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Abstract: To increase the lifetime of rocket combustion chambers, thermal barrier coatings
(TBC) may be applied on the copper chamber wall. Since standard TBC systems used
in gas turbines are not suitable for rocket-engine application and fail at the interface
between the substrate and bond coat, a new bond-coat material has to be designed. This
bond-coat material has to be chemically compatible to the copper substrate to improve the
adhesion and needs a coefficient of thermal expansion close to that of copper to reduce
thermal stresses. One approach to achieve this is to modify the standard NiCrAlY alloy used
in gas turbines by adding copper. In this work, the influence of copper on the microstructure
of NiCrAlY-alloys is investigated with thermodynamical calculations, optical microscopy,
SEM, EDX and calorimetry. Adding copper leads to the formation of a significant amount
of β-NiAl and α-Cr. Reducing the aluminum and chromium content leads furthermore to a
two-phase fcc microstructure.
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1. Introduction

The combustion chamber in rocket engines has to withstand high thermomechanical loads. To cool
down the chamber wall, it is usually made out of a Cu-alloy with high thermal conductivity. Although
the material is chilled inside by liquid hydrogen in cooling channels, surface-temperatures of more
than 800 ◦C are reached [1]. This load may cause damage due to the so-called dog-house-effect [2,3],
which is caused by high internal pressure in the cooling channels, thermomechanical fatigue and creep
mechanisms. One idea to avoid this damage is to lower the surface temperature of the copper alloy by
applying thermal barrier coatings (TBC).

In previous studies, several types of coatings for rocket engines have been tested on copper substrates.
Ogbuji et al. [4] used a Cu/Cr coating to protect the combustion-chamber material Cu-8%Cr-5%Nb.
The coatings showed a lifetime of 10 h at a Cr content of 21%. A NiCrAlY top-coat was investigated by
Raj et al. [5] using a Cu/Cr bond-coat on a Cu-8%Cr-4%Nb substrate. The coatings were thermally
cycled in a H2/O2-flame. They showed no failure after 40 cycles, although large internal stresses
were calculated with finite element analysis. In Schloesser et al. [6], a standard TBC-system used
in gas-turbines on Ni-substrates has been tested. It consists of a ceramic yttrium stabilized zirconia
top-coat (TC) and a Ni-22%Cr-10%Al-1%Y bond-coat (BC). It was found that a chemical gradient and
the mismatch of thermal expansion cause damage at the substrate/BC-interface, although the typical
failure in gas-turbines takes place at the BC/TC-interface.

Since the main failure in the previous research took place at the substrate/bond-coat interface, while
the top-coat showed no significant failure, further research has to focus on the development of new
bond-coat materials. The main goal is to reduce the dissimilarity in chemical composition and the
mismatch in the coefficient of thermal expansion (CTE) between bond coat and substrate. The mean CTE
(related to room temperature) of the typically used NiCrAlY alloys is about 14×10−6 K−1 at 600 ◦C and
800 ◦C [7,8] and 18 × 10−6 K−1 (600 ◦C), respectively, 20 × 10−6 K−1 (800 ◦C) for copper [8–10]. The
mismatch in the CTE here is about 5 × 10−6 K−1, while the CTE of Ni-based superalloys usually used
in gas-turbines does not differ by more than 0.1× 10−6 K−1 [11] from the CTE of the bond-coat alloy.

One approach to lower the CTE mismatch and the chemical dissimilarity is to add copper to the
NiCrAlY bond-coat alloy, based on the concepts proposed in [12]. Since there is no data available for
Cu-NiCrAlY alloys, the binary alloy Ni-Cu was considered for the first evaluation. The Ni-30%Cu alloy
was found to have a mean CTE of 16 × 10−6 K−1 at 600 ×C and 17 × 10−6 K−1 at 800 ◦C [8], which is
only about 2 × 10−6 K−1 lower than the CTE of copper. Although a Cu-content higher than 30% leads
to a CTE more similar to the CTE of the copper substrate, it will lower the melting temperature and the
strength of the alloy.

