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Abstract: Solid solution strengthening of the unordered γ matrix phase by alloying elements is of
great importance during creep of Ni-based superalloys, particularly at high temperatures above
1000 ◦C. To study the role of different potent solutes, we have conducted creep experiments on binary
Ni-2X alloys (X = Mo, Re, Ta, W) at 1000 ◦C, 1050 ◦C, and 1100 ◦C at a constant stress of 20 MPa.
Compared to mechanical tests below 800 ◦C, where the size of the elements mostly determines
the solid solution hardening contribution, the strengthening contribution of the different alloying
elements above 1000 ◦C directly correlates with their diffusivity. Therefore, elements such as Ta
that lead to strong solid solution hardening at low temperatures become less effective at higher
temperatures and are exceeded by slower diffusing elements, such as Re.
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1. Introduction

The economically and ecologically fueled demand for more efficiency requires steadily
increasing operating temperatures in gas turbines and aero-engines. To fulfill these de-
mands on high-temperature resistant Ni-based superalloys used in the hottest parts of
these energy conversion systems, the used materials have to be constantly improved.
With increasing temperatures, diffusion-controlled processes begin to gain considerable
influence on the mechanical properties of Ni-based superalloys under creep load [1–6].
Especially in a high-temperature and low-stress creep regime, slow diffusing refractory
elements such as Re, W, and Mo are used to increase creep strength [4,7–14]. However, at
lower temperatures other elements such as Ta exhibit higher strengthening contributions
than those slow diffusing elements due to more pronounced solid solution hardening
effects [3,15–17].

The theory on strengthening in diluted solid solutions was already described by
Fleischer [18] and enhanced by Labusch [19], which correlates the concentration of a
solute with the resulting strength increase through a solid solution hardening coeffi-
cient. Mishima et al. [15] have investigated the solid solution hardening of different
transition metals in Ni, including W, Mo, and Ta. From the data, Roth et al. [20] have
determined the solid solution hardening coefficients of W, Mo, and Ta to 1.5 GPa/at.%2/3,
1.6 GPa/at.%2/3, and 1.8 GPa/at.%2/3. Furthermore, the solid solution hardening coeffi-
cient for Re was interpolated with the data from [15] to 1.5 GPa/at.%2/3 [21]. However,
as these solid solution hardening coefficients were determined at 77 K, where the solutes
can be assumed to be static objects, the hardening potential of these solutes in Ni should
be lower at higher temperatures where the mobility of the solutes is higher [22,23]. This
was already observed by Fleischmann et al. [7], who investigated the solid solution hard-
ening potential of Re, W, and Mo in single-phase, single-crystalline Ni-alloys consisting
of the unordered γ phase. They showed that Re has a 60% higher solid solution harden-
ing efficiency than W and Mo at 980 ◦C in γ/γ′ two-phase, Ni-based superalloys, which
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is largely due to a significantly lower diffusion coefficient and does not correspond
to the aforementioned solid solution coefficients [24,25]. Rettig et al. [26] have further
clarified the efficacy of Re, W, and Mo as solid solution hardening elements at 980 ◦C
by deriving an equation for only the γ matrix from the data of [7]. In this equation, the
efficacy of Re is 2.44 times higher and the efficacy of W is 1.22 times higher than that
of Mo.

Giese et al. [27] have also connected the creep strength to the diffusivity of solution
hardening elements in creep experiments at 1100 ◦C of experimental Ni-base superalloys of
the Astra2 series with different solid solution hardening elements. A quite similar approach
to that of Giese et al. [27] was chosen by Ru et al. [12], who found a direct relationship
between the creep rupture life of Ni-based superalloys with different contents of Re and
Mo to the inverse diffusion coefficient.

