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Effect of Cr and Ni on the microstructural
evolution in Co–Re–Cr–Ni alloys

The present study focuses on the microstructural evolution in
Co–Re–Cr–Ni alloys at high temperatures. Four alloys with
different Cr and Ni contents were studied. The microstructur-
al examinations were performed using complementary meth-
ods of scanning electron microscopy, transmission electron
microscopy, differential scanning calorimetry and neutron
diffraction. Based on the experimental results and assisted
by thermodynamic calculations, the effect of Cr and Ni on
the microstructure could be identified. While both Ni and
Cr, but Cr only if Ni is also present in the alloy, stabilize the
fcc phase, the impacts of these elements on the r phase for-
mation are different. It was found that the temperature stabi-
lity of the r phase enhances with increasing Cr content,
whereas Ni reduces the required Cr concentration for the r

phase formation. The evaluation of the Cr and Ni effects on
the microstructural evolution contributes to a fundamental
understanding of the alloy behaviour and, thus, is a key as-
pect for successful alloy development.

Keywords: Cr effect; Ni effect; Co–Re-based alloys; Mi-
crostructure evolution; Phase stability

1. Introduction

Numerous studies have reported on the positive effect of re-
fractory element additions to high-temperature materials.

These additions primarily aim at the improvement of alloy
mechanical properties, particularly creep resistance [1–3].
Despite relatively high cost, Re additions are common in mod-
ern high-temperature materials for its high strengthening ef-
fect. However, Re also belongs to the elements which exhibit
a high potential for forming topologically close-packed phases
which are inherently brittle. Therefore, the concentration of
Re must be chosen very carefully. The third generation of sin-
gle crystal Ni-base alloys contains Re additions of 5–6 wt.%
[3–5]. New high-temperature materials with a high amount
of Re, namely Co–Re-base alloys, have been developed to ex-
ploit the exceptional strengthening potential of this element
and therefore to design a microstructure which is beneficial
for high-temperature applications [6–8]. The complete misci-
bility of Re in Co yields a unique property combination re-
quired for high-temperature applications as the Co–Re matrix
combines both strength and ductility. The strength of the Co–
Re alloys can be sensitively enhanced with increased Re con-
tent. Furthermore, this alloy class substantially benefits from
the refractory element addition as Re increases the alloy melt-
ing point allowing potentially higher application tempera-
tures which exceed those of Ni-base superalloys [6].

The binary hcp-single phase Co-17Re alloy (all composi-
tion values are given in at.%) was found to be inherently duc-
tile and to show prospects in terms of high-temperature
strength, but it does not possess reliable oxidation resistance
because of the evaporation of Re-oxides [7, 9]. Cr was added
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to the binary alloy Co-17Re to improve high-temperature cor-
rosion resistance. This Cr addition also causes the formation
of coarse particles of the topologically close-packed r phase
(Cr2Re3) which imparts strengthening due to its high hardness
but also adversely affects ductility [9, 10]. It was found that a
decrease of the volume fraction of the brittle r phase can be
realized by adding Ni to the Co-17Re-23Cr alloy if the sam-
ples are quenched after solution treatment. Another beneficial
effect of Ni is the improvement of the oxidation behaviour be-
cause of the fast formation of a protective chromia layer [11,
12]. Earlier studies revealed that Ni stabilizes the face-centred
cubic (fcc) crystal structure. But it was found that with in-
creasing volume fraction of the fcc phase the oxidation resis-
tance of the alloy Co-17Re-23Cr-25Ni deteriorates [12]. So
it was concluded that Ni has a very complex effect on the mi-
crostructure and an ambiguous impact on the high-tempera-
ture properties of the Co–Re–Cr alloy system. Furthermore,
Ni and Cr seem to display a complex interacting effect that
is not properly understood so far. Therefore, alloys with vary-
ing Cr and Ni concentrations have to be investigated. At pres-
ent, the microstructural evolution of Co–Re–Cr–Ni alloys has
only been studied in [13, 14]. While the neutron diffraction
data for only one Co–Re–Cr–Ni alloy is published in [13],
the microstructures of different Co–Re–Cr–Ni alloys after
various heat-treatments were studied in [14], but only specifi-
cally chosen temperatures were investigated and the results
were affected by martensitic transformations during cooling.

