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sion behavior of Cr2AlC/DD5 couple are
studied at 1100 °C, 1150 °C, and 1200 °C.

• Diffusion zones composed of different
phases are found near the Cr2AlC/DD5
interface.
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As one of the promisingMAXphasematerials for high-temperature applications, Cr2AlC is considered as a poten-
tial substitution bond coatmaterial in thermal barrier coating systems. In this paper, themicrostructure evolution
and elemental diffusion behavior near the interface of the diffusion couple composed of Cr2AlC and single crystal
superalloy DD5were investigated at 1100 °C, 1150 °C, and 1200 °C. Elemental interdiffusion between Cr2AlC and
DD5 occurs significantly, resulting in the formation of a thick layer of Kirkendall holes after 20 h heat treatment at
1100 °C and higher temperatures. The outward diffusion of Ni into Cr2AlC and the inward diffusion of Al into DD5
alloy causes the formation of β-NiAl matrix embedded with dispersed Cr7C3 phase. Simultaneously, the precipi-
tation of σ-TCP phase and degradation of the γ/γ′matrix occurs in the alloy. Additionally, TaC, M2C (whereM=
Ta,W, Cr), andM23C6 (M=Cr, Re, W) compounds are formed near the interface along with the dissolution of σ-
TCP phases. It is further found that Al in Cr2AlC exhibits the highest average effective diffusion coefficient among
the four dominant diffusing elements. It also displays the lowest diffusion activation energy which is due to its
relatively weak Cr\\Al and Al\\Al bonds.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
er Science, Beihang University (BUAA), No. 37 Xueyuan Road, Beijing 100191, China.

. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108776&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.108776
mailto:hejian511690@buaa.edu.cn
https://doi.org/10.1016/j.matdes.2020.108776
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


2 J. Li et al. / Materials and Design 193 (2020) 108776
1. Introduction
Thermal barrier coatings (TBCs) are protective coating systems that
aim to extend the lifetime of high temperature components of turbine
engines by improving the high-temperature oxidation and corrosion re-
sistance while simultaneously reducing theworking temperature of the
metallic substrate [1,2]. Normally, a TBCs system is composed of a ce-
ramic top coat (TC), a metallic bond coat (BC) and a thermally grown
oxide (TGO) layer between them [3,4]. The TC usually provides thermal
insulation for the underlying parts. The BC together with the TGO pro-
tects the metallic substrate from being oxidized during service and al-
lows effective adhesion with the TC. 6–8 wt% Y2O3 stabilized ZrO2

(YSZ) has been the preferred TC material due to its high thermal stabil-
ity and low thermal conductivity at high temperatures [5]. MCrAlY
(where M=Ni and/or Co) is the widely applied traditional BC material
but facing severe challenges as the inlet gas temperatures of turbine en-
gines keep increasing. The over-thickened TGO in MCrAlY causes the
built-up of thermal stresses in the oxide/coating interface, leading to
the crack propagation in the oxide layer and detrimental failure of the
TBC system especially under the working temperature higher than
1100 °C [6–8]. Although β-NiAl coating as the promising candidate BC
material is used at temperatures above 1200 °C due to its high melting
point and good resistance to static oxidation, the poor cyclic oxidation
resistance and adhesion of the oxide scale limit its further applications
[9,10]. Meanwhile, the degradation of the mechanical properties of the
Ni-based superalloy also occurs due to the severe interdiffusion be-
tween β-NiAl and its superalloy substrate [9,11]. At present, most stud-
ies on NiAl bond coat materials focus on improving the adhesion of
oxide scale and reducing the growth of the oxide scale rate by adding
Pt and other active elements or developing β-NiAl/γ′-Ni3Al dual-
phase coatings [12–14]. Since the cost of Pt modified NiAl coatings re-
mains a major concern, it is important to find an alternative and cost-
effective BC material which has excellent high temperature oxidation
resistance and good compatibility with superalloy substrates. One of
the materials which arose the research interest is the “MAX” phase
materials.