In this paper, the influence of copper in NiCrAl alloys is investigated at a copper content of 30%.
The commonly-used NiCrAlY alloy with a Cr content of 22% and an Al content of 10% is chosen as
a reference alloy. This alloy consists of the high-temperature phases γ and β and the low-temperature
phases γ’ and α. The γ-phase is a Ni-rich fcc-crystal; γ’ is a fcc superlattice of the γ-phase with the
stoichiometry Ni3Al in the binary system; while in the ternary Ni-Cr-Al-system, the chromium is able
to substitute both, the Al and the Ni atom. The β-phase is an intermetallic cubic structure with the
stoichiometry NiAl in the binary Ni-system, and α is a cubic chromium rich phase [13–16].
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In this work, possible phase compositions are calculated with CALPHADcalculations. Based on
the calculations, different alloys are chosen for further investigation. These alloys are examined
metallographically and with calorimetric measurements to compare the observed microstructure with
the calculations. A similar approach was used previously to study the influence of Fe [15].

2. Results and Discussion

To compare the results in this work with a well-known alloy system, the alloy Ni-22%Cr-10%Al
was chosen as a reference, based on the work of Schloesser in previous studies [6], where the
alloy Ni-22%Cr-10%Al-1%Y has been used as a bond-coat material on copper substrates. The alloy
there contains yttrium, which improves the adhesion of the aluminum oxide layers and leads to an
improved cyclic oxidation behavior. This effect is not of crucial importance in rocket engines due to
the short time of hot-gas exposure compared to gas-turbine application [14], and consequently, Yttrium
is not considered here. The microstructure of a similar alloy Ni-20%Cr-12%Al has been studied by
Achar et al. [20].

Figure 1. Calculated phase composition of the reference alloy Ni-22%Cr-10%Al and the
reference alloy after adding 30% Cu (Ni-30%Cu-22%Cr-10%Al). (a) Ni-22%Cr-10%Al
(a similar result was published in [15]); (b) Ni-30%Cu-22%Cr-10%Al.
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Figure 1(a) shows the calculated phase-composition of the reference alloy. At the homogenization
temperature of 1000 ◦C, a composition of 35% cubic β-NiAl and 65% fcc γ-Ni is calculated. Below
980 ◦C, the formation of a bcc α-Cr- and an fcc γ’-phase is calculated; the β phase is still present
with a fraction of 11 wt%. The calculated β mass-fraction decreases at temperatures lower than 980 ◦C.
At the heat-treatment temperature of 800 ◦C, the calculated composition of the alloy is only γ’ and
α-Cr. The calorimetric measurements (Figure 2) showed good agreement with the calculations. Here,
the phase-reaction temperature was measured at 985 ◦C and differs only by 5 K from the calculated
temperature. The measured solidus temperature is 1295 ◦C and differs only by 10 K from the calculated
solidus temperature of 1305 ◦C.
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Figure 2. Calorimetric measurement data for the reference alloy Ni-22%Cr-10%Al: heating
curve after homogenization.
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Figure 3. Optical micrographs of the reference-alloy Ni-22%Cr-10%Al after different heat
treatments. The samples were quenched in water after each heat treatment and were not
etched in this picture. (a) Homogenization (1000 ◦C, 4 h); (b) 800 ◦C, 4 h; (c) 800 ◦C, 100 h.
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Figure 3(a) shows the micrograph of the reference alloy after casting and homogenization. It consists
of a dark brown dendritic phase with a content of 35%, measured with optical image analysis, and a bright
interdendritic phase. A similar microstructure has been found by Achar [20] and was there identified as
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the cubic β-NiAl (dark brown) and the fcc γ-Ni (bright). Considering the Thermo-Calc calculations and
the work of Achar, the dark brown dendritic phase in Figure 3(a) can be identified as β-NiAl and the
interdendritic phase as the γ-phase.

After heat treatment at 800 ◦C, a two-phase γ’/α-Cr microstructure was predicted by the calculations.
The metallographic examination (Figure 3(b),(c)) shows that the β-phase is still existent in the
microstructure. Furthermore, a light brown phase forms at the interface between the β-phase and the
interdendritic area. The interdendritic area consists of a light brown phase with the same contrast
as the margin-phase around the β-particles and small, bright precipitates. After 4 h of heat treatment
(Figure 3(b)), small β-particles are completely converted to the light brown phase. At bigger β-particles,
only a small margin of approximately 2µm thickness of the light brown phase has formed. Further heat
treatment for 100 h showed that the light brown phase grows with longer heat-treatment time, while the
β-particle size is reduced (Figure 3(c)). The white particles in the interdendritic areas can be identified
as α-Cr, since an EDX-analysis of the white particles shows a Cr-content of >60%. Considering the
poor resolution of EDX and the influence of the surrounding material, the Cr-content is even higher
than measured. An EDX-analysis of the light brown phase shows an Al-content of 11.1% ± 0.9%, in
agreement with the calculated Al-content of the γ’-phase of 12%. Hence, the light brown phase can be
identified as γ’, agreeing with the work of Achar [20]. The β-phase is still existent in the microstructure
in contrast to the calculation, but the heat treatment for 100 h suggests that further heat treatment will
lead to a complete conversion of the β-particles into γ’ and α-Cr.