However, as the creep strength is influenced with increasing temperature by the solid
solution hardening effect as well as the diffusivity of the alloying element, the assessment
of the hardening capability of solutes in Ni-based superalloys is still largely empirical. This
was studied broadly by ur Rehman et al. [3] for the solutes Re, Ta, and W in Ni single
crystals by strain rate jump tests from 800 ◦C to 1200 ◦C at strain rates between 10−3 and
10−5. They confirmed that if the strain rate is low enough and the temperature is high
enough, the solute Re leads to a higher solid solution hardening contribution than Ta.
However, in [3] the frequently used solid solution hardening alloying element Mo was
not considered. Furthermore, the solid solution behavior of the solutes in Ni at lower
strain rates, where the influence of the diffusion should be more pronounced, was also
not considered.

To contribute to the clarification of the correlation between diffusivity and solid
solution hardening of solutes in Ni, the influence of the solutes Mo, Re, Ta, and W on
the creep behavior of Ni has been investigated by creep experiments on binary Ni-alloys
with a 20 MPa creep load between 1000 ◦C and 1100 ◦C. The aim was to study whether
there is a direct correlation between the diffusion coefficient of the solute and the resulting
creep strength.

2. Materials and Methods

The binary alloys Ni-2Ta, Ni-2W, and Ni-2Re (at.%) were cast in an industrial scale
investment casting facility (Birmingham, UK) to single crystalline rods in 〈100〉 direction.
The diameter of the cast rods was 15 mm and the length was 150 mm. Further details
about this casting process can be found elsewhere [28]. The alloy Ni-2Mo (at.%) was cast
at 1560 ◦C in the Bridgeman process using a withdrawal speed of 3 mm/min to single
crystalline rods in 〈100〉 direction, with a diameter of 12 mm and a length of 95 mm. After
casting, all rods were macro etched to ensure there were no casting defects. With the
solute concentration of 2 at.%, complete solubility could be ensured for all alloys and
testing temperatures.

Creep specimens were manufactured by electric discharge machining with a diameter
of 5 mm and a height of 7.5 mm. The specimens were subsequently ground plane parallel
to an accuracy better than 10 µm. The creep experiments were conducted at temperatures
of 1000 ◦C, 1050 ◦C, and 1100 ◦C, and at a compressive load of 20 MPa using a custom-
built, pneumatic compression creep testing machine. Two S-type thermocouples mounted
on the sample were used to ensure an accurate measurement and control of the sample
temperature. As the investigated Ni-based alloys were susceptible to oxidation at high
temperatures, the external surfaces of the creep specimen were coated with sodium water
glass (Na2SiO3). The creep specimen was heated to testing temperature with a pre-load of
20 N (~1 MPa) and a hold time of 0.5 h at 600 ◦C to improve the formation of a thin viscous
layer of sodium water glass. Before applying the creep load at testing temperature, the
creep samples were again held for 0.5 h to ensure thermal stability.
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3. Results

The creep curves of single crystalline pure Ni and binary Ni-2X alloys (X = Ta, W, Re,
Mo) are illustrated in Figure 1 for the temperatures of 1000 ◦C, 1050 ◦C, and 1100 ◦C. The
strain rate over the plastic strain (Figure 1a,c,e), as well as the corresponding plastic strain
over time (Figure 1b,d,f), is shown. As expected, all alloying elements led to an increased
creep strength compared to pure Ni. Ni-2Re revealed the highest creep strength of all four
alloys at all investigated temperatures. Ni-2W showed the second highest creep strength
of the investigated binary alloys, but with an increased difference in creep strength with
increased temperature compared to Ni-2Re. Ni-2Mo and Ni-2Ta show quite similar creep
strengths at all temperatures. However, at 1000 ◦C Ni-2Mo exhibits a slightly higher creep
strength than Ni-2Ta.

Furthermore, pure Ni shows a very high primary creep regime, which is clearly
noticeable in the strain’s rate–strain and strain–time curves. As reported in a previous
study [3], the yield stress of Ni at 1000 ◦C is lower than 20 MPa, whereas the yield strength
of Ni-2Ta, Ni-2W, and Ni-2Re is higher than 20 MPa. This explains the very high initial
strain rate of pure Ni at 1000 ◦C, 1050 ◦C, and 1100 ◦C. Due to the lower yield strength of
pure Ni, a significant amount of plastic deformation at relatively high strain rates took place
at the beginning of the creep experiment until a certain dislocation density was formed.
Then, the strain rate decreased until a steady state of dislocation generation and dislocation
annihilation was reached.

