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Abstract

Improving the creep resistance of the matrix by alloying with refractory elements is a major
strengthening effect in nickel-based superalloy with rhenium as one of the most effective
elements. In this work the influence of rhenium on creep properties of single-phase single
crystals with varying rhenium content and matrix near composition is investigated. The use of
single crystalline material leads to very distinct results which are not deteriorated by grain
boundary effects. So the strengthening effect can be solely attributed to the alloying element
rhenium and is quantified for the first time. By comparing the creep strength of two matrix
compositions with the corresponding single crystal superalloys using the threshold stress
concept the potential of creep strengthening of the matrix in two phase single crystal alloys is

quantified.



1. Introduction

Nickel-based superalloys are used as high temperature materials in gas turbines since the
1940s. In order to achieve increased efficiency, the turbine entry temperature is raised steadily
leading to higher material temperatures. The temperature capabilities of the alloys used
increased over the years by improvements in alloy composition and processing route from
wrought alloys to cast single crystal alloys. The outstanding mechanical high temperature
properties result from the microstructure consisting of cuboidal shaped L1,-ordered 7’-
precipitates coherently embedded in fcc nickel-solid-solution matrix [1]. Many investigations
concentrate on optimizing the microstructural parameters like y’-size dy, ¥ volume fraction £,
or misfit 9, see for example [2,3]. Modern single crystal nickel-based superalloys often meet
the values dy =0.45 um, f, =70% and 6 =- (1...3)-107, which are considered as optimal
[4,5], i.e. precipitation strengthening is exploited to its optimum. Thus creep strengthening of
the generally soft matrix by alloying with refractory elements is of high interest. One of the
most potent solid solution forming elements for improving the creep resistance of the matrix
is thenium [6] which even led to classification of superalloys in generations according to their
rhenium content [7]. The first generation contains no rhenium, the second generation has a
rhenium content of 3 wt.%, the third generation 6 wt.% rhenium, the fourth and higher
generations also contain ruthenium.

Despite the excellent creep properties the development directions in recent times depart from
exotic elements like rhenium and ruthenium because they are scarce strategic elements and
are subjected to large price fluctuations [8]. Furthermore rhenium and ruthenium tend to
promote the formation of brittle phases that form after long time exposure at high
temperatures and thereby have detrimental effects on mechanical properties [9] and on
oxidation behavior [10]. Currently efforts are undertaken to develop rhenium free alloys with

similar or even better properties than rhenium containing alloys.
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Therefore it is important to know why a higher rhenium content leads to a better creep
resistance and how big this effect is. In this paper we quantify the effect of rhenium as solid
solution forming element on the creep resistance of single crystal matrix alloys. To our
knowledge there is no observation that makes it possible to quantify the influence of rhenium
on creep behavior of single crystalline matrix alloys in open literature. Two single phase
alloys with matrix-near compositions and different rhenium content were cast as single
crystals and tested under a constant tensile load at a temperature of 980°C. Due to the use of
single crystal material no grain boundary effects like grain boundary sliding adulterate the
results and grain boundary strengthening elements need not to be used.

The effect of creep strength of the solid solution matrix alloys on creep properties of the
corresponding two phase alloys was determined using the threshold stress concept. The
results are compared to the experimentally determined creep behavior of the commercial

single crystal nickel-based superalloys CMSX-4 and CMSX-3.

2. Materials and Methods

The commercial superalloy CMSX-4 [11] serves as reference in this investigation. The matrix
composition and 7y’ phase fraction of CMSX-4 and CMSX-3 at different temperatures were
assessed using Thermo-Calc [12] with the database TTNi7 [13]. The calculated compositions
agree well with measured matrix composition of CMSX-4 [14]. The composition of the
matrix as a function of temperature (see fig. 1) shows a significant increase in Y’ forming
elements such as Al, Ti and Ta with increasing temperature, reflecting the dissolution of y’.

Small test samples of alloys with the compositions calculated for the CMSX-4 matrix at
900°C and 800°C were molten and investigated using scanning electron microscopy. The
900°C composition shows 7y’ precipitates at room-temperature while the alloy with the

composition at 800°C does not. So the calculated matrix composition of CMSX-4 at 800°C
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was chosen as base matrix composition to ensure that the investigated alloys are indeed single
phase at the envisaged temperature of 980°C. The base matrix alloy with 9 wt.% rhenium
(designated as MSX Re9) and one alloy without Re (MSX Re0) were cast as single crystals.
The composition of MSX Re0 is very close to that of the matrix of CMSX-3 [15]. The
nominal composition of the matrix alloys is given in table 1. Microstructure of quenched
matrix alloys show no 7y’ phase.