2.1. Increasing Cu-Content

For a rocket-engine application, the bond-coat alloy has to be modified by adding copper, as
mentioned above. A copper-content of 30% was set as a starting point for further alloy development,
because the coefficient of thermal expansion (CTE) was expected to be in the range of the copper
substrate’s CTE (see the Introduction). To investigate the influence of copper on the microstructure
of NiCrAl alloys, the reference alloy examined above was modified by adding 30% copper.

The Thermo-Calc calculations for this alloy (Figure 1(b)) show a first solidifying α-chromium and
β-NiAl phase and a γ’-phase solidifying at 1200 ◦C. Below 980 ◦C, a γ-phase forms at the expense of
the γ’-phase. Compared to the calculations for the Cu-free alloy, the β-phase is still the NiAl-phase,
with a calculated chromium and copper content below 5 wt%. The γ’-phase contains now 30% to
40% copper, depending on the temperature, while the γ-phase consists of more than 90% copper (see
Figure 4). The microstructure of this alloy after homogenization is shown in Figure 5(a). It consists
of a dark brown dendritic phase with bright particles in a light-brown matrix. Due to the morphology
of the phases, it can be expected that the dark brown phase and the white particles solidify at higher
temperatures than the light brown phase. The white particles were identified with EDX as chromium
precipitates (see Figure 6). The light brown interdendritic phase has a measured composition similar
to the calculated composition of the γ’-phase at 1000 ◦C (Figure 4(a)). The dark brown phase has
a measured composition very different from the calculated composition of the β-phase, but solidifies
dendritically like the β-phase in the calculation. Furthermore, a β-phase has been observed elsewhere
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in the Ni-Cu-Al ternary system at 900 ◦C, even at aluminum contents below 10% [21]. Hence, it can be
assumed that the dark brown phase is actually β.

Figure 4. Phase compositions of the alloy Ni-30%Cu-22%Cr-10%Al: measured with
EDX and calculated with Thermo-Calc. (a) Calculated phase-compositions and measured
compositions at 1000 ◦C; (b) calculated phase-compositions and measured compositions at
800 ◦C. γ and γ’ in the interdendritic area could not be analyzed separately due to the poor
resolution of EDX.
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After heat treatment at 800 ◦C (Figure 5), a light brown phase forms within the interdendritic
γ’-phase. Due to the poor resolution of the EDX-measurements, this phase could not be analyzed without
the influence of the surrounding γ’-phase. The measured composition of these two phases (γ + γ’ in
Figure 4(b)) seems to be a mixture between the calculated composition of the γ and γ’-phase. Hence,
it can be assumed that at 800 ◦C, a γ-phase precipitates within the interdendritic γ’-phase, agreeing
with the Thermo-Calc calculations in Figure 1(b). Furthermore, a margin around the dark particles was
observed at 800 ◦C, which grows bigger with increasing heat-treatment time. Comparing the location of
the small white chromium-particles after homogenization (Figure 5(a)) and after heat treatment at 800 ◦C
(Figure 5), the margin seems to form only out of the β-phase. EDX-measurements at the margin phase
show good agreement with the calculated composition of the γ’-phase (Figure 4(b)).

