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Abstract

The influence of variations of the chemical composition,
especially by adding refractory elements, on the lattice pa-
rameter and thermal expansion coefficients of nickel-based
superalloys was investigated. To analyse these effects in a
systematic way, measurements in a series of experimental
and commercial alloys with different alloy compositions
were performed. The lattice constants of the v and ~/
phases were measured by X-ray diffraction at tempera-
tures between 25 °C and 1100 °C. The main focus was on
the effects of rhenium additions, but alloy compositions
containing ruthenium and iridium were also included. It
was possible to interpret the changes of the lattice pa-
rameters of v and 7 as effects of certain alloying elements
by analysing the local chemical composition of the v and
~" phases and the partitioning behaviour of the alloying
elements between the v and +" phases.

Introduction

Solid solution strengtheners like tungsten, molybdenum
and rhenium helped to improve the mechanical properties
of modern nickel-based superalloys [1]. Especially rhe-
nium additions resulted in remarkably increased mechan-
ical strength [2-4]. To overcome some problems which are
associated with the alloying of rhenium, especially with
respect to the phase stability of the alloy composition, al-
ternative elements like ruthenium and iridium have also
been alloyed in some recently developed nickel-based su-
peralloys with the aim to investigate, whether it is possible
to totally or partially substitute rhenium [5, 6].
Nevertheless, the most pronounced gains in mechani-
cal strength resulted not from modifications of the alloy
composition but from beneficial grain and ~' precipitate
structures [7]. Superalloys which are cast as single crys-
tals with a volume fraction between 60 to 70 % of cuboidal
~" particles of about 300 - 500 nm edge length are the
materials of choice for turbine blade applications [8,9].
Unfortunately, the initially cuboidal shape of v/ particles

changes during service at elevated temperatures. A direc-
tional coarsening or so called ”rafting” of the ' particles
is observed which results in elongated rod- or plate-like
shaped 7' particles [10-17]. The orientation of the ' rafts
depends on the direction of the external load and the sign
of the lattice misfit between the 7/ precipitates and the
matrix phase at the deformation temperature. Unfortu-
nately, in most relevant cases, e.g. in that region of a blade
in which the combined action of thermal and mechanical
loads is most severe (stress above ca. 150 MPa, tempera-
ture < 950 C, compare [18]), the development of the raft
structure leads to a deterioration of the mechanical prop-
erties of the alloy [9,19]. In this respect, it is interesting to
investigate the effects of different alloying elements on the
development of the v/ microstructure. As already men-
tioned above, the driving force for rafting is a combination
of external applied stress and the coherency stresses be-
tween ' and 7 phase because of the v/+' lattice misfit.
How a certain alloying element influences the lattice mis-
fit depends on the partitioning behaviour of the element
between v and 4’ phase and on how the lattice constant of
the phase is influenced by the alloying element. Elements,
which increase the lattice constant, but divide evenly be-
tween ~y and ', increase the mean lattice parameter of the
alloy but will not influence the lattice mismatch, because
the lattice constant of both phases will increase.

Nickel-based  superalloys are dedicated  high-
temperature materials. Unfortunately, the lattice
misfit and the resulting coherency stresses between
the v and +' phase change significantly between room
temperature and temperatures in the range of the service
temperature of nickel-based superalloys between 800 °C
and 1100 °C, due to different thermal expansion coeffi-
cients of the two phases v and ' [20-24]. By using X-ray
diffraction, it is possible to measure the lattice constants
of the v and ' phase over a wide temperature range and
to obtain lattice misfit values from room temperature to
temperatures well above 1000 °C.

Due to the small size of the ~' precipitates and the
even smaller width of the v matrix channels a method
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to determine the local chemical composition with high
lateral resolution is needed to measure the partitioning
behaviour of alloying elements between v and ' phase.
EDS measurements (energy dispersive spectroscopy) in
the transmission electron microscope (TEM) can provide
local chemical compositions with the necessary lateral res-
olution and were applied frequently to nickel-based super-
alloys to supplement other measurement methods, for ex-
ample [3,25,26]. The present work focuses on the investi-
gation of effects of different alloying elements on the lattice
parameters of nickel-based superalloys and the changes of
lattice constants and lattice misfit at elevated tempera-
tures. The high-temperature measurements of the lattice
misfits were part of the diploma thesis of one of the au-
thors [27].