The present study deals with the experimental investiga-
tion of the microstructural evolution of Co–Re–Cr–Ni alloys
with different Cr (18 at.% and 23 at.%) and Ni (15 at.% and
25 at.%) concentrations during high-temperature exposure.
Different experimental techniques in combination with ther-
modynamic calculations were applied to understand the un-
derlying mechanisms of the microstructural evolution. In
this paper, thermodynamic calculations were performed
using the specifically derived thermodynamic database. A
commercial database which includes the elements Co, Re,
Cr, O was used as the basis and critically edited due to in-
adequate results. Furthermore, the database was extended
to include the element Ni. Since only limited thermody-
namic data exist in the literature so far, because thermody-
namic properties of the alloy systems investigated have scar-
cely been determined, the results of the experimental studies
obtained in this study simultaneously served to adapt and
improve the database by means of experimental validation
of the results of the thermodynamic calculations performed.

2. Materials and experimental procedure

In this study, the microstructures of four Co–Re–Cr–Ni al-
loys with different Cr (18 at.% and 23 at.%) and Ni contents
(15 at.% and 25 at.%) are dealt with. All alloys were pro-
duced by arc melting in a vacuum furnace and cast into
bars. Afterwards, they were homogenized in a three-step
solution heat-treatment (1350 8C 5 h/1400 8C 5 h/1450 8C
5 h) and quenched by argon.

After homogenization and quenching, the microstructure
was investigated using scanning electron microscopy (SEM)
in combination with electron backscatter diffraction (EBSD)
carried out on an FEI Helios Nanolab 600 equipped with an
EDAX/TSL 3D EBSD system. Samples with dimensions of
10 · 10 · 2 mm3 were cut from the alloy bars, ground with
SiC paper and polished using a SiO2 polishing suspension

with a size of 0.05 lm. The evolution of the microstructure
at high-temperatures was examined using in-situ neutron dif-
fraction (ND) as well as differential scanning calorimetry
(DSC) additional to standard SEM technique. To correlate a
specific phase transformation with particular signals in the
DSC curves, additional heat-treatment tests were carried out.
The corresponding samples were heated in the DSC device
up to the relevant temperatures, quenched and examined via
SEM. For the differential scanning calorimetry, samples with
dimensions of about 3 · 3 · 1 mm3 were used. The thermal
analysis was carried out in a Netzsch STA 449 C at a heating
rate of 5 K min–1 under flowing purified argon atmosphere
(625 ml min–1) in Al2O3 crucibles. In-situ neutron diffraction
measurements were performed for the two alloys containing
23 at.% Cr at Forschungs-Neutronenquelle Heinz Maier-
Leibnitz (FRM II), Garching, using the instrument SPODI
[15] equipped with a high-temperature furnance for in-situ
studies on Co–Re alloys at elevated temperatures. The data
were recorded at RT before and after the in-situ thermal cycle
and at selected temperatures up to 1450 8C using a neutron
wavelength of 0.1548 nm [13]. Transmission electron micro-
scopy (TEM) was also performed on these two alloys (Co-
17Re-23Cr-15Ni and Co-17Re-23Cr-25Ni) using an FEI Ta-
los F200A operated at an acceleration voltage of 200 keV.
Scanning transmission electron microscopy (STEM) was
conducted at a camera length of 210 mm and energy-disper-
sive X-ray spectroscopy (EDXS) was carried out using a
SuperX-detector without standards. One measurement was
carried out for each phase. The TEM sample preparation was
done by using the Focused Ion Beam Technology at an FEI
Helios Nanolab 600. Further TEM specimens were prepared
by stamping out disks of 3 mm from ground samples with a
thickness of 0.1 mm. With electrochemical thinning (double-
jet electropolishing, solution: 90% acetic acid, 10% perchlo-
ric acid, 10 V, 158C) thin TEM foils were produced.

3. Results and discussion

3.1. Microstructure after solution annealing

Figure 1 shows the microstructures of the alloys after homo-
genization and argon quenching. It is remarkable that both al-
loys with 23 at.% Cr exhibit lamellar precipitates of the
r phase (Cr2Re3) along the grain boundaries whereas in the
alloys with a lower Cr concentration (18 at.%) nearly no
r phase was found after homogenization. Earlier investiga-
tions showed that the Co-17Re-23Cr-XNi alloys (X = 8, 15,
25 at.%) exhibit drastically reduced volume fractions of the
r phase as compared to the Ni-free alloy Co-17Re-23Cr
[12]. This finding was explained by the influence of the non-
equilibrium state after argon quenching. Figure 2a shows the
volume fractions of all the phases determined by ND after ar-
gon quenching (full symbols). Argon quenching supresses the
formation of the r phase. As a consequence, more Re (hcp-
stabilizing element) is present in the matrix. Therefore, hcp
is present as only matrix phase at RT after argon quenching
for alloys containing up to 15 at.% Ni, even though there is
the fcc-stabilizing effect of Ni. Nevertheless, r forms on sub-
sequent heating above 900 8C and remains in the alloy after
slow cooling as can be seen in Fig. 2a (open symbols). This
state is much nearer to equilibrium than the state after argon
quenching. As can be seen in Fig. 2a, there is an increasing
amount of r phase with increasing Ni content.
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A typical neutron diffractogram at RT after in-situ ther-
mal cycle heating up to 1450 8C is shown in Fig. 2b. The
phases of fcc, hcp and r are marked and the fits (solid lines)
and measured data (crosses) as well as the difference (blue
line) of both are plotted. The Rietveld refinement was per-
formed with the FullProf program [16].