Summing up, the Thermo-Calc calculations show a qualitative agreement with the observed
microstructure. Only the quantitative values of phase-composition and fractions differ from the observed
values. The reference-alloy with 30% copper consists of a large amount of β-, α- and γ’-phase in the
homogenized state. At 800 ◦C, the γ’-phase forms out of the β-phase. This phase transition will lead
to a volumetric change due to the different crystallographic structure [14]. This volumetric change
might cause internal stresses. In standard NiCrAlY-alloys, like Ni-22%Cr-10%Al, this has not to be
considered, because the phase reaction takes place at 985 ◦ (see Section 3.1). Furthermore, the CTE of α
(9 × 10−6 K−1 at 600 ◦C and 10 × 10−6 K−1 at 800 ◦C) [8] is very low compared to the surrounding γ-,
β- and γ’-phase (>15×10−6 K−1 at 600 ◦C and 800 ◦C) [8,22] and will cause additional internal stresses
and lower the resulting CTE of the alloy due to mixture rules. For further alloy development, it might be
therefore necessary to reduce the amount of β and α-phase.
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Figure 5. Optical micrograph of the alloy Ni-30%Cu-22%Cr-10%Al after different heat
treatments, not etched. (a) Homogenization (1000 ◦C, 4 h); (b) 800 ◦C,4 h; (c) 800 ◦C, 100 h.
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Figure 6. SEM-image of the same sample as in Figure 5(a). (a) Back scattered electrons;
(b) X-ray signals of Cr-Kα.
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2.2. Ni-30%Cu-22%Cr

The reference alloy has been modified by adding 30%Cu in the previous section, where an
inappropriate amount of α- and β-phase was found, which has to be reduced in further alloy
development. The easiest way to eliminate the β-phase in the microstructure is to reduce the aluminum
content of the alloy.

The Thermo-Calc calculations in Figure 7 with the Alloy Ni-30%Cu-22%Cr and variable Al-content
showed that an Al-content below 8% prevents the formation of the β-phase. According to the
calculations, a further reduction of the Al-content below 4% leads to the formation of a second,
Cu-rich γ2-phase. Since most of the copper is dissolved in this γ2-phase, the Ni-rich γ1-phase is
able to dissolve the chromium. Furthermore, the loss of aluminum increases the total amount of the
γ1-phase, so that the α-Cr-phase destabilizes with the lower Al-content of the alloy. Therefore, one
approach for the coating development was to investigate a coating alloy without aluminum, in this
case the alloy Ni-30%Cu-22%Cr. Although NiCrAlY bond-coats originally protect the substrate against
oxidation by forming a dense Al-oxide layer, it is assumed that the Al-free alloy will form a Cr-oxide
layer, which will be sufficient for the short-time hot-gas exposure in rocket engines [12].

Figure 7. Pseudobinary phase diagram calculated by Thermo-Calc of the alloy
Ni-30%Cu-22%Cr with variable Al-content. The stable phases are marked with their
symbol, phase boundaries with the corresponding color.
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The DSC measurements of the Al-free alloy showed no detectable phase reaction below 1140 ◦C. The
solidus temperature is 1255 ◦C.

The microstructure after annealing at 1000 ◦C and etching with molybdic acid is shown in
Figure 9(a). It consists of a dendritic phase and an interdendritic phase, which is etched by molybdic acid.
The fraction of the phases was measured via optical image analysis; the dendritic phase has a fraction
of approximately 70%, agreeing with the calculated value for the first solidifying Ni-rich γ1-phase. The
chemical composition of the dendritic phase measured with EDX is similar to the calculated composition
of γ1, and the measured composition of the interdendritic phase agrees with the calculation of the
γ’-phase, respectively (see Figure 10(a)).
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The Thermo-Calc calculation of the alloy Ni-30%Cu-22%Cr (Figure 8) showed a two-phase system
at temperatures of 800 ◦C and 1000 ◦C: a first solidifying Ni-rich γ1-phase and a second Cu-rich
γ’-phase, solidifying at lower temperatures. The γ’-phase converts into a γ2-phase below 700 ◦C. The
formation of the α-Cr phase is calculated only at temperatures below 750 ◦C, while in the ternary phase
diagram [23], the Cr-phase is even present at temperatures above 900 ◦C.

Figure 8. Thermo-Calc calculations for the alloy Ni-30%Cu-22%Cr.
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Figure 9. SEM-images (secondary electrons) of the alloy Ni-30%Cu-22%Cr after different
heat treatments. Etched with molybdic acid. (a) Homogenization (1000 ◦C, 4 h); (b) 800 ◦C,
4 h, plate-shaped precipitates in the dendritic area; (c) 800 ◦C, 4 h, spherical precipitates in
the interdendritic area.
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After heat treatment at 800 ◦C (Figure 9(b)), plate-shaped precipitates in the γ1-phase were observed,
which are etched by molybdic acid. In the interdendritic area, spherical precipitates are formed, which
are not etched by molybdic acid. Due to the small particle-size, no EDX analysis was possible, since the
resolution of EDX is limited to the micrometer scale. The Thermo-Calc calculations showed a decrease
of Cu- and an increase of Ni-content in the γ1-phase with lower temperatures (Figure 10(b)). Therefore,
a Cu-rich phase may form out of the γ1-phase by heat treatment at 800 ◦C. Since the precipitates in
Figure 9(b) are coherent and no phase transition is predicted, it can be assumed that this is the Cu-rich
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γ’-phase, like in the interdendritic area at 1000 ◦C. For the interdendritic area, the precipitation of a
Ni-rich γ1-phase could be assumed analogical.