Experimental

Specimens

The investigated alloys are a series of experimental al-
loys with a directionally solidified grain structure intended
as turbine blade materials for industrial gas turbines [28]
and additionally the two commercial alloys CMSX-6 and
CMSX-4 as examples of materials used to produce airfoil
turbine blades. The chemical composition of the series of
experimental alloys is based on the alloy composition of
the commercial alloy IN792DS. The contents of different
alloying elements like rhenium, ruthenium, iridium, alu-
minium and/or tantalum were varied in the experimen-
tal alloys to improve the overall properties. The detailed
nominal composition of all investigated alloys is given in
table 1. The nominal chromium level of all experimen-
tal alloys was chosen to be 12.5 wt.%, to ensure sufficient
corrosion resistance in stationary gas turbine applications,
even when an oxidation or corrosion protection coating
fails during service. But the alloys ExAl 8 and ExAl 10
have an actual chromium content of only 9.5 wt.% com-
pared with the nominal content of 12.5 wt.%. These dif-
ferences in the chromium content are important for the
interpretation of some of the following results. The alloys
CMSX-6 and CMSX-4 have a lower chromium content,
because hot corrosion is normally not so severe in airfoil
applications, due to cleaner fuels and shorter maintenance
intervals.

EDS-measurements

The partitioning behaviour of the different alloying ele-
ments was determined by measuring the local chemical
composition of the v and 7’ phase in a Philips CM200
TEM using an EDS system. All measurements were per-
formed in scanning mode using an acceleration voltage of
200 kV and a nominal spot size of 5 nm. The orienta-
tion of the specimens were chosen to be near [001] by cut-

ting a section with the appropriate orientation, which was
ground to a thickness of about 70 um and subsequently
electrochemically thinned.

In each alloy, measurements in five different v parti-
cles and five different positions in the v matrix were done.
These results were evaluated in the form of partitioning
ratios k which are defined as the concentration of an alloy-
ing element in the 7’ phase divided by the concentration
of the element in the v matrix:
Cy/

Y/ T T
Cy

k (1)

Elements with a tendency to enrich in the 7/ phase have k
factors greater than one while elements, which preferently
enrich in the v matrix have k factors below one. From
the five measurements in each alloy a mean partitioning
factor k for each element in this alloy was calculated.

X-ray diffraction

All X-ray diffraction measurements were performed with
a double crystal diffraction setup, illuminating the spec-
imens with the copper K, line. The geometry is based
on a setup proposed by Wilkens and Eckert [29]. The
distances between monochromator crystal and specimen
and specimen and detector are chosen in such a man-
ner, that instrumental peak broadening is compensated
for the diffraction conditions of the (002) diffraction peak
of a nickel-based superalloy. The detector is a position-
sensitive Braun OED-50 which records an angular spec-
trum of about 6° in 2048 channels simultaneously under
the applied diffraction conditions.

The specimens with a surface oriented near the [001] di-
rection of the material were mounted on a specimen stage
with the possibility to heat up the specimen from room
temperature to more than 1100 °C. This specimen stage is
inserted in a vacuum chamber to minimise the oxidation
of the specimen surfaces, which would decrease the inten-
sity of the X-ray profiles. Measurements were performed
every 100 °C starting from 25 °C up to 600 °C and then
increasing the temperature further by 50 °C steps until
the maximum temperature of 1100 °C was reached. By
waiting for a holding time of 10 minutes at each temper-
ature, to allow sufficient heat transfer between specimen
stage and specimen before recording the X-ray profile, it
was made sure that the specimen had attained the in-
tended temperature. All presented data were measured
during the heating-up of the different alloys to minimise
changes of the lattice constants due to microstructural
changes in the specimens during the holding times at ele-
vated temperatures.

