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find a similar phenomenon as shown in Figure 5, where the solute atoms hindered the dislocation
motion, but the dislocation climb complicated the dislocation evolution.

(a) (b)

(c) (d)

Figure 6. (a) Plastic strains as a function of time; (b) plastic strains in the primary stage of creep as a
function of time; (c) strain rates in the primary stage of creep as a function of plastic strain; and (d)
strain rates in the secondary stage of creep as a function of plastic strain for the addition of Re and W
with different concentrations under 200 MPa tensile load along [001] direction at 850 ◦C.

Figure 7. Dislocation patterns in [101](1̄1̄1) (yellow) and [101](11̄1̄) (orange) slip systems in γ matrix
channels after 14 s under 200 MPa tensile load along [001] direction at 850 ◦C for different solute atoms.
Dislocations are viewed in the projection on (001) crystallographic planes, corresponding to Figure 1.
One dislocation line containing some dislocation jogs with another color indicates the occurrence of
dislocation climb: (a) no solute atom; (b) 7 × 10−3 at.% Re; and (c) 7 × 10−3 at.% W.
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4. Discussion

In the present work, we focused on the effect of the excess volume of Re and W on creep
deformation in Ni-base single crystal superalloys to elucidate its role in solid solution strengthening.
Different from other works [11,12,40,41,69–71], in which only the value of concentration of atoms is
concerned, we introduced the individual solute atoms in the DDD simulation to explicitly consider
the interaction of atoms and dislocations. We only added a certain number of solute atoms in the
γ channels, which corresponded to a much lower concentration compared to actual superalloys. If
realistic concentrations of Re and W in Ni-base superalloys were considered, the number of atoms in
the simulation cell would dramatically increase. Since the dislocation segments have to interact with
all atoms in the microstructure, the DDD simulations would become computationally extravagant.
Although the applied concentrations were low, the influence of different concentrations could be
still revealed. The current setup represents a suitable compromise between meaningful results and
affordable computational costs, but restricts our interpretation to qualitative trends.

This study was a qualitative analysis, in which the accurate quantitative comparison was not of
importance, since the DDD simulation results vary with the initial dislocation sources. If the dislocation
sources were assigned in different ways, the resulting specific strains and dislocation densities at the
specific time step would be various. For instance, if we used different random dislocation sources
with the same initial dislocation density in two simulations, we could obtain similar plastic strain
curves as a function of time. However, the values of strain and dislocation density at each time step
were not exactly same, but the difference was small for these two simulations. In addition, if we used
different dislocation sources with different initial dislocation densities or the dislocation sources were
not random, we would obtain different plastic strain curves as a function of time. Thus, at the same
time step, the strains and dislocation densities would certainly be different.As long as we kept the
same initial dislocation microstructure for different alloy elements and different alloy concentrations,
we always found the same trend: the high excess volume and high concentration resulted in the small
deformation, regardless of the accurate difference of values. Therefore, if we only discuss the influence
of solute atoms on the deformation qualitatively, the choice of initial dislocation microstructure is
not strict.

In the DDD simulations, we used the excess volumes for Re and W extracted from our DFT
calculations. As discussed in Section 2.2, a simple estimate of the excess volume based on the covalent
radii led to the same trend, but the absolute values were significantly larger. A comparison of the
plastic strain for the different values of the excess volume with a solute concentration of 9 × 10−4 at.%
under 500 MPa tensile load along the [001] direction at 850 ◦C is shown in Figure 8. Since the difference
between excess volumes of Re and W in the simple estimate was nearly the same as that in our
DFT calculations, the observed result in the reduction of plastic strains was similar. However, for a
quantitative evaluation of the solid solution strengthening effect, an accurate determination of the
excess volumes appears to be important.