Finally, the hardness of the alloy was measured. After annealing at 1000 ◦C, the alloy has nearly the
same hardness (154 HV 1) as after heat treatment at 800 ◦C (158 HV 1). Hence, the nanoscale precipitates
in the heat treated sample do not harden the material, so they must be coherent with a crystallographic
structure and lattice parameter very similar to the matrix material. However, this is in conflict with
the shape of the precipitates in the γ1-phase, as one would expect a spherical or cubic shape of the
precipitates in the absence of a lattice parameter misfit [14]. Thus, further work has to take place to
elucidate the precipitation reaction taking place at 800 ◦C.

Figure 10. Phase compositions of the alloy Ni-30 Cu-22%Cr: measured with EDX
and calculated with Thermo-Calc. (a) Calculated phase-compositions vs. measured
compositions at 1000 ◦C; (b) calculated phase-compositions at 800 ◦C and 1000 ◦C.
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2.3. Ni-30%Cu-6%Al-5%Cr

In the previous section, an alloy without Al was investigated, where no α- and β-phase was observed.
Although the Al might not be necessary in TBC-applications in rocket engines, this has not been
demonstrated experimentally, so another possibility has to be considered, where an appropriate amount
of Al is left to form an Al-oxide layer. In standard TBC-applications, the BC has to bring a large amount
of Al and Cr to ensure a dense oxide layer over a long time, while the short heat exposure time in
rocket engines does not make a large reservoir of Al and Cr necessary. To prove this experimentally,
the Ni-30%Cu-alloy with Cr and Al content alike superalloys, in this case 6% Al and 5% Cr,
was investigated.

The Thermo-Calc calculations shown in Figure 11 predict a two-phase γ1/γ2-microstructure with the
formation of γ’ below 1100 ◦C. Below 900 ◦C, a γ/γ’-microstructure is formed.
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Figure 11. Thermo-Calc calculations for the alloy Ni-30%Cu-6%Al-5%Cr.
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Figure 12. SEM-images (secondary electrons) of the alloy Ni-30%Cu-6%Al-5%Cr after
different heat treatments. Etched with Adler-reagent. (a) 800 ◦C, 100 h; (b) 900 ◦C, 100 h;
(c) 950 ◦C, 100 h; (d) 1000 ◦C, 100 h.
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Figure 12 shows the microstructure after different heat treatments. At 1000 ◦C, the material is nearly
homogeneous with only a few precipitates with a size of approximately 1µm. At lower temperatures,
more of the second phase precipitates up to a volume fraction of approximately 50% at 800 ◦C. At 900 ◦C
and below, the particles align themselves in a continuous pattern over the entire grain, so the precipitates
must be coherent to the matrix phase. Though the resolution of EDX is in the range of the particle
size at 950 ◦C, the measurements showed a higher Al-content and lower Cu-content in the precipitates
compared to the matrix. Considering the Thermo-Calc calculations and the fact that the second phase
has a higher Al-content than the matrix and precipitates coherently, the microstructure below 1000 ◦C
can be identified as γ/γ’.

Calorimetric measurements show a reaction with small latent heat between 700 ◦C and 1000 ◦C,
related to the precipitation of the γ’-phase. The solidus temperature of the alloy is 1260 ◦C.

Furthermore, the coefficient of thermal expansion was measured. Figure 13 shows the CTE related
to room temperature of the alloy Ni-30%Cu-6%Al-5%Cr compared to the CTE of NiCrAlY-alloys used
in previous studies and copper as the substrate. The CTE of the NiCuCrAl-alloy is about 2×10−6K−1

below the CTE of copper at room temperature and at 800 ◦C. In the range of 300 ◦C to 800 ◦C, the CTE
is up to 5×10−6K−1 below the CTE of the Cu-alloy. At higher temperatures, the CTE-difference is even
lower than 2×10−6K−1. However, the CTE-difference between CuNiCrAl and the copper substrate will
be lower compared to the NiCrAlY-alloy used in previous studies. The lower value of the CTE below
800 ◦C is probably caused by the forming/dissolution of the γ’-phase.