The (002) peak of the nickel-based superalloys is mea-
sured, which is a combination of the overlapping (002)
peak of the v matrix and the corresponding peak of the
~" phase. Due to the slightly different lattice constants of
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Table 1: Nominal chemical composition of the investigated alloys in wt.%

Alloy H Ni ‘ Al ‘ Cr ‘ Co ‘ Mo ‘ W ‘ Ta Ti ‘ Re ‘ Ru ‘ Ir
IN792DS bal. 34 12.5 9.0 1.9 4.0 4.0 3.9 - - -

ExAl 7 bal. 34 12.5 9.0 1.9 4.0 4.0 3.9 3.0 - -

ExAl 8 bal. 34 12.5* 9.0 1.9 4.0 4.0 3.9 3.0 3.0 -

ExAl 9 bal. 34 12.5 9.0 1.9 4.0 4.0 3.9 - - 3.0
ExAl 10 bal. 34 12.5* 9.0 1.9 4.0 4.0 3.9 3.0 - 3.0
CMSX-4 bal. 5.7 6.4 9.5 0.6 6.3 6.5 1.0 2.9 - -
CMSX-6 bal. 4.7 10.3 5.2 3.2 - 2.2 4.8 - - -

*actual chromium content is 9.5 %

the 7/ and the v phase in most nickel-based superalloys
the shape of the combined /7" peak is asymmetric. By
separating the two peaks it is possible to determine the
lattice constant of each phase a./ and a. and calculate the
v/~ lattice mismatch ¢:

_ 2(ay — ay)
Ay + Gy

(2)

The separation procedure for the peaks is done by mirror-
ing the steeper flank of the peak at a point near the peak
maximum producing a symmetric subpeak in this way.
This subpeak is subtracted from the overall intensity re-
sulting in an asymmetric subpeak of less intensity. This
second subpeak is also mirrored at its maximum, and the
resulting symmetric peak is subtracted from the overall
intensity resulting in an asymmetric subpeak of higher in-
tensity and a symmetric subpeak of lower intensity. The
second mirroring procedure improves the quality of the
subpeak with less intensity. The point, where the first
peak is mirrored, is chosen in such a way, that in every
position the addition of the intensities of the separated
subpeaks is lower than the integral intensity and that the
ratio of the area fractions of both subpeaks corresponds
to the ratio of volume fractions of the v and ' phase in
the investigated alloy. For the series of experimental al-
loys the volume fractions have been determined by the so
called Blavette method [30]. Because all alloys investi-
gated in this work have +' volume fractions between 60 to
75 %, the subpeak with the higher area fraction is iden-
tified as the subpeak corresponding to the 4’ phase, with
the corresponding lattice constant.

Results

Partitioning behaviour of alloying elements

The averaged k-factors of all investigated alloys are plot-
ted in figure 1. The mean quadratic deviation of the k-
factor of an alloying element in the different alloys com-
pared with the average value is plotted as an error bar
in the diagram. It follows from the relatively small error
bars that the tendencies of the different alloying elements

to enrich either in  or 4 are nearly independent of the ac-
tual chemical compositions of the different alloys. L.e. the
k-factor of an alloying element is only slightly influenced
by the chemical compositions of the different alloys.

One group of elements, namely rhenium, chromium,
ruthenium and, to a smaller extent, cobalt and molybde-
num, tend to enrich preferentially in the v matrix phase.
In contrast titanium and tantalum and, less pronounced,
aluminium are enriched in the « precipitate phase. Tung-
sten and iridium are nearly equally divided between v and
~" phase, which is also true for nickel, which has only a
slight tendency to enrich in the 4/ precipitates.