Experimentally, it has been observed that solute atoms with a larger size mismatch to Ni exhibit
a stronger strengthening effect at 800 ◦C, while Re with a smaller size has a more potent effect at
temperatures higher than 1000 ◦C [10]. Without considering the diffusion of solute atoms in our
present simulations at 850 ◦C, our results confirm the experimental observation at a lower temperature
in Ref. [10] that W has a stronger hardening effect than Re, due to the larger excess volume. The slower
diffusing Re may influence vacancy diffusion at non-dilute solute concentrations, thereby slowing
down the dislocation motion at high temperatures. This will be investigated by DFT calculations
first [72], and the findings will be applied in DDD simulation to clarify the diffusion effect of solute
atoms on creep in the future work.
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Figure 8. Plastic strains as a function of time for different excess volumes of Re and W for a
concentration of 9 × 10−4 at.% under 500 MPa tensile load along the [001] direction at 850 ◦C.

5. Summary and Conclusions

The parelastic interaction between solute atoms and dislocations due to the excess volume of
large atoms in the host matrix was implemented in a 3D discrete dislocation dynamics model. By using
this model, the influence of excess volumes of Re and W on dislocation motion and creep in Ni-base
single crystal superalloys under tensile loads of 200 MPa and 500 MPa along the [001] direction at
850 ◦C was studied. The excess volumes obtained from DFT calculations were used to determine the
back stresses on dislocation glide and climb. The relative positions of dislocations and solute atoms
governed the magnitude of back stresses. The excess volume affected dislocation glide more strongly
than dislocation climb. The DDD simulation results show that W with a larger excess volume had
a stronger strengthening effect than Re, ignoring the diffusion of solute atoms. An increase in the
concentration of solute atoms resulted in a decrease of plastic strain associated with dislocation glide
at a high stress lever, while the different concentrations did not lead to a pronounced difference in
creep at a low stress level where both dislocation glide and climb were considered.
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Abstract: Results of creep tests of two Fe-27 at. % Al-based alloys with additions of 2.7 and 4.8 at. %
of niobium conducted in the temperature range from 650 ◦C to 900 ◦C in the authors’ laboratory are
presented. The purpose of the study is to supplement previous work on Fe-Al-Nb alloys to obtain a
more complete overview of creep properties from the dilute alloy with 1% of Nb up to the eutectic
alloy with 10% of niobium. At higher temperatures and lower stresses, the creep resistance of the 10%
niobium alloy is better than that of the lower niobium alloys. On the other hand, the eutectic alloy
loses its preference at lower temperatures and higher deformation rates. This phenomenon is similar
to that reported by Yildirim et al. for Fe-50 at. % Al-based alloys and is probably associated with an
increased stress sensitivity of the eutectic alloy.

Keywords: iron aluminides; creep; stress exponent; activation energy

1. Introduction

High-temperature creep resistance and tensile strength of Fe-Al-based alloys can be improved
by additions of niobium because it contributes to both solid solution hardening and precipitation
strengthening [1–5]. The effect of niobium additions on mechanical properties was to some extent
studied for both ferritic alloys with Al concentrations less than 19% (all compositions are given in at. %
throughout this paper) [6–10] and alloys based on ordered compounds of Fe3Al [8,9,11–17]. Recently,
the influence of niobium additions to FeAl (Fe-(50−x)% Al-x% Nb, x = 1, 3, 5, 7, 9) [18], i.e., up to the
eutectic through between FeAl and C14 Laves phase on room-temperature mechanical properties were
studied. It was shown that the eutectic alloy with 9% Nb exhibited the lowest compressive strength
among the heat-treated alloys. A similar systematic investigation regarding creep properties of the
alloys of Fe3Al-type was missing. To bridge this gap, it was decided to study the compressive creep of
Fe-27% Al with 3 and 5% of niobium as a complement to previous studies of the alloys with 1% [19]
and 10% Nb [17].

2. Materials and Methods

The alloys were prepared using vacuum induction melting and casting under Argon. The casts
(dimensions 40 × 30 × 80 to 90 mm3,) were rolled at 1200 ◦C to 13 mm in several steps, with a 15%
thickness reduction in each pass. The composition of the investigated material was determined by wet
chemical analysis and is given in Table 1 and marked in a part of the ternary Fe-Al-Nb diagram in
Figure 1 [20]. The mean concentration of the technological impurities coming from the metals used
for the preparation of the alloys was: 0.1% Cr, 0.01% B, 0.1% Mn, and 0.06% C. The results of the
microstructure investigations are described in the previous paper [21]. The grains of the FA3Nb alloy