To identify the crystal structure of the alloy matrix EBSD
analysis was performed in addition to ND after argon
quenching. The corresponding results are shown in Table 1.
The results are in line with the ND measurements: The al-
loys with an Ni content of 15 at.% consist of a single hexa-
gonal close-packed (hcp) matrix whereas the alloys with a
higher Ni concentration (25 at.%), additionally contain a
fcc phase. It is obvious that with increasing Ni content the
formation of the fcc phase is favoured.
For more precise information on the r phase composi-

tion, TEM examination was performed on the two Co-

17Re-23Cr-XNi alloys with different Ni contents. Figure 3
shows TEM HAADF images of the microstructure of both
alloys and the corresponding EDXS mappings. The ex-
perimentally measured compositions of the r phase areas
in comparison to the matrix areas marked in Fig. 3a and b
are given in Table 2. The results show that besides Cr and
Re the r phase can solve a substantial amount of Co and
Ni. Compared to the matrix, however, it is depleted in Co
and Ni while enriched in Cr and Re. The r phase in the al-
loy with a Ni content of 25 at.% contains only a marginally
higher amount of Ni than in the alloy with a lower Ni con-
centration. But a higher amount of Co solved in the
r phase can be found in the alloy with an Ni content of
15 at.%. Furthermore, small zones enriched in Ni and Co
which are located next to the r phase particles can be ob-
served in the EDXS mappings in the microstructure of
both alloys. For the alloy Co-17Re-23Cr-25Ni, electron

Fig. 1. SEM images obtained by the BSE detector of the alloys after solution heat treatment and argon quenching: (a) Co-17Re-23Cr-15Ni;
(b) Co-17Re-23Cr-25Ni; (c) Co-17Re-18Cr-15Ni; and (d) Co-17Re-18Cr-25Ni.
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diffraction analysis was performed on this Co-, Ni-en-
riched area. Figure 3c shows the corresponding electron
diffraction pattern recorded for the area circular marked
in Fig. 3b. The matrix in the vicinity of the r phase is ob-
viously the c Co-based phase.

3.2. Microstructure evolution during high-temperature
exposure

The microstructural evolution during high-temperature ex-
posure was examined using different experimental meth-
ods. DSC thermal analysis is an appropriate tool for ana-
lysing solid–solid phase transformations [17]. To attribute
the signals in the heating curves to the occurring phase
transitions, the peak appearance (endothermic or exother-
mic) of the particular transformation must be known. If

various phase transitions occur during heating, additional
experimental methods are necessary to distinguish and
identify the processes and correlate these results with the
signals from the DSCmeasurements [18]. The r phase for-
mation and dissolution in AlxCoCrFeNi and AlCrFeNiMo0.2
high entropy alloys as well as the e?c transformation in
Co–Ni alloys are detected as endothermic reactions in
DSC heating curves. Ab-initio calculations by Palumbo
et al. reveal positive formation enthalpies of the r phase
for the binary Cr–Re system [19]. According to these re-
ferences [19–21], it can be assumed that all transforma-
tions in the Co–Re–Cr–Ni alloy system are of endothermic
nature during heating. The fact that the r phase formation
and dissolution have been detected as endothermic reac-
tions during heating obviously results from the simulta-
neously occurring transformations in the surrounding ma-
trix. In other words, if the r phase dissolves, the alloy
matrix does not transform back to the original solid solu-
tion but undergoes its own phase transformation. So, all
phase transitions are endothermic and it is not possible to
separate the processes due to the peak shape in the DSC
curves. Therefore, results of the DSC thermal analysis
were complemented by phase analyses by means of SEM
as well as applying neutron diffraction.