Lattice parameters and lattice misfit

Initial states The average lattice constants, which are de-
fined by the centre of mass of the (002) profile of the alloy,
and the v and 7/ lattice constant in the as-received states
were measured at 25 °C. All results are given in table 2.
The average lattice constants of the two commercial airfoil
alloys CMSX-6 and CMSX-4 are lower with 0.3586 nm for
CMSX-6 or 0.3589 nm for CMSX-4, respectively, than the
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Figure 1: Mean k-factor of the different alloying elements in
the series of investigated alloys. The error bars mark the mean
quadratic deviation of the k-factors in the different alloys.
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Table 2: Average v and +' lattice constants of the as-
received states at room temperature and lattice misfit §
at 25 °C and 1100 °C

Lattice constants (25 °C) §/1073
Alloy
Qgalloy \ G \ 2% d250C \ d1100°C
IN792DS || 0.3592 | 0.3591 | 0.3593 || +0.4755 | -1.4592
ExAl 7 || 0.3593 | 0.3594 | 0.3592 || -0.4754 |-2.0502
ExAl 8 || 0.3593 | 0.3592 | 0.3592 || +0.1551 | -0.7411
ExAl 9 |/ 0.3593 | 0.3591 | 0.3594 || +0.7907 | -1.2409
ExAI 10 || 0.3593 | 0.3592 | 0.3593 || +0.4733 | -0.5359
CMSX-4 || 0.3589 | 0.3589 | 0.3587 || -0.6782 |-1.8107
CMSX-6 || 0.3586 | 0.3585 | 0.3586 || +0.3126 | -2.2961

lattice constants of the experimental alloys for stationary
gas turbine applications, which vary between 0.3592 nm
and 0.3593 nm. CMSX-4 has a higher average lattice pa-
rameter than CMSX-6 mainly due to an increased lat-
tice constant of the v matrix in CMSX-4 compared with
CMSX-6. The 4/ lattice parameter is in a similar range
in both alloys with 0.3587 nm in CMSX-4 and 0.3586 nm
in CMSX-6.

In the experimental alloys, the lattice parameters of
the single phases v and 7/ also vary slightly in the dif-
ferent alloys. Regarding the ' lattice constant, IN792DS,
ExAl 7 and ExAIl 8 have +' lattice constants in the range
of 0.3592 nm, while the two iridium-containing variants,
ExAl 10 and ExAl 9, have a ~' lattice parameter of
0.3593 nm and 0.3594 nm, respectively. The ~ lattice con-
stants in the series of experimental alloys show the lowest
values in the alloys IN792DS and ExAl 9 with 0.3591 nm,
while the rhenium-containing alloys exhibit increased
lattice constants of 0.3592 nm in ExAl 8 and ExAl 10 and
the highest ~ lattice parameter of 0.3594 nm in ExAl 7.
The lattice mismatch results directly from the lattice con-
stants of the v and 4’ phase given above, but it is inter-
esting to list it separately as it provides a value which is
normalised with respect to the average lattice constant of
the alloys. Thus, the comparison of alloys CMSX-6 and
CMSX-4 with the series of experimental alloys is more ap-
propriate by their differences in lattice mismatch. Com-
paring the lattice mismatches at room temperature, two
groups of alloys can be distinguished. The rhenium-free
and rhenium- and iridium-containing alloys have positive
lattice mismatches between 0.3-1072 to 0.8-1072 while
the remaining rhenium-containing alloys show negative
(ExAl 7 and CMSX-4) or only slightly positive (ExAl 8)
lattice mismatches between 0.2-1073 and -0.7-1073.

Temperature dependence The average lattice constants
of all alloys increase with increasing temperature, as
shown in figure 2. For a clearer display of the relative dif-
ferences, the changes Aa of the average lattice constants,

referred to the room temperature values, are plotted ver-
sus temperature. The same is done for the plots of the
temperature dependence of v and ' which are shown in
the figures 3 and 4.

The temperature dependence of the lattice parameters
of the alloy and the ay and a,, phases can be described
with a third order polynominal, which is used to fit the
data points measured at different temperatures in the fig-
ures 2, 3 and 4.