In most cases, a steady state creep rate could be observed during the creep tests.
In experiments with a longer experiment duration, a continuous decrease in creep rate
could be noticed. This is particularly evident for the Ni-2Re alloy creep at 1050 ◦C. This
indicates that oxidation had a considerable influence at these high temperatures at longer
experiment durations, despite the coating with sodium water glass (Na2SiO3). It seems
that the protective layer loses its function after some time at very high temperatures and
then the creep rate decreases. The increase in creep strength could be due to the increase in
the cross section or a supportive effect of the oxide layer.

A steady state strain rate for each alloy at the three testing temperatures could
not be determined. Therefore, the creep strain at 2% plastic strain was used for further
evaluation of creep properties for the Ni solid solutions, as the oxidative influence
should be negligible at these lower strains. Since the strain rate reached a plateau and
did not show large variations before decreasing due to oxidation, the strain rate at
2% plastic strain should not differ greatly from the steady state creep rate. Due to the
pronounced plastic deformation in the beginning of the creep experiments of pure Ni,
the strain rate at 13% plastic strain of Ni was taken as a quasi-steady state creep rate.
The strain rate at 2% plastic strain of the single crystalline Ni-2X alloys (X = Ta, W, Re,
Mo) and the strain rate at 13% plastic strain for pure Ni is shown in Figure 2 for the
different testing temperatures.

Similarly to Figure 1, Ni-2Re shows the highest creep strength, followed by Ni-2W,
Ni-2Mo, and Ni-2Ta with similar creep strengths. As expected, pure Ni shows the lowest
creep strength. The strain rate of Ni-2Re is about one order of magnitude lower than that
of Ni-2Ta. Due to the double logarithmic plot, the data of each alloy can be linearly fitted,
which shows an exponential correlation between the temperature and the quasi-steady
state creep rates. The slope of the linear fit lines of the different binary alloys and pure Ni
differ slightly from each other in some cases. However, this could be due to the lack of a
steady state creep rate in some experiments as a result of oxidation.

The creep experiments were conducted at high temperatures above 1000 ◦C (~0.7 Tm)
where the influence of diffusion-controlled processes is decisive. Additionally, as the stress
was quite low, the dislocation motion during creep deformation in solid solutions was
carried by thermally assisted processes such as diffusion-controlled climb [29,30].
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Figure 1. Plastic strain plotted over time and corresponding strain rate plotted over plastic strain of pure Ni and the Ni-2X
alloys (X = Ta, W, Re, Mo) at (a,b) 1000 ◦C, (c,d) 1050 ◦C, and (e,f) 1100 ◦C.
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Figure 2. Quasi-steady state strain rates of pure Ni and the Ni-2X (X = Ta, Mo, W, Re) plotted over
the testing temperature of the creep experiments. For the quasi-steady state strain rates, the strain
rate at 13% plastic strain was used for pure Ni. For Ni-2X (X = Ta, Mo, W, Re), the strain rate at
2% plastic strain was used.

Furthermore, due to the increased diffusional mobility of the solutes, they can no
longer be assumed as immobile obstacles [22,23]. This leads to changes in the solute
dislocation interactions. With increasing temperature and diffusion, the solutes can form
Cottrell atmospheres in the stress field of the dislocations. Depending on the diffusion
and dislocation velocity, the Cottrell clouds can be dragged with the dislocations and slow
down the dislocation movement [22,23].

However, as the deformation at high temperatures strongly depends on diffusional
processes, the strain rate at 2% plastic strain was plotted over the solute diffusion coefficient
for Ta, W, and Re from [24] and that for Mo from [25], as shown in Figure 3.