Ni effect

The DSC heating curves for alloys Co-17Re-23Cr-15Ni
and Co-17Re-23Cr-25Ni in the temperature range 720 –
1350 8C appear to be very similar. Figure 4a shows illustra-
tively the DSC heating curve for the alloy Co-17Re-23Cr-
15Ni. The corresponding peak temperatures of the alloy
Co-17Re-23Cr-25Ni are listed in Table 3. As described
above, additional samples of the alloy Co-17Re-23Cr-
15Ni were heated up to 850 8C, 1075 8C and 1200 8C and
then quenched to freeze the alloy microstructure. The re-
sults of the microstructural analyses of these samples are
shown in Fig. 4b–d. The results of neutron diffraction in-
vestigations are summarized in Fig. 5. It is apparent that
both DSC measurements show four endothermic peaks.
The small endothermic peak at 836 8C in the DSC curve of
the Co-17Re-23Cr-15Ni alloy indicates the beginning of
the r phase formation at grain boundaries (see Fig. 4b).
With increasing temperature, two other endothermic peaks
appear at 1057 and 1081 8C. Figure 4c reveals that the vol-
ume fraction of the r phase is strongly increased by heating
up the alloy to 1075 8C. Also the ND results show an in-
creasing volume fraction of the r phase during heating
(compare Figs. 2a and 5a). Furthermore, the neutron dif-
fraction results reveal that at temperatures ‡1100 8C the
precipitation of the r phase is accompanied by the e?c

transformation because of enhanced volume fractions of

Fig. 2. (a) Phase fractions of Co-17Re-23Cr-XNi at RT as a function
of the Ni content after homogenization and argon quenching (full sym-
bols) and after in-situ thermal cycle (i. e. after slow cooling) (open
symbols) determined using neutron diffraction, and (b) neutron diffrac-
togram of Co-17Re-23Cr-15Ni at RT after in-situ thermal cycle heat-
ing up to 1450 8C. All phases as fcc, hcp and r are present. The Al2O3

peaks belong to the sample holder which was a little bit illuminated
with neutrons.

Table 1. Phase composition of the matrix of the alloys studied
after homogenization and argon quenching (determined by EBSD).

Alloy Matrix

Co-17Re-23Cr-15Ni hcp (e)

Co-17Re-23Cr-25Ni hcp (e) + fcc (c)

Co-17Re-18Cr-15Ni hcp (e)

Co-17Re-18Cr-25Ni hcp (e) + fcc (c)
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Fig. 3. TEM HAADF images (the rectangular label marks the r phase areas used for EDXS quantification) and element distribution maps of the
alloys after solution heat treatment: (a) Co-17Re-23Cr-15Ni; (b) Co-17Re-23Cr-25Ni; and (c) selected area diffraction pattern along the [110] zone
axis of the c phase from the position circular labelled in (b).
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both fcc and r phases. It is highly probably that such a cor-
related process of e?r + c will also take place at lower
temperatures as assumed in the extrapolation of the ND re-
sults. EBSD analysis was performed to prove this hypoth-
esis. The EBSD phase map in Fig. 6 shows exemplarily
the microstructure of the Co-17Re-23Cr-15Ni alloy after a
heat treatment for 2 h at 1000 8C. The r phase precipitates
at the grain boundaries and there are small areas consisting
of the c phase next to the r phase. Despite different heat
treatment conditions of the samples in the DSC (continuous
heating-up) and used for the EBSD analysis (isothermal
heating), Fig. 6 proves that the cellular precipitation pro-
cess with the sequence e?r + c also takes place at lower
temperatures as assumed above. So, it can be assumed that
the first endothermic reaction of the alloy with 15 at.% Ni
is also a correlated process of the r phase formation and
e?c transformation. The other two peaks in the DSC mea-

surement correspond to the proceeding r phase and fcc for-
mation. At 1182 8C another broad peak occurred. Figur-
es 4d and 5a demonstrate that at around 1200 8C a lot of
r phase is precipitated and the matrix is completely trans-
formed into the fcc phase. The fact that the precipitation
process evokes several signals during heating can be attrib-
uted to the different precipitation locations. At low tem-
peratures, the favoured nucleation at grain boundaries was
observed (see Fig. 4b). At higher temperatures, the r phase
reaction front expands in the grain interiors (see Fig. 4d).
The different nucleation sites apparently require different
energies and the introduction of cellular reaction fronts as
additional interfaces provides additional energies to form
the r phase. Besides, the surface energies as well as the ki-
netic aspects of the growing particles lead to additional sig-
nals. Such an effect was also observed by Milkereit et al.
[22]. Furthermore, the simultaneously occurring e?c