The temperature dependence of the lattice parameters
of the individual phases v and 7’ and the average lattice
parameter of the alloys are only similar for lower temper-
atures. Between 400 °C and 650 °C the lattice constant
of the v phase starts to increase more rapidly with in-
creasing temperature than the lattice constant of the ~/
phase and the average lattice constant of the alloy. Due
to the higher increase of the ~ lattice constant compared
with the +/ lattice constant, the lattice misfits of all alloys,
which are plotted in figure 5, are negative at temperatures
above 800 °C. This is true even for the alloys that have
a positive lattice mismatch at room temperature. In the
alloys, which have already a negative lattice mismatch at
room temperature like ExAl 7 and CMSX-4, the mag-
nitude of the lattice mismatch increases with increasing
temperature. In other words, a negative room tempera-
ture lattice mismatch becomes even more negative with
increasing temperatures in these alloys. The general de-
velopment of the lattice misfit from positive or slightly
negative values at room temperature to negative or more
negative values at elevated temperatures is observable in
all alloys. But these changes in the lattice misfit versus
temperature are much more pronounced in all rhenium-
free alloys compared with the rhenium-containing alloys,
as is clearly visible in figure 6, in which all lattice mis-
fits are normalised to § = 0 at room temperature and the
range of misfits measured in the rhenium-containing alloys
is plotted in comparison to the range of misfits measured
in the rhenium-free alloys versus temperature.

Annealed states The lattice mismatch of the series of ex-
perimental alloys was measured after an elongated heat
treatment at a temperature of 1000 °C for 500 h. The
measurements of the annealed samples were performed
at room temperature (T = 25°C). The alloys IN792DS,
ExAl 7, ExAl 8 and ExAl 10 show a pronounced shift of
the /4 lattice misfit from positive or slightly negative
to negative or more negative values. The effect in ExAl 9
is not so strong, and the lattice mismatch stays positive
after the annealing heat treatment, but is also shifted in
negative direction like in the other alloys. Two represen-
tive profiles for the alloy IN792DS are shown in figure 7.
The profile recorded in the as-received state shows a clear
asymmetry, indicating that the v lattice constant is lower
than the «' lattice constant. So IN792DS has a posi-
tive misfit in the as-received state at room temperature
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Figure 2: Mean lattice constant (centre of mass of the respec-
tive profiles) of the different alloys plotted versus temperature.
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Figure 3: Lattice constant of the v phase of the different alloys
plotted versus temperature.
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Figure 4: Lattice constant of the 4’ phase of the different
alloys plotted versus temperature.

as already mentioned above. After the heat treatment
the asymmetry of the profile has been reversed. Now the
~ lattice constant is larger than the ~' lattice constant,
resulting in a negative lattice misfit after the annealing,
compared with the positive lattice misfit of the as-received
state.

A similar shift of the lattice misfit as in IN792DS is
observed in all other alloys. This behaviour is shown
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Figure 5: Temperature dependence of the lattice misfit of
the different alloys measured between 25 °C and 1100 °C; the
results in the rhenium-containing alloys are plotted as dotted
and the results in the rhenium-free alloys as solid lines.
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Figure 6: Range of misfits versus temperature measured in
the rhenium-containing and rhenium-free alloys. All misfits
are normalised to § = 0 at T= 25°C.

in figure 8, where the lattice misfits before and after the
heat treatment are plotted for comparison. While these
changes in lattice misfit have different magnitudes in the
different alloys — most pronounced in ExAl 8 and weakest
in ExAl 9 — the tendency to shift the lattice misfit in the
negative direction is nevertheless observed in all alloys.

Discussion

The measured partitioning behaviour of the different el-
ements between v matrix and 4’ phase is in good agree-
ment with results known from literature [31,32]. The par-
titioning behaviour of the solid solution strengtheners is
of special interest. Some are divided equally between -y
and +' like tungsten and iridium, while others like rhe-
nium, ruthenium and molybdenum are enriched in the v
matrix. These differences in partitioning behaviour could
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explain why additions of tungsten are not as efficient as
a solid-solution strengthener as rhenium additions of the
same amount. Alloyed rhenium is nearly fully present in
the v matrix, where dislocation movement mainly takes
place under normal service conditions, while tungsten also
partitions to the 7 phase. Hence half of the alloyed tung-
sten does not act as a solid-solution strengthener in the ~
matrix, where tungsten would most effectively slow down
dislocation movement. It is interesting to note in this
respect, that the partitioning behaviour of the single el-