It has been more than a half-century since V.H. Nowotny [15] firstly
reported a large family of ternary early transitionmetal carbides and ni-
trides in the 1960s. These ternary carbides and nitrides have not been
greatly investigated until M.W. Barsoum et al. synthesized high-purity
Ti3SiC2 phase by hot pressing for the first time in the 1990s [16]. Later,
this family of ternary layered compounds was named as “Mn+1AXn”
phases or “MAX” phase (where M is an early transition metal, A is an
A-group element, X is either C or N, and n = 1, 2, or 3 [17]) by M.W.
Barsoum [18,19]. Mn+1AXn phases are layered, hexagonal structures
(space group D4

6h-P63/mmc) where nearly close-packed M6X octahedra
are interleaved with pure A atomic layers [20,21]. According to the
unique structure, M-X covalent or ionic bonds and M-A (and A-A) me-
tallic bonds coexist in the same crystal, which affords a combination of
the performances of ceramics and metals for the MAX phase [22]. In
general, MAX phases not only exhibit unique characteristics such as
low density, high elastic modulus, and corrosion resistance like ce-
ramics, but also exhibit good machinability, high thermal and electric
conductivity, and damage tolerance like metals [23]. High-
temperature oxidation behavior studies of Ti3AlC2 [17], Ti2AlC [24],
and Cr2AlC [25] indicate that the three MAX phases nearly follow
cubic oxidation kinetics at 1000 °C–1200 °C. Therefore, the three mate-
rials are proven to be the most promising MAX phases for high-
temperature applications and especially can act as substitution mate-
rials for traditional bond coats in TBCs [26–29].

Compared with Cr2AlC, the compatible coefficients of thermal ex-
pansion (CTEs) ofα-Al2O3, Ti3AlC2 and Ti2AlC lead to less thermal stress
within the system under thermal-cycling conditions (CETs of Ti3AlC2,
Ti2AlC, Cr2AlC, and α-Al2O3 are 9.0 × 10−6 K−1, 9.2 × 10−6 K−1,
13 × 10−6 K−1, and 9.3 × 10−6 K−1 respectively [30,31]). Thus,
Ti3AlC2 and Ti2AlC have better thermal shock resistance than Cr2AlC
[25,32]. ButM. Sokol et al. [33] have studied the compatibilities between
Cr2AlC/Ti2AlC and superalloy by conducting a thermal cycling test at
1000 °C with Ti2AlC/Inconel 718/Cr2AlC diffusion couple. The result
shows that delamination cracks are found near the interface of Ti2AlC/
superalloy after 8 cycles while there is no crack at the interface of
Cr2AlC/superalloy even after 20 cycles. M. Sokol attributed it to the
CTEs mismatch between Ti2AlC and the superalloy (CTE is usually
N15 × 10−6 K−1 at temperatures higher than 1000 °C [34]). Accordingly,
the better capability with the superalloy substrates proves Cr2AlC is a
better substitution bond coat material than Ti2AlC under the proper
working temperature. Work concerned on the fabrication of high-
purity Cr2AlC coatings through cold spraying and HVAPS (high-velocity
atmospheric plasma spray) has been reported [35,36]. But previous
works mainly focused on the properties between the Cr2AlC layer and
the TGO layer, there are limited studies on the compatibilities and inter-
diffusion between Cr2AlC and the superalloy substrate under elevated
temperatures. J.L. Smialek et al. [37,38] studied the interdiffusion of
Cr2AlC and LSHR (a superalloy developed by NASA) under 800 °C/
100 h treatment and analyzed themicrostructure evolution near the in-
terface. But no further research has been reported on themicrostructure
evolution between Cr2AlC and single crystal superalloy at even higher
temperatures.

Therefore, the aim of this research is to study the microstructure
evolution caused by the interdiffusion and quantify the elemental diffu-
sion behavior near the interface of Cr2AlC and single crystal superalloy
at 1100 °C, 1150 °C, and 1200 °C. The Cr2AlC and single crystal superal-
loy DD5 diffusion couples were prepared and diffusion treatment was
conducted at different temperatures in an argon atmosphere. Micro-
structure evolution across the Cr2AlC and DD5 superalloy interface
was analyzed. In addition, the average effective diffusion coefficients
and diffusion activation energies of Ni, Al, Cr, and Co were obtained in
order to quantitatively evaluate their diffusion behavior in this system.