Fig. 4. (a) DSC heating curve (heating rate 5 K min–1) of the Co-17Re-23Cr-15Ni alloy and SEM images obtained by the BSE detector of the alloy
Co-17Re-23Cr-15Ni heated up to (b) 850 8C, (c) 1075 8C, and (d) 1200 8C.
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transformation also contributes to the appearance of various
DSC signals.
The DSC curve of the alloy Co-17Re-23Cr-25Ni exhi-

bits peaks at similar temperatures. From the ND results
(see Fig. 5b) it can be deduced that the peak at 903 8C cor-
responds to the beginning of the r phase formation (predo-
minantly at grain boundaries). Which kind of matrix trans-
formation goes along with this r precipitation cannot be
derived from the ND measurements. The following two
peaks belong to the proceeding r phase precipitation and
the simultaneously occurring formation of a new fcc ma-
trix phase (denoted as fcc-2). As the r phase is mostly
composed of Re, Cr and Co, the fcc-2 phase with a smaller
lattice parameter forms because of the formation of the
r phase and the correspondingly reducing amount of
solved Cr and Re in the matrix. From the ND data it be-
comes clear that a significant amount of the fcc-2 and r

phases has formed by reaching a temperature of 1000 8C.
So, it is assumed that the occurrence of the two successive
peaks (1056/1080 8C) results from the cellular reaction:
fcc-1?r + fcc-2. For the Co–Re system no information
about the intensity of precipitation reactions or about the
precipitated volume fraction required to cause a signal in
the DSC curve exists. From the ND data it can be derived
that a change of about 10 vol.% of r phase manifests itself
in the formation of a new peak in the DSC curve. The last
low and broad peak at 1261 8C is a result of the beginning
r phase dissolution which is also reflected in Fig. 5a and b.
The dissolution of the r phase causes a rearrangement of
atoms in the newly formed fcc-2 matrix phase, particularly
due to the higher amount of Re which is released from the
dissolution of the r phase. This process apparently re-
quires additional energy and is therefore expressed as an
endothermic reaction.

In pure Co, the e« c phase transformation is a diffu-
sionless martensitic process as it occurs abruptly [19, 23].
In contrast, in the Ni-containing Co-17Re-23Cr alloys this
phase transformation can take place martensitically [14]
but it can also be a diffusion-controlled process as higher

Fig. 5. Changes in the phase fractions during heating and cooling de-
termined from the neutron diffraction results (a) Co-17Re-23Cr-15Ni,
and (b) Co-17Re-23Cr-25Ni.

Table 2. Measured composition (in at.%) of the marked areas of the r phase and matrix phase (rectangular labels see Fig. 2) in the al-
loys Co-17Re-23Cr-15Ni and Co-17Re-23Cr-25Ni after homogenization and argon quenching.

Alloy Phase Co Re Cr Ni

Co-17Re-23Cr-15Ni r 34.80 29.01 29.06 7.13

Co-17Re-23Cr-25Ni r 24.60 35.41 31.13 8.86

Co-17Re-23Cr-15Ni matrix 48.56 14.85 21.05 15.53

Co-17Re-23Cr-25Ni matrix 38.29 15.58 20.81 25.32

Table 3. Measured peak temperatures in the DSC heating curves (heating rate 5 K min–1) of Co-17Re-23Cr-25Ni and Co-17Re-18Cr-25Ni.

Alloy Co-17Re-23Cr-25Ni Co-17Re-18Cr-25Ni

Peak 1 903 8C 892 8C

Peak 2 1056 8C 1057 8C

Peak 3 1080 8C 1081 8C

Peak 4 1261 8C 1114 8C
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temperatures are involved. Diffusion-controlled phase
transformations are typical for many alloys, e. g. stainless
steels [24–26]. In addition to the matrix transformation,
the precipitation of the r phase in Cr-rich steels is possible
which usually causes element partitioning in the ferrite ma-
trix. The resulting decrease in the Cr content and the fol-
lowing increase in the Ni concentration in the surrounding
matrix lead to the formation of an austenite phase (c) [24,
26, 27]. A similar co-existence of the two matrix phases,
i. e. e and c, is observed in the Co-17Re-23Cr-15Ni alloy
(see Fig. 6). This local formation of the fcc phase and the
r phase seems to occur linked and simultaneously as a re-
sult of a discontinuous reaction starting from the grain
boundaries. Microstructural examinations of the Ni-free
Co-17Re-23Cr alloy showed that r phase formation occurs
in a wide temperature range at which the fcc phase is not
yet stable. ND results revealed that in the Ni-free alloys
the e « c phase transformation does not start before
1300 8C [28, 29]. Based on these results one can assume
that the formation of the r phase provokes a local depletion
in Re and Cr and enrichment in Co and Ni in the surround-
ing area of the r phase. As Re stabilizes the hcp phase while
Ni stabilizes the fcc phase and decreases the e« c trans-
formation temperature, this change in chemical composi-
tion supports the local transformation of e-Co to c-Co.
According to Fig. 6, the matrix between the r phase does
not entirely consist of fcc phase. Instead hcp phase is also
observed. This is probably due to a transformation from
fcc to hcp upon cooling from 1000 8C to ambient tempera-
ture.