ements does not change significantly in the different al-
loys. This is not only true for the series of experimental
alloys for stationary gas turbine applications with their
chemical composition, which is a variation of the chemical
composition of IN792DS, but also for the alloys CMSX-6
and CMSX-4 with a chemical composition, which is quite
different from the chemical composition of the series of
experimental alloys. It is therefore possible to interpret
changes of alloy behaviour in different nickel-based su-
peralloys in dependence of changing contents of single al-
loying elements, at least qualitatively, without regarding
influences of the overall alloy composition on the k-factors
of the alloying elements, which are not modified markedly
by different alloy compositions.

Most of the changes of the lattice parameters and mis-
fits of the as-received states can be easily explained based
on the variations of the chemical composition. In the se-
ries of experimental alloys, the lattice constant of the
matrix is increased in all alloys containing rhenium com-
pared with IN792DS. Comparing IN792DS and ExAl 7,
it is noted that rhenium additions only influence the
lattice constant, which is increased in ExAl 7, while the
~" lattice constants of IN792DS and ExAl 7 are nearly
the same. Remembering that rhenium strongly enriches
in the v phase, it is understandable that rhenium addi-
tions solely increase the « lattice constant. An increase
of the v/ lattice constant is measureable compared with
IN792DS in the alloys with iridium additions like ExAl 10
and ExAl 9. This finding corresponds with the tendency
of iridium to divide equally between v and +' phase. So
iridium additions should increase the ' lattice constant,
as it was found in these investigations.

The effects of a combined increase of rhenium and irid-
ium in ExAl 10 or of rhenium and ruthenium in ExAl 8,
respectively, are more difficult to interpret. Due to the
additionally alloyed rhenium in ExAl 10, compared with
ExAl9, the v lattice constant of ExAl 10 should be further
increased. This is only slightly the case. As ruthenium is
preferently enriched in the v matrix the lattice constant
of the v matrix in ExAIl 8 should be larger compared with
ExAl 7, where no ruthenium is present in the + phase,
which is not the case. This can be understood by the
lower chromium content of the alloys ExAl 8 and ExAl 10,
compared with the nominal alloy composition, as already
mentioned in the experimental section. Chromium is an
element, which is also, like rhenium, primarily enriched in
the v matrix. Hence, a lower chromium content leads to a
lower lattice constant of the v phase, which could partially
or fully compensate an increase of the  lattice constant,
caused by a higher rhenium, ruthenium or iridium con-
tent. The results of the X-ray measurements correspond
well with this interpretation of a combined effect of lower
chromium and increased ruthenium/iridium content.

The airfoil alloys CMSX-6 and CMSX-4 have both a
lower mean lattice constant than the series of experimental
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alloys. This is well explainable with the overall chemical
compositions of the alloys. The average content of refrac-
tory elements like tungsten, molybdenum or tantalum and
also chromium is lower in comparison with the composi-
tion of the experimental alloys. Especially CMSX-4 has
a low chromium and molybdenum content, only partially
compensated by slightly increased tungsten and tantalum
contents. The reason is that CMSX-4 has reduced levels
of refractory elements to improve the phase stability of
the rhenium-containing alloy composition, while the alloy
design of CMSX-6 was based on the desire to develop a
nickel-based superalloy of low density.

The lattice constant of the v/ phase is nearly equal in
both alloys, while the lattice constant of the 7 matrix is
increased in CMSX-4, which is an effect of the rhenium
alloyed to the v phase of CMSX-4.