2. Experimental procedures

2.1. The synthesis of bulk Cr2AlC

The synthesis of bulk Cr2AlC consists of the following two steps: the
pressureless synthesis of pure Cr2AlC powder, and the densification pro-
cess by spark plasma sintering (SPS). Chromium (Cr, 99.5% purity),
graphite (C, 99.95% purity), and aluminum (Al, 99.5% purity) powders
(all from Aladdin, China) were used as starting materials. Cr powder
was preferentially milled for 4 h at 400 r.p.m. to reduce its size
(D50≈ 16 μm) due to its relatively higher hardness. After that, Al pow-
der, C powder, and milled Cr powder with a mole ratio of 1.1:1:2 were
milled for 8 h at 350 r.p.m. to reduce the size of the powders
(D50 ≈ 19 μm) and mix the powders homogeneously. All milling pro-
cesseswere operated by a planetarymillingmachine under an argon at-
mosphere to avoid oxygen contamination. The mixed powder was
heated up to 1100 °C under 10−3 Pa with an average heating and
cooling rate of 7 °C/min and isothermally held for 8 h. The synthesized
pure Cr2AlC was subsequently ground in an agate mortar. Finally, the
densification process was carried out by spark plasma sintering (SPS)
at 1050 °C under 20 Pa,with uniaxial pressure of 40MPa and an isother-
mal holding time of 10 min. Fig. 1a presents the cross-sectional SEM
morphology of the bulk Cr2AlC after the densification process. It can
be seen that some voids and impurities, such as alumina, are contained
in the densified Cr2AlC during the milling and densification process. X-
ray diffraction was measured by the D/MAX-2500 diffractometer
(Rigaku Co.). Rietveld refinement of X-ray diffraction result (as shown
in Fig. 1b) identifies that the purity of bulk Cr2AlC is higher than 97wt%.

2.2. Cr2AlC/DD5 diffusion couples

Single crystal superalloy DD5 was a Ni-base superalloy with the
nominal composition shown in Table 1. The bulk Cr2AlC were cut into



Fig. 1. (a) Cross-sectional secondary electron (SE) SEMmorphology of bulk Cr2AlC after SPS process. (b) X-ray diffraction pattern of bulk Cr2AlC with Rietveld refinement.

Table 1
The nominal composition of the DD5 single-crystal superalloy (wt%).

Ni Al Co Cr Mo W Re Ta Hf C

Bal. 6.2 8 7 2 5 3 7 0.15 0.05
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Φ12 mm × 5 mm circular slices and DD5 superalloy were cut into Φ10
mm × 5 mm circular slices along [001] direction. Both were mechani-
cally ground and polished to 0.5 μmsurface finish. The polished surfaces
of Cr2AlC and DD5 alloy specimens were placed and clamped with each
other in a special jig to form the diffusion couples. All diffusion couples
together with the jigs were annealed for 1 h in a vacuum furnace
(10−3 Pa) at 1100 °C, 1150 °C, and 1200 °C, respectively, to ensure suf-
ficient adhesion. Subsequently, adhesive diffusion couples were sealed
in quartz tubes under argon atmosphere without jigs for the sustained
diffusion treatment in a tube furnace at 1100 °C, 1150 °C, and 1200 °C
for 20 h and 50 h, respectively.

2.3. Sample characterization

After the diffusion annealing process, diffusion coupleswere cut by a
diamond wire cutting machine to obtain the cross-sections. Polished
cross-sections were prepared by the standard metallographic process.
The cross-sectionalmicrostructure and elemental distributionswere in-
vestigated by the scanning electron microscope (SEM, GeminiSEM 300,
Zeiss) equipped with an energy dispersive spectrometer (EDS, IE250X-
Max50, Oxford Instruments). The elemental concentrations were ana-
lyzed by the electron probe microanalyzer (EPMA, JXA-8100, JEOL).
The image analysis method was applied to measure the thicknesses of
the diffusion regions by ImageJ software.

2.4. Average effective diffusion coefficient and diffusion activation energy

According to the work by M.A. Dayananda [39], in a complex diffu-
sion systemwith multi-components, an average effective interdiffusion
coefficient for component i, ~Di;C, can be applied to describe the diffusion

behavior of the component. ~Di;C is calculated by the following formula:

~Di;C ¼
R C−

i

Cþ
i

x−x0ð Þ2dCi

mt C−
i −Cþ

i

� � ð1Þ

where Ci is the concentration of component i and m = 2 if the move-
ment of the boundaries of the diffusion system follows parabolic law,
x is the diffusion distance, t is diffusion time, Ci− and Ci

+ are the concen-
trations at x = −∞ and x = +∞, x0 is the location of Matano plane.
After getting the average effective interdiffusion coefficient, the dif-
fusion activation energy of component i can be determined by the equa-
tion [40]:

~Di;C ¼ D0 exp −
Qd;i

RT

� �
ð2Þ

where T is temperature,D0 is diffusion constant, R is gas constant andQd,

i is the activation energy for diffusion of component i.
Thus, in a multicomponent diffusion system, the diffusion rate of an

element can be quantitatively evaluated and compared, and the diffu-
sion behavior of the component can also be roughly estimated.