In the case of the Co-17Re-23Cr-25Ni alloy, the matrix
already contains mostly fcc phase after homogenization
and quenching (see Figs. 2a and 5b). So, in this alloy the
discontinuous precipitation character of the r phase pro-
vokes the formation of the fcc-2 matrix phase during heat-
ing with a smaller lattice parameter due to the reduced con-
centration of Re and Cr.

For further information about the phase stabilities in the
Co–Re–Cr–Ni system, thermodynamic calculations were
carried out. The unerring assessment of the stability of the
different phases is a valuable means to understand the ther-
modynamic driving forces for the phase transformations in
the alloys investigated. Hence, the volume fractions of the
fcc-, hcp- and r phase in the temperature range 700 –
1200 8C were calculated using the software FactSage. The
results are plotted in Fig. 7. It becomes apparent that the fcc
phase is stable over the whole temperature range of 700 –
1200 8C for the alloy with 25 at.% Ni. Regarding the alloy
with 15 at.% Ni, the fcc phase starts to form at 800 8C and be-
comes more stable at higher temperatures. This clearly
shows the very strong stabilization effect of Ni on the fcc
phase as the e« c phase transformation is shifted to lower
temperatures. The calculations for Co-17Re-23Cr-15Ni
show that the r phase is already stable at low temperatures
at which no fcc phase exists which is similar to the Ni-free
Co-17Re-23Cr alloy [29]. However, the e« c phase trans-
formation starts at lower temperatures compared to the Ni-

Fig. 7. Thermodynamic calculations of the phase fractions of the dif-
ferent phases in the temperature range of 700–1200 8C in alloy (a)
Co-17Re-23Cr-15Ni, and (b) Co-17Re-23Cr-25Ni using the software
FactSage.

Fig. 6. EBSD analysis of the microstructure of Co-17Re-23Cr-15Ni
after 2 h exposure at 1000 8C.

K. Esleben et al.: Effect of Cr and Ni on the microstructural evolution in Co–Re–Cr–Ni alloys

Int. J. Mater. Res. (formerly Z. Metallkd.) 110 (2019) 12 1099



free alloy which can clearly be accounted for Ni additions. It
can therefore be concluded that the r phase precipitates and
the correlated e?c transformation in the Co-17Re-23Cr-
15Ni alloy or rather the formation of a new fcc-2 matrix
phase in the Co-17Re-23Cr-25Ni alloy, thus, can be consid-
ered as a simultaneous process which is supported by the lo-
cal Re and Cr depletion as well as Co and Ni enrichment as
soon as enough r phase has formed, as was described in our
assumption above. Such an enrichment in Co and Ni next to
the r phase was proved by TEM analysis (see Fig. 3).

Cr effect

Figure 8a shows the DSC heating curve of the Co-17Re-
18Cr-15Ni alloy which is to some extent different from that
shown in Fig. 4a. As the DSC results of the Co-17Re-18Cr-
25Ni alloy are very similar to those of the 15 at.% Ni alloy

with the same Cr concentration, the DSC curve of the alloy
with 25 at.% Ni is not shown here. The corresponding peak
temperatures are summarized in Table 3. In the BSE micro-
graphs of additional samples which were heated up to
1040 8C and 1100 8C (Fig. 8b and c), the formation of
r phase lamellae is visible. From Table 1 it is known that
the matrix consists of a one phase e-Co structure after
homogenization and quenching and by analogy with the re-
sults of the Co-17Re-23Cr-15Ni alloy it can be derived that
the first three peaks demonstrate a combined process of
r phase and fcc phase formation. Figure 8c shows that only
a small amount of r phase has formed by reaching a tem-
perature of 1040 8C. Nevertheless, the peak amplitude is
comparable to those of the alloys with 23 at.% Cr in which
more r phase has formed. But the thermodynamic calcula-
tions of the alloys with 18 at.% Cr (see Fig. 10a and b) re-
veal that a significant amount of r phase has formed in the