Master alloys were molten from high purity elements (>99.9%) in an arc furnace under
500 mbar argon atmosphere. Subsequent single crystal casting was carried out in a proprietary
Bridgman investment casting furnace [16,17] with a temperature gradient of 6 K/mm and a
withdrawal rate of 3 mm/min. The single crystal rods had a diameter of 15 mm and a length of
130 mm. Deviations of the cylindrical axis from the <001> crystallographic direction was in
all cases <9°. Matrix alloys were diffusion heat treated for 60 h at 1280°C to get a
homogenous distribution of rhenium and tungsten, which strongly segregate to the dendrite
core [18]. CMSX-3 and CMSX-4 were standard heat treated with the parameters given in
[19,20].

The microstructures of two phase superalloys in heat treated condition and after an interrupted
creep test were examined with a scanning electron microscope (1540EsB, Zeiss) using a
column-near secondary electron detector. Samples were prepared by silica polishing and
shortly etched (2 s) in Mo etchant (100 ml H,O, 100 ml HC1 (37%), 100 ml HNOs3 (65%), 3 g
Mo0O;). The volume fraction f, was determined using area fraction measurements from
scanning electron micrographs. To get f; as a function of temperature small samples
(5 x 5 x 1.5 mm?®) were heat treated under Ar for 15 h with subsequent quenching in liquid Ga
at a temperature of 35°C to prevent further precipitation of y'. The room temperature misfit
was measured using a powder diffractometer (XRD 3000P, Seifert) working in Bragg-

Brentano-geometry. The diffractometer is equipped with a Johansson-monochromator in the
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primary beam path to get sole Cu-Ky;-radiation. The lattice parameters of matrix a, and y’

phase a,, were determined by analyzing the (400)-peak. The constrained misfit was calculated

by:

B 2-(ay—ay) 1
o = @ ra) ()

Creep specimens (geometry see [21]) were cut out of single-crystal rods by wire electro
discharge machining. To remove the recast layer samples were flat ground to a roughness
R, < 0.2 pm. The specimens were machined parallel to the axis of the rod so they have the
misorientation resulting from the casting process < 9° off <001>. Creep testing was carried
out in proprietary creep testing devices [22,23] under vacuum (<10 mbar) at a temperature
of 980°C and stresses of 30, 50 and 75 MPa for the matrix alloys and 170-300 MPa for

nickel-based superalloys. For each two phase superalloy one creep test at 980°C and 200 MPa

was interrupted at about 1% strain to investigate the microstructural changes during creep.

3. Results

3.1 Microstructure

In the heat treated condition the two phase alloys possess well aligned cuboidal shaped 7y’
precipitates with a high volume fraction (see fig. 2). The corners of Yy’ particles in CMSX-3
are rounder than in CMSX-4 which hints to a slightly lower misfit. This is confirmed by the
results of the misfit measurement. The measured Yy’ precipitate size, ¥ volume fraction and
constrained misfit at room temperature are given in table 2. The room temperature
microstructural properties are very close to each other and to the optimal parameters.

Fig. 3 shows the measured and calculated ¥ volume fraction as a function of temperature
which are within the measurement error in good agreement to each other. The values for

CMSX-3 and CMSX-4 are very close to each other up to a temperature of 1050°C.
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The microstructure of the samples which were crept at 980°C and 200 MPa to a strain of 1%

can be seen in fig. 4. In both alloys a very similar rafted structure has formed.

3.2 Creep tests

Creep behavior of single-crystal matrix alloys with orientation close to <001> at 980°C is
shown in fig. 5. As expected the creep resistance strongly increases with rhenium content. By
alloying with 9 wt.% Re the time to rupture is increased and the creep rate decreases by a
factor of about 20. The minimum creep rates of the single crystal nickel-based superalloys and
the corresponding matrix alloys as well as the finite element results can be seen in the Norton
plot in fig. 6. For the Norton plot of the matrix alloys the transition creep rate &;, which is
reached after less than 0.2% strain, is taken instead of the minimum creep rate &,,;, because
all matrix alloys show inverse creep behavior. The Norton exponent n of both matrix alloys is
5.5 £0.5. Due to precipitate strengthening of the two-phase alloys minimum creep rates are

many orders of magnitude lower than the transition creep rate of matrix alloys.

4. Discussion

By comparing the creep resistance of the three superalloys and their corresponding single
crystal matrix alloys in fig. 6 the influence of the improved creep resistance of the matrix can
be seen qualitatively.

The back stress op according to eq. 2 can be determined using the Lagneborg-Bergman plot
[29] shown in fig. 7 a).