The lattice misfits at room temperature are most
strongly influenced by alloying elements, which preferen-
tially alloy to the v matrix. These elements increase the ~y
lattice parameter and in this way change a positive lattice
misfit to lower or even negative values or make a nega-
tive lattice misfit more negative. This behaviour is ap-
parent when comparing the alloys IN792DS and ExAl 7,
in which a positive lattice misfit is changed to a negative
one by rhenium addition or in a similar way, when com-
paring CMSX-6 and CMSX-4. A less pronounced effect is
observed comparing IN792DS and ExAl 8 in which a pos-
itive lattice misfit is changed to a lower positive misfit by
the elements rhenium and ruthenium. This effect would
probably be stronger, if ExAl 8 had the same chromium
content as IN792DS. The lower chromium contents could
weaken the effects of rhenium and ruthenium, as already
mentioned before. The finding that nearly all alloying
elements increase the lattice constant of the alloy or the
phase to which they primarily partition to is in good agree-
ment with investigations published by Mishima et al. [33]
for ternary alloy compositions.

The lattices of both phases, v and 7/, expand with
increasing temperature. This results in the increase of
the average lattice constant with temperature, which was
found for all alloys during these measurements.

A second phenomenom observed in this work is also
commonly known from nickel-based superalloys [20, 21].
Above a certain temperature, the thermal expansion coef-
ficient of the v matrix is larger than that of the 4" phase.
This difference in thermal expansion coefficients results in
a change of the lattice misfit of the alloy above a certain
temperature. A positive lattice mismatch decreases and
can even become negative at higher temperatures, while
a lattice mismatch already negative at room temperature
becomes more negative at elevated temperatures. So even
if alloys posses a positive lattice mismatch at room tem-
perature, at which lattice constants and mismatches are
most easily measurable, the lattice mismatch at service
temperature is in many if not in all cases negative. Hence,

every effect or change, especially of the 4/ microstructure,
at service temperature is influenced by this negative misfit
at elevated temperatures. This development of lattice mis-
match versus temperature was already measured by other
authors in different nickel-based superalloys [22, 34, 35].

But it is interesting to note that the temperature de-
pendence of the lattice misfit is noticeably influenced by
the presence of the alloying element rhenium in all inves-
tigated alloys. In all alloys which contain rhenium, the
lattice mismatch does not change so strongly with tem-
perature as in the rhenium-free alloys. This is true for
the series of experimental alloys and also for the rhenium-
containing commercial alloy CMSX-4. The variation of
the lattice misfit versus temperature, which was measured
in CMSX-4 as §11000c — 0250 ~ —1073 is in good agree-
ment with results available in the literature for this al-
loy [32,34]. This is especially interesting, because CMSX-4
has a lower average lattice constant than all other alloys
investigated in this work except CMSX-6, due to a lower
overall content of refractory elements in the alloy compo-
sition. Hence, the weaker change of lattice misfit versus
temperature of the rhenium-containing alloys, which is
also present in CMSX-4, does not seem to be the result
of the presence of a higher average amount of refractory
elements of any kind in the alloy composition but is due
solely to the presence of rhenium. Other alloying elements
like iridium do not seem to influence the temperature de-
pendence of the lattice mismatch in this way, which is
also visible comparing the alloy IN792DS with the alloy
ExAl 9. Both show a similar change of the lattice misfit
versus temperature, and the difference of the lattice mis-
fit of the two alloys remains nearly constant in the whole
temperature range between 25 °C and 1100 °C. This is
not influenced noticeably by the 3 wt.% of iridium which
are alloyed in ExAl 9 compared with IN792DS. It is not
clear at the present state of the investigations, why rhe-
nium delays the change of the lattice misfit versus tem-
perature in the described way. Possible reasons could be
the strong tendency of rhenium to enrich in the v matrix,
which would explain why rhenium additions mainly de-
crease the thermal expansion coefficient of this phase, an
increase of +' solvus due to the presence of rhenium, caus-
ing a delayed solving of v builders in the matrix, which
would otherwise increase the «y lattice parameter or the
forming of small clusters by rhenium.

The permanent change of the lattice misfit after ex-
tended high-temperature annealing can be explained by
plastic deformation, which takes place, due to the co-
herency stresses between v and 7' phase at the anneal-
ing temperature. This plastic deformation builds disloca-
tion networks at the /7' interfaces, which could also be
found in specimens of the annealed alloys, which were in-
vestigated in this work. An example of these dislocation
networks is shown in figure 9.