Fig. 8. (a) DSC heating curve (heating rate 5 K min–1) of the Co-17Re-18Cr-15Ni alloy and SEM images obtained by the BSE detector of the alloy
Co-17Re-18Cr-15Ni heated up to (b) 1040 8C (initial formation of r phase), (c) 1100 8C (fine, needle-like r particles), and (d) 1300 8C (homoge-
neous matrix).
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steady state condition at 1000 8C. So it can be concluded
due to decelerated kinetics that this steady state condition
is achieved at a higher temperature in the DSC heating
curve causing the 1056 8C peak. The appearance of the next
peak at 1132 8C is different as compared to that shown in
Fig. 4a. The SEM micrograph of the sample heated up to
1300 8C (see Fig. 8d) shows a homogeneous matrix without
r particles. Thermodynamic calculations of the volume
fractions of the different phases as a function of the tem-
perature (see Fig. 10a) reveal that the r phase has dissolved
by reaching a temperature of 1200 8C. So it can be con-
cluded that this signal belongs to the r phase dissolution.
Another endothermic signal appears at 1260 8C. As the
r phase has already dissolved, this signal can only be re-
lated to the fcc formation. This conclusion corresponds to
the results of the thermodynamic calculations in which the
fcc phase fraction is increased at 1200 8C (see Fig. 10a).
The alloy Co-17Re-18Cr-25Ni exhibits a DSC curve

similar to the one of Co-17Re-18Cr-15Ni, but the peak at

1260 8C does not form. The peak at 892 8C is similar to
the first peak in the heating curves of the other alloys.
The SEM micrographs of the additional sample (heated
up to 900 8C) in Fig. 9a and b show some grains with
nearly no r phase and some areas where some r phase pre-
cipitated. As the thermodynamic calculations in Fig. 10b
predict a two-phase e+c matrix phase with an increasing
fcc volume fraction over the whole temperature range it
is assumed that the r phase formation is also combined
with the e?c transformation in the alloys with 18 at.%
Cr. The BSE micrographs of the additional samples heated
up to 1100 and 1200 8C (Fig. 9c and d) reveal that the disso-
lution of the r phase takes place at these temperatures as the
volume fraction of the r phase is strongly decreased in com-
parison to Fig. 9b. This experimental observation is in ac-
cordance to the thermodynamic calculations in which the r
phase has dissolved at 1200 8C. So, the three consecutive
peaks can be accounted for as the r phase formation and dis-
solution and the simultaneous e?c transformation.

Fig. 9. SEM images obtained by the BSE detector of the alloy Co-17Re-18Cr-25Ni heated up to (a) 900 8C (area without evidence of r), (b) 900 8C
(area exhibiting r), (c) 1100 8C, and (d) 1200 8C.

K. Esleben et al.: Effect of Cr and Ni on the microstructural evolution in Co–Re–Cr–Ni alloys

Int. J. Mater. Res. (formerly Z. Metallkd.) 110 (2019) 12 1101



The experiments reveal that all investigated alloys ex-
hibit the formation of the r phase during high-tempera-
ture exposure, but the solvus temperature of the r phase
depends on the Cr concentration of the alloy. The experi-
mental investigations showed that the r phase in the
Co-17Re-18Cr-XNi alloys dissolves at temperatures of
1100 – 1200 8C, whereas the alloys with 23 at.% Cr ex-
hibit higher temperature stability of the r phase (see
Figs. 4d and 7).

Combined effect of Ni and Cr

The results presented above clearly show that Cr primarily
governs the formation of the r phase. The comparison of the
microstructures of alloys with 18 at.% and 23 at.% Cr reveals
that the volume fraction of the r phase dramatically enhances
with increasing Cr content (see Figs. 4, 8 and 9). Regarding
the r phase stability, Ni seems to have a significant effect,
too. Peckner and Bernstein [30] stated that in austenitic stain-

less steels with a chromium concentration below 20 wt.%, the
precipitation of the r phase is not readily observed. Thermo-
dynamic calculations performed by Gorr et al. [31] predicted
that a Cr concentration of 20 at.% is required for the existence
of the r phase at 1000 8C in the Co-17Re-Cr system. How-
ever, the experimental results in this study show that the Ni-
containing Co-17Re-18Cr alloys contain r phase precipitates
although their Cr concentration is lower than 20 at.%. Based
on the results shown above, it seems that Ni reduces the criti-
cal Cr content which is required for the formation of the
r phase. This assumption is confirmed by the results of
further thermodynamic calculations. Figure 11a shows the
critical Cr concentration needed for the formation of the
r phase at 1000 8C, as a function of the Ni content in the alloy
system Co-17Re-XCr-YNi. It becomes clear that with increas-
ing Ni content less Cr is required for the occurrence of the r
phase at 1000 8C. If the Ni concentration exceeds about
8 at.%, the critical Cr concentration for r phase formation is
slightly decreased. The step-like progression is attributed to

Fig. 10. Thermodynamic calculations of the phase fractions of the dif-
ferent phases in the temperature range of 700–1200 8C in alloy (a) Co-
17Re-18Cr-15Ni, and (b) Co-17Re-18Cr-25Ni using the software Fact-
Sage.