Metals 2019, 9, 739; doi:10.3390/met9070739 www.mdpi.com/journal/metals194
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are large and have an irregular shape; their size is 200 to 500 μm. The precipitates are λ1 Laves phase
(C14) (Fe, Al)2Nb. These appear as smaller irregular shapes up to 10 μm and as needle-like up to 50 μm
long. They are homogeneously distributed both along the grain boundaries and inside the grains.
The grains of the FA5Nb alloy are coarse with dimensions in the order of hundreds of micrometers.
The Laves phase forms a eutectic with the Fe3Al matrix and comprises about 0.4 volume fractions of
the eutectic.

Table 1. Chemical composition of the studied alloys (at. %).

Alloy Fe Al Nb

FA3Nb 71.5 25.8 2.7
FA5Nb 67.9 27.3 4.8

 
Figure 1. Detail of the isothermal section of the Fe-Al-Nb system at 800 ◦C according to Palm [20].

Creep tests were performed in uniaxial compression mode on prismatic samples with a height
(gauge length) of 8 mm and a square base of cross-section 4 × 4 mm2. The samples were prepared by
traveling wire electro-discharge machining and fine grinding of the contact surfaces. The tests were
performed on a dead-weight creep machine that was constructed in-house in a protective atmosphere
of dry purified argon. The load was applied in a perpendicular direction to the bases. The samples
were subjected to stepwise loading, where the magnitude of the load was changed after a steady creep
rate was established for a given load. A substantial amount of strain occurred before a constant creep
rate was registered after each loading step. The terminal values of the true stress and the creep rate,
i.e., the true compressive strain rate, were evaluated for each step:

σi =
Fil

S0l0
(1)

ε = − ln(l/l0) (2)

where Fi is the force applied in the i-th step, S0 is the initial cross-section area, and l and l0 are the
instantaneous specimen height and the initial specimen height, respectively. The creep rate was
found by linear fitting of the creep strain vs. the time curve in the linear part of the respective step.
Figure 2 shows several examples that document how the creep strain evolves with time after both stress
decrement and increment. Final deformation of the specimens was as a rule less than 0.1. The longest
test duration was approximately 727 h; the total test duration was more than 3300 h.
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Figure 2. Example of a creep curve of the FA3Nb alloy at 900 ◦C showing five different segments with
corresponding applied stresses and creep rates.

3. Results

The dependence of the creep rate
.
ε on the applied stress σ at the various temperatures is shown in

Figures 3 and 4, on a double logarithmic scale. The data were analyzed using the following relation:

.
ε = Aσn (3)

where A is a parameter dependent on the temperature and, and n is the stress exponent. Its values
for both investigated alloys are summarized in Figure 5. The exponent n is, albeit slightly, dependent
on the temperature. It should be noted that the same temperature dependence of n is evident for
the alloy Fe-Al-Nb studied by Milenkovic and Palm [17]. A detailed analysis of the exponent n is
possible provided a single mechanism is rate-controlling over the experimental range of stress and
temperature. The effect of the mechanism change can be taken into account through an explicit
dependence of the exponent n on stress [22]. In the studied alloys, the presence of Laves phase particles
introduces threshold stress responsible for an apparent increase of the exponent n at lower stresses and
consequently at higher temperatures [23].

 

Figure 3. Dependence of the creep rate of the FA3Nb alloy on applied stress.
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Figure 4. Dependence of the creep rate of the FA5Nb alloy on applied stress.

Figure 5. Dependence of stress exponent n on temperature.

To allow an approximate description of this behavior, the studied range of temperatures is formally
divided into two areas: below and above 700 ◦C. Taking into account the ternary diagram, the proposed
division results from a difference in the lattice structure: there would then be a D03 lattice at 650 ◦C,
and a B2 lattice at 700 ◦C and above. Although the addition of niobium increases the temperature
of the phase transition, the question is whether the niobium solubility is large enough to shift the
transition to temperatures above 650 ◦C.