According to Lagneborg and Bergman [29] the precipitates exert a back stress cp on the
dislocations which leads to a modified version of the Norton creep law, where &,,;, is the

minimum creep rate, A is a constant and ¢ the applied external stress:

Emin = A+ (0 —0p)" )



The back stress op can be seen in fig. 7 b). For all superalloys op is increasing with increasing
applied stress. This is in good agreement with the theory of Lagneborg and Bergman [29] who
showed that Gp is proportional to the applied stress if it is smaller than the stress necessary to
circumvent the precipitates by the Orowan-mechanism or to cut the particles. This trend was
confirmed by investigations of Schneider et al. [30]. In this intermediate stress region
dislocations are climbing over obstacles.

It is well known that the Y morphology changes during creep deformation at high
temperatures from cubes to rafts [31]. Rafting has a significant influence on creep behavior
[32] and is depending on the magnitude of the misfit. In the rafted microstructure the
deformation by bypassing the particles is much more difficult, so penetrating and cutting of
particles is important [33]. Improvement of creep strength by the rafted ¥ phase is similar
when dislocation network at interface is the same which is also depending on the misfit [33].
Measurements show that this is the case in the investigated alloys at room temperature. Misfit
values from literature show a good agreement for CMSX-3 (0 = -3-107 [19]) and CMSX-4
(8 = -2.4-107 [27]) at elevated temperatures as well.

To exclude that the difference in creep behavior is a result of a different rafted structure the
microstructure of samples crept to a strain of about 1% were investigated (see fig. 4). It can be
seen that both alloys show a very similar rafted microstructure.

The results show that the difference in creep strength is a result of the different creep
resistance of the matrix phase if the matrix/y’ microstructure is similar.

The back stresses in CMSX-3 and CMSX-4 at the same applied stress are very similar. This is
a result of the very similar microstructures and misfit, which determine the creep
strengthening effect of the particles. This also shows that the difference in the minimum creep

rates of CMSX-3 and CMSX-4 is a result of the creep behavior of the matrix.



5. Summary

The influence of the solid solution hardening element Re on creep properties of single

crystalline alloys with a composition close to the matrix of second generation nickel-based

superalloys was analyzed. The creep resistance of the matrix alloys increases by a factor of 20

by increasing the Re-content from 0 wt.% to 9 wt.%. This means by alloying a two phase

superalloy with 3 wt.% Re without changing the microstructure the creep properties can be

increased by a factor of 20.

At low stresses the impact of a matrix with higher creep resistance on the mechanical

properties of two-phase nickel-based superalloys was analysed:

e The microstructure of the investigated two phase alloys is very similar in undeformed as
well as crept samples. Both alloys have similar misfits, ¥ volume fractions and 7y’ sizes.
The microstructure changes during creep deformation to rafts but still is very similar in
both alloys.

e A comparison of the creep strength of the two phase superalloys and the corresponding
single crystalline matrix alloys in the Norton plot qualitatively shows the impact of higher
matrix strength on two phase alloys.

e Using the threshold stress concept the strengthening effect of the particles can be
determined. It was shown that for superalloys with similar ¥ microstructure the back stress
from the particles is equal. So higher creep strength of the matrix leads to higher creep

strength of the two phase superalloy.
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Figure 2: Microstructure of a) CMSX-4 and ) CMSX-3 in heat
freared condition. Both alloys shnow a similar miCcrostructure witn

cubic shaped y' particles with a high volume fraction
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Figure 4. Microstructure of a) CMSX-4 and b) CMSX-3 after creep
to 1% strain af 980°C and 200 MPa. Both alloys show a very
milar rafted microstruciure.
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Table 1: Nominal alloy compositions in wt.%. Matrix composition of CMSX-3 and CMSX-4

(according to Thermo-Calc) just listed in order to compare, they were not further

tested.
concentration in wt.%
alloy
Al Co Cr Mo Re Ta Ti w Ni

MSX Re0 14 198 184 14 - 0.2 0.1 9.1 49.6
matrix of CMSX-3 1.5 9.1 204 1.1 - 04 0.1 104 57.0
MSX Re9 1.4 180 167 1.3 9.0 0.2 0.1 83 45.0
matrix of CMSX-4 14 180 167 1.3 8.8 0.3 0.1 83 45.1

Table 2: Measured Y’ precipitate size dy, y’ volume fraction f, and constrained misfit d.rr at RT

of the single crystal nickel-based superalloys CMSX-3 and CMSX-4.

Microstructural Alloy Ideal value
properties CMSX-3 CMSX-4 [Error!
dy (nm) 410=x 30 470+ 50 450
£y (%) 685 70+3 70
Sert (107) 1,2 -1,5 -(1...5)
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