Fig. 11. Thermodynamic calculations using the software FactSage: (a)
critical Cr concentration for r phase formation at 1000 8C in the alloy
system Co-17Re-XCr-YNi, and (b) Cr effect on the e?c transforma-
tion temperature of the alloy system Co-17Re-XCr-YNi (Y = 0, 15, 25).
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the formation and composition character of the r phase as
well as to the calculation steps.

As discussed above, Ni clearly stabilizes the fcc phase. Ap-
parently, Cr also seems to influence the matrix in Co–Re–Cr–
Ni alloys. Regarding the e« c transformation, Cr acts as an
hcp stabilizer which increases the transformation temperature
[32]. However, thermodynamic calculations reveal that the Cr
effect on the e« c transformation changes if the matrix addi-
tionally contains Ni. Figure 11b shows the calculated e?c

transformation temperatures as a function of the Cr concen-
tration of Ni-free and Ni-containing Co-17Re-XCr alloys.
While the Ni-free alloy system exhibits an increasing trans-
formation temperature with a higher Cr content, the Ni-con-
taining alloy systems show that the temperature of allotropic
transformation is lowered with increasing Cr concentration.
The more Ni in the alloy, the stronger is the decreasing effect
on the transformation temperature. The black vertical lines in
Fig. 11b mark the concentration boundaries between the sin-
gle-phase hcp region and the two-phase hcp + r field. The
smooth course of the transformation temperature vs. Cr con-
centration curves does not seem to be affected by the intercept
of the phase boundary hcp/hcp + r. This indicates that the Cr
effect on the hcp stability is pervasive for this alloy system,
i. e. the effect is independent of the fact whether the r phase
is present in the alloy or not. The temperature curve of the al-
loy system with 25 at.% Ni ends at 5 at.% Cr as with higher
Cr concentration the fcc phase is already stable at room tem-
perature. This trend is also visible in the experimental results
of the solution annealed state as both alloys with 25 at.% Ni
contain fcc phase (see Table 1).

In conclusion, the effects of Ni and Cr on the microstruc-
ture of the Co–Re–Cr–Ni alloys can be summarized as fol-
lowed. Ni has two strong effects: (i) it stabilizes the fcc
phase as the e« c transformation shifts to lower tempera-
tures, and (ii) Ni reduces the Cr concentration required for
the r phase formation.
Cr has a significant effect on the alloy microstructure as

well. Firstly, Cr, in addition to Ni, stabilizes the fcc phase
(if Ni is also present in the alloy) as the e « c transforma-
tion temperature decreases with the Cr content. Secondly,
the solvus temperature of the r phase increases with an en-
hanced Cr concentration.
It should be pointed out that some results of the ther-

modynamic calculations do not perfectly correspond to
the experimental results. For example, the r phase in Co-
17Re-18Cr-15Ni is not stable at 1200 8C according to the
thermodynamic calculations although the DSC measure-
ments indicate the dissolution of the r phase with a peak
temperature of 1260 8C. Such differences can clearly be
attributed to the kinetic effect as thermodynamic predic-
tions relate to the phases in thermodynamic equilibrium.

4. Conclusions

The microstructural evolution of four Co–Re–Cr–Ni al-
loys with different Cr and Ni concentrations was investi-
gated during high-temperature exposure. Based on various
experimental results and assisted by thermodynamic cal-
culations, the effect of Cr and Ni on the microstructure
could be identified. It was found that the alloys with a Cr
content of 18 at.% exhibit a lower volume fraction of the
r phase compared to those with 23 at.%. While Cr in-
creases the solvus temperature of the r phase, Ni de-

creases the concentration of Cr required for the formation
of the r phase. The volume fraction of the fcc phase
clearly increases with increasing Ni concentration. The
fcc phase seems to be additionally stabilized by Cr particu-
larly in Ni-containing Co–Re–Cr alloys.

Part of this work was performed at the Micro- and Nanoanalytics Facil-
ity (MNaF) of the University of Siegen. The authors thank Heinz Ma-
ier-Leibnitz Zentrum (FRM II) for providing beam time.
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