3. Results and discussion

3.1. Diffusion process

Fig. 2 shows the cross-sectional backscattered electron (BSE) mor-
phologies of the initial 1 h annealing treatment at 1100 °C, 1150 °C,
and 1200 °C, respectively. It can be seen that the two slices are in
good contact and completely bondedwith each other. Severe interdiffu-
sion occurred between Cr2AlC and DD5 alloy so that obvious diffusion
regionswith different precipitates appear on both sides of the interface.
Except that the thickness of the diffusion region (black arrows in Fig. 2)
increases as increasing the diffusion temperature, the microstructures
of the diffusion regions at the three temperatures are almost the same.
Under each diffusion treatment, a region consists of grey granular pre-
cipitates (yellow arrows in Fig. 2) can be found near the interface in
Cr2AlC. White dotted precipitates are densely distributed at the inter-
face. White needle-like precipitates together with white granular pre-
cipitates appear in the diffusion region of DD5 alloy. Meanwhile, a gap
only consisting of grey granular and white dotted precipitates appears
between the needle-like precipitates and the interface (the black
boxes in Fig. 2). Similarly, the grey granular precipitates region and
the gap also become thicker as increasing the temperature.

1200 °C/1 h diffusion couple which suffered the most severe diffu-
sion was chosen as an example to better identify the main diffusion el-
ement. Fig. 3 presents the cross-sectional morphology (Fig. 3a) and
corresponding EDS elemental mappings (Fig. 3b–e) of the 1200 °C/1 h
diffusion couple. According to the elemental mappings, interdiffusion
between Cr2AlC and DD5 alloy is mainly caused by the diffusion of Al
and Cr from Cr2AlC to DD5 alloy and the outward diffusion of Ni and
Co in DD5 alloy to Cr2AlC. The diffusion of Al leads to the formation of
the Al depletion region on the Cr2AlC side (the yellow box in Fig. 3c).

Themorphologies of cross-sections near the interface of Cr2AlC/DD5
diffusion couples annealed at 1100 °C, 1150 °C, and 1200 °C for different



Fig. 2. Cross-sectional backscattered electron (BSC) SEM morphologies near the interface (red dash line) of the diffusion couple after 1 h initial annealing treatment. (a) 1100 °C.
(b) 1150 °C. (c) 1200 °C. In each figure, the black arrow shows the diffusion region; the higher magnification morphology is the blue dashed square region; the yellow arrow shows
the grey precipitates region; the black dotted box shows the gap between the interface and the needle-like precipitates.

Fig. 3. (a) Cross-sectional BSE SEMmorphology of 1200 °C/1 h diffusion couple. (b)–(e) Corresponding elementalmappings by EDS. The red dash line is the interface and the yellowdotted
box in (c) is Al depletion zone.
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hours are shown in Fig. 4. Fig. 4a to c and d to f exhibit the microstruc-
tures close to the interface of couples after annealing for 20 h and
50 h, respectively. It can be seen that the diffusion region gradually ex-
tends under longer diffusion time and higher diffusion temperatures.
Two characteristic regions, i.e., the grey granular precipitates region
and the gap between the needle-like precipitates and the interface,
still exist. But unlike the microstructures of 1-h treatment, a region
consisting of holes (the yellow dotted boxes in Fig. 4) appears in the dif-
fusion region of Cr2AlC away from the interface after the long-time
treatment. The region of holes also becomes thicker as the increased
time and temperature. The thicknesses of the diffusion regions in
Cr2AlC and DD5 alloy and the two characteristic regions under each dif-
fusion treatment weremeasured by the image analysis method. The re-
sults are plotted vs. the square root of the diffusion time in Fig. 5. It
presents that the growth of the diffusion regions and the two