Figure 3. Strain rate at 2% plastic strain from the creep experiments plotted over the interdiffusion
coefficients of Ta, Mo, W, and Re in Ni. The diffusion coefficients of Ta, W, and Re were taken
from [24] and that of Mo from [25].
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4. Discussion

The direct dependency of the strain rate on the solute diffusion coefficient in Ni
indicates that the diffusivity of the respective alloying element governs the dislocation
mobility and thus the creep rate. Therefore, slower diffusing solutes, such as Re and W,
lead to a significantly higher creep strength at low stresses and high temperatures than
larger solutes such as Ta, which are potent solid solution hardeners at lower temperatures,
but diffuse much faster at higher temperatures.

Giese et al. [27] reported a similar linear behavior in creep experiments at 1100 ◦C
of experimental Ni-base superalloys of the Astra2 series with different solid solution
hardening elements. There, a correlation between the minimum creep rate and a calculated
effective diffusion coefficient could be revealed. The Astra2 series consists of multiple
alloying elements including γ′ precipitate formers such as Al and Ta, resulting in a two
phase γ/γ′-microstructure. Nevertheless, at the very high temperature of 1100 ◦C, the
minimum creep rates of the Astra2 alloys are directly correlated to the diffusion properties
and are quite well in line with our findings. Ru et al. [12] have also reported such a
linear relationship between the creep properties and the diffusivity in creep experiments at
980 ◦C and 1100 ◦C on three quinary Ni-Al-Ta-Mo-Re superalloys with a systematically
decreasing Re to Mo ratio. This linear relationship could be shown in the plot of the creep
rupture life over the inverse effective diffusion coefficient of the respective alloy. Due to
the lower diffusivity of Re compared to Mo, the effective diffusion coefficient decreases
with increasing Re content and leads to an increased creep rupture life. This underlines
that the solid solution hardening capacity of solute elements in Ni in the high-temperature
low-stress creep regime strongly depends on the diffusion behavior rather than on the
solute size.

In [3], the solid solution hardening behavior of Re, Ta, and W in Ni between 800 ◦C
and 1200 ◦C was broadly investigated via strain rate jump tests between 10−3 s−1 and
10−5 s−1. However, while in the present study the creep strength at 1000 ◦C is proportional
to the diffusion coefficient, the strain rate jump tests in [3] Ni-2Ta shows nearly the same
strength as Ni-2W at 1000 ◦C. This can be explained by the significantly higher deformation
rate in the strain rate jump tests. While the creep experiments at 1000 ◦C led to quasi-steady
state creep rates between 2·10−7 s−1 and 5·10−6 s−1, the deformation rate in the strain rate
jump tests is quite higher with 10−5 s−1. At an applied strain rate of 10−4 s−1 at 1000 ◦C,
Ni-2Ta even exhibits the highest strength compared to Ni-2Re and Ni-2W. At 1100 ◦C and
an applied strain rate of 10−4 s−1, Ni-2Ta still has a higher strength than Ni-2W.

This shows that besides the application temperature, the deformation rate is heavily
important for the evaluation of the solid solution hardening potential of a solute, consider-
ing time-dependent processes such as diffusion.

5. Conclusions

Binary single crystalline Ni-2X alloys (X = Mo, Re, Ta, and W) were investigated via
creep experiments at 1000 ◦C, 1050 ◦C, and 1100 ◦C and 20 MPa to investigate the solid
solution hardening behavior of the solutes in a high-temperature low-stress regime. At all
three investigated temperatures, the measured creep strength was the highest for Ni-2Re,
followed by Ni-2W, and lastly Ni-2Mo and Ni-2Ta with quite comparable creep strength.

The strain rate at 2% plastic strain, as a substitute for the minimum creep rate, could
be linearly correlated to the diffusion, which indicates a direct dependency of the creep
strength from the diffusion coefficient of a solute alloying element in binary Ni alloys in
the investigated high-temperature low-stress regime. Together with literature, it could be
confirmed that at these high temperatures above 1000 ◦C, the rate of deformation plays
a very important role for the evaluation of the solid solution hardening potential of a
solute alloying element due to the increasing influence of time dependent processes, such
as diffusion.
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