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Boron is known to improve the ductility of polycrystalline superalloys at high temperatures by
strengthening their grain boundaries. It is found at grain boundaries either in solid solution or in the form
of borides [1,2]. However, we lack information on the behavior of borides during creep deformation.
The present study investigates the segregation of solutes at dislocations in crept borides, aiming to
understand the deformation of these grain boundary precipitates. Two polycrystalline nickel-based
superalloys, namely RRHT3 and STAL15-CC, were crept, and segregation at dislocations within the
borides was investigated by atom probe tomography (APT).

The RRHT3 alloy has a nominal composition 50Ni-9.9Al-18.3C0-13.3Cr-1.5Mo0-4.6Nb-1.0Ta-0.8W-
0.17B (at.%) and was deformed under creep at 750°C at 600 MPa up to fracture. The STAL15-CC alloy
with  composition  Ni-16.50Cr-5.50C0-0.60Mo-1.20W-10.00Al-2.40Ta-0.02Hf-0.5C-0.05B-0.01Zr
(at.%) was crept at 850°C at 235 MPa up to fracture. Specimens for APT were prepared by site-specific
lift-out from grain boundaries close to the fracture surface with a dual beam FEI Helios Nanolab 600
instrument. APT measurements were carried out on a Cameca LEAP™ 5000 XR operated in laser
pulsing mode at a pulse repetition rate of 125 kHz and a pulse energy of 55 pJ, with a base temperature
of 60K and a detection rate of 15 ions every 1000 pulses.

Figure la shows an APT reconstruction from the RRHT3 alloy containing a (Cr,Mo0)sBs boride
neighboring a o-precipitate. Linear features, which correspond to dislocations, are highlighted in the
boride by a cobalt iso-composition surface (dark blue). A concentration profile across a dislocation
denoted by arrow #1 in Figure 1a is given in Figure 1b. The dislocation is enriched in cobalt and nickel
that increase up to 19 at.% and 7 at.%, respectively and depleted in boron that drops to 15 at.% from
approximately 36 at.%. An enrichment in chromium is also measured, raising from 25 at.% to
approximately 40 at.%. Although cobalt and nickel are always found to segregate at these dislocations,
this is less marked for chromium, whose composition fluctuates much more in the boride. Some of the
dislocations seem to be in pairs, such as the ones in the red dashed frame in Figure la. A 2D
composition profile map was extracted from this area for cobalt and nickel, see Figure 1c and 1d. The
2D concentration profile map of cobalt clearly shows two maxima next to each other, corresponding to
the two dislocations. In contrast, nickel is found to segregate more in one dislocation than in the other
one. This observation can be related to the different solute drag forces between the leading and trailing
partial dislocations as found in other cases [3]. However, this observation needs to be further
investigated by correlative transmission electron microscopy (TEM) and APT.
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Figure 1e shows an APT reconstruction from a deformed CrsBs boride from the STAL15-CC alloy.
Dislocations are highlighted by nickel isocomposition surfaces. Some dislocations were also observed to
be in pairs, as in the case of RRHT 3, as shown in Figure le. A 1D composition profile across such a
pair of dislocations is given in Figure 1f. Similar to RRHT3 alloy, nickel and cobalt were found to
segregate at the dislocations. However, in this case there is no distinct depletion of boron and increase of
chromium at the dislocations. It is believed that the different segregation behavior between the two
investigated borides rises from the different composition of the borides ((Cr,Mo0)sB3 vs. CrsB3).

In summary, the present results show that nickel and cobalt segregate at dislocations in the borides,
indicating that borides contribute to the deformation of superalloys and to the chemical alteration of the
structure via solute drag at dislocations, as was already evidenced between the y matrix and 7'
precipitates [4,5]. We believe that the level of segregation depends on the composition of the borides,
which in this study is different for the borides between the RRHT3 and STAL15-CC alloy (see Figure
1). Finally, borides are often assumed to act as stress concentration sites facilitating crack initiation at
grain boundaries during creep. However, our observations indicate that borides display plasticity at high
temperature, suggesting that their deformation needs to be considered in understanding the mechanical
performance of polycrystalline superalloys at elevated temperatures [6].
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Figure 1. (a) APT reconstruction from the RRHT3 alloy showing a (Cr,M0)sBs boride and a o
precipitate. Dislocations are shown with an the iso-composition surface at 1 at.% Co. (b) 1D
concentration across a dislocation as denoted by arrow #1 in (a). (c) 2D concentration profile map of
cobalt corresponding to the area denoted by the red dashed box in (a). (d) 2D concentration profile map
of nickel corresponding to the area denoted by the red dashed box in (a). (e) APT reconstruction of a
CrsBs3 boride from the STAL15-CC alloy, with dislocations shown with an iso-composition surface at
0.7 at.% Ni. (f) 1D concentration profile across a pair of dislocations as denoted by arrow #2 in (e).
Error bars are shown as lines filled with color and correspond to the 26 counting error.
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