It is known from the X-ray measurements, that the lat-
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Figure 9: Dislocation network at the /v interface in an an-
nealed sample of the alloy IN792DS recorded in the transmis-
sion electron microscope using two different g-vectors.

tice misfit at 1000 °C is negative in all investigated al-
loys. The v matrix has a larger lattice constant than the
~' precipitates at the annealing temperature, and the co-
herency stresses parallel to the v/4' interfaces have com-
pressive character in the v matrix and tensile character
in the 7/ particles. Dislocation networks, which develop
at this temperature to compensate for these coherency
stresses, must consist of dislocations with Burgers vec-
tors oriented in such way, that they induce compensat-
ing tensile stresses in the v and compressive stresses in
the v phase. If the annealing lasts long enough, some
kind of equilibrium will be reached at which the internal
stresses caused by the dislocations totally compensate the
coherency stresses at the high temperature, resulting in a
stress-free condition. At this stage, the lattice constants
of v and 4" should be near the so called unconstrained
lattice misfit. If the alloy is subsequently cooled down
and the lattice constants are measured at room temper-
ature, the v and ' lattice constants are influenced by
the coherency stresses caused by the room temperature
lattice mismatch and the internal stresses stored in the
v/~ interface dislocation networks. As the dislocation
network induces tensile stresses in the v matrix, the v lat-
tice constant will be changed to larger values compared
to the situation before the annealing heat treatment. The
internal stresses stored in the dislocation network and in-
duced in the +' phase have a compressive character and
change the «/ lattice constant to smaller values. Accord-
ingly a negative lattice mismatch in the as-received state
becomes even more negative after the heat treatment. If
a positive lattice mismatch was present in the as-received
state, the magnitude of the lattice mismatch will be de-
creased or even become zero or negative after the heat
treatment. These effects match exactly the changes of
the lattice mismatch observed in this work after extended
high-temperature annealing in subsequent measurements
of the lattice constant at room temperature. It is known
from literature, that this effect is not always easily observ-
able by X-ray diffraction. In the case of the alloy SRR99,
von Grossmann et al. [36] found no visible shift in the

X-ray profiles after an annealing treatment, because dis-
location networks were not fully developed in all matrix
channels. But it was shown by convergent beam electron
diffraction experiments, that the stress and strain states
measured in the present work were present in the v ma-
trix channels containing dislocation networks. A possible
reason for the better observability of changes of strain and
stress states by X-ray measurements after annealing heat
treatments in the present work, may be due to other an-
nealing parameters and different v’ volume fractions and
~ channel widths in the alloys investigated in this work
compared to the measurements on SRR99.

Conclusion

The lattice constants and lattice misfits of different nickel-
based superalloys were measured by X-ray diffraction at
temperatures between 25 °C and 1100 °C. Additionally,
some of the alloys were investigated after an extended an-
nealing at 1000 °C for 500 h.

It was found that some alloying elements like ruthe-
nium, chromium and especially rhenium partition prefer-
ently to the v matrix and increase the lattice constant of
that phase, while other elements which partition equally
between ~y and 7/ like iridium increase the lattice constants
of both phases nearly equally.

With increasing temperatures, the average lattice con-
stant and the lattice constants of the « and ~' phases
increase. But at higher temperatures the lattice constant
of the v matrix increases more rapidly than that of +’.
Hence, the lattice misfits of all alloys are negative at higher
temperatures and become more and more negative with
increasing temperature.

In all rhenium-containing alloys these changes of the
lattice misfit with increasing temperature are less pro-
nounced than in the rhenium-free variants. This effect
was found to be independent of the content of other al-
loying elements.

The lattice mismatch after an extended high-
temperature annealing changed from positive or slightly
negative values prior to the heat treatment to negative or
more negative values. This shift of the lattice mismatch is
caused by dislocation networks which develop at the v/+/
interfaces at the annealing temperature.
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