Figure 13. Coefficient of thermal expansion related to room temperature of
Ni-30%Cu-6%Al-5%Cr, Cu [24] and plasma-sprayed NiCrAlY [7].
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3. Materials and Methods

CALPHAD calculations were carried out with the software-package, Thermo-Calc [17], and the
TTNI7-database. Although the database contains the involved elements and more than 30 possible
phases, it is optimized to calculate Ni-based superalloys. Because a Cu-content of 30% is unusual
for these alloys, the calculated phase compositions can only be considered as estimates and have to be
verified experimentally.

For experimental investigation, the chosen alloys (see Table 1) were prepared using a Cu-30%Ni
(wt%) pre-alloy and Cu, Ni, Cr, Al raw materials in a plasma-beam cold hearth melter and cast as
rods with a diameter of 13 mm. The samples were subsequently homogenized at 1000 ◦C for 4 h.
To evaluate the influence of Cu on the microstructure of NiCrAl-alloys, the samples were analyzed
after homogenizing and after heat treatment at 800 ◦C for 4 h and 100 h, respectively. For the alloy
Ni-30%Cu-6%Al-5%Cr, additional heat-treatments at 900 ◦C, 950 ◦C and 1000 ◦C were carried out for
100 h. All samples were quenched in water after every heat treatment.

Table 1. Compositions of the alloys investigated in this work (in wt%).

Nickel Copper Chromium Aluminum

68 – – 22 10
38 30 22 10
48 30 22 – –
59 30 5 6

Optical microscopy, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) were carried out to investigate the microstructure. Some samples were etched with molybdic acid
reagent [18] consisting of 100 mL H2O (dest.), 100 mL HNO3 (65%), 100 mL HCl (37%) and 3 g MoO3.
The alloy Ni-30%Cu-6%Al-5%Cr was etched with the Adler-reagent (3 g copper-ammonium-chloride,
25 mL H2O (dest.), 50 mL HCl and 15 g Iron(III)-chloride [19]).

Phase transitions and melting temperatures were identified by differential scanning calorimetry (DSC)
using a Netzsch STA 449F3 calorimeter. The samples were homogenized and then heat-treated for 4 h at
800 ◦C and turned to rods with a 4-mm diameter and a height of 1 mm. They were heated up to 1370 ◦C
with a heating-rate of 10 K·min−1 in an inert-gas atmosphere.

Dilatometric measurements were carried out to determine the coefficient of thermal expansion. The
cylindrical sample with a diameter of 5 mm and a length of 43 mm was heated up from room temperature
to 1120 ◦C with a heating rate of 1 K·min−1.

The hardness was measured via Vickers indentation with a force of 9.8 N and an indentation time
of 15 s.

4. Conclusions

In this study, the influence of copper on the microstructure of NiCrAl bond-coat alloys has been
analyzed. The reference alloy Ni-22%Cr-10%Al was modified by adding copper. Since a large amount
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of α-Cr and β-NiAl was found in the microstructure at an amount of 30% copper, two alloys were
investigated, where neither α-Cr nor β-NiAl was expected: the aluminum-free alloy Ni-30%Cu-22%Cr
and an alloy with a reduced Al and Cr content, Ni-30%Cu-6%Al-5%Cr. The main results can be
summarized as follows:

• The addition of up to 30% copper to the reference NiCrAl alloy stabilizes the α-Cr phase.
• The Ni-30%Cu-22%Cr alloy has a two-phase microstructure with a phase transition between

800 ◦C and 1000 ◦C. This phase reaction has to be elucidated in further work.
• The Ni-30%Cu-6%Al-5%Cr alloy has a fcc-γ microstructure after homogenization. Below

1000 ◦C, a γ/γ’-microstructure was observed.
• The CTE of the NiCuCrAl alloy is only about 2×10−6K−1 below the CTE of copper. The

CTE-difference between copper substrate and the NiCuCrAl-bond coat will be lower compared
to NiCrAlY bond-coats.

• Furthermore, Thermo-Calc has a sufficient reliability to allow the study of CuNiCrAl alloys.
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