Relations between steady-state creep rate, and reciprocal temperature as derived from the
.
ε vs. σ

relations are shown in Figures 6 and 7. As in the above case of the stress exponent, we can also use the
division into two temperature regions here. The apparent creep activation energy, defined as:

Q = −
[
∂ ln

.
ε

∂(1/RT)

]
σ

, (4)

where T is the absolute temperature, and R is the universal gas constant, can be determined separately
for both regions, although this determination should be taken with great caution at temperatures
below 700 ◦C. The estimated activation energies for the high-temperature region are given in Figure 8.
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The activation energy is close to 335 kJ/mol reported by McKamey et al. [11] for the Fe-28Al-1Nb alloy.
It is also comparable to the activation enthalpy of the diffusion of the niobium in Fe(Al) as estimated
by Morris et al. [24], i.e., 330 kJ/mole.

Figure 6. Dependence of minimum creep rate on reciprocal temperature for the alloy FA3Nb.

Figure 7. Dependence of minimum creep rate on reciprocal temperature for the alloy FA5Nb.
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Figure 8. Dependence of activation energy Q on applied stress.

4. Discussion

Figure 9 gives the selected creep data for the present FA3Nb alloy as well as data for the alloy
with 1% of niobium [19], acquired also by compressive testing in the same laboratory, for tests over a
range of identical temperatures. The figure confirms that the alloy with the lower niobium content
is weaker than the alloy tested in the present study, at least at high creep rates. In the alloy with 1%
of Nb, probably all the niobium is dissolved in the matrix, and the formation of the Laves phase is
not expected.

Figure 9. Comparison of the creep rate variation with the applied stress for the present alloy FA3Nb
and Fe-Al-based alloy containing 1% of Nb [19].

For comparison with a previously published study on the Fe-25% Al alloy that contained the
amount of niobium close to the eutectic composition [17], Figure 10 shows the creep rate vs. the stress
data obtained at three temperatures. It has to be emphasized that the data in [17] were obtained by the
identical testing technique, i.e., by the stepwise compressive testing. The lines for the present alloys
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at a temperature of 850 ◦C were obtained by interpolation. Two different features follow from the
comparison of the data:

(i) At higher temperatures and lower stresses, the creep resistance of the 10% niobium alloy is higher
than that of the lower niobium alloys. At a temperature of 850 ◦C, the creep resistance of the alloy
with 10% of niobium is the best over the entire stress range studied.

(ii) This effect is reversed at lower temperatures and higher stresses. At a temperature of 650 ◦C and
stresses higher than 200 MPa, the 5% niobium alloy has the highest creep resistance.

 

Figure 10. Comparison of the creep rate variation with the applied stress for the present alloys and
Fe-Al-based eutectic alloy containing 10% Nb addition [17].

In this regard, our results fully agree with the findings of Yildirim et al. [18], whose tests were
conducted at room temperature and strain rate 10−4 s−1. They observed a similar weakening of the
heat-treated eutectic alloy and attributed lower compressive strength and fracture strain of this alloy to
the absence of softer Fe-Al-based primary dendrites. From the point of view of the present results,
the effect can be envisaged as follows: the eutectic alloy with 10% of niobium is weaker at high strain
rates, but shows a steeper dependence of creep rate on stress, i.e., higher stress exponent n, such that
the alloy maintains its strength better at slow strain rates.

5. Conclusions

The creep rates of the two Fe-27 at. % Al-based alloys with additions of niobium was studied in
the temperature range from 650 ◦C to 900 ◦C. The stress exponent and the apparent activation energy
were estimated. The following conclusions regarding the creep resistance of the alloy could be drawn:

• The studied range of temperatures could be divided into two areas: below and above 700 ◦C.
This division follows the existence of different crystal lattices at lower and higher temperatures.

• The stress exponent n decreases with increasing temperature at temperatures up to 700 ◦C and
increases at higher temperatures.

• The apparent activation energy of the creep is close to 335 kJ/mol and is comparable to the
activation enthalpy of niobium diffusion in Fe(Al).

• At higher temperatures and lower stresses, the creep resistance of both alloys is worse than that of
a 10% niobium eutectic alloy.

• At a temperature of 650 ◦C and stresses higher than 200 MPa, the 5% niobium alloy has the best
creep resistance.
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