and form a lower melting temperature version of Ti-rich eutectic compounds. At 1220 <C, the
Ti-rich eutectic compound may be liquefied and results in voids as shown in Figure 2c. Both voids and
Ti-rich phase can lead to significant loss in ductility and inter-granular fracture. Upon subsequent
cooling process, this Ti-rich phase would solidify as film-like appearance along the surfaces the grains,
which were shown in Figures 3a and 4a.
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To improve the high temperature ductility of A-286, one direct approach would be to further
decrease the level of impurity so that formation of sulfur bearing Ti-rich phase can be hindered.
Another approach is alloy design. With the addition of elements that can form stable sulfide, it may be
able to prevent the formation of a low melting temperature phase; hence, the liquation phenomena can
be prevented. Experimental work is ongoing to investigate the effect of elemental addition on sulfur
segregation and the formation of Ti-rich phase.

4. Conclusions

High temperature tensile tests have been conducted on Incoloy A-286 superalloy, and a ductile to
brittle transition has been observed from 1180 to 1220 <C. Zero ductility has been observed at
1220 <C. Titanium-rich thin-film-like phase has been found on the inter-granular facets of the fracture
surfaces. The present study indicates that, at 1220 <C, liquation of Ti-rich phase has caused
thin-film-like morphology along the grain boundary and caused ductility loss during tensile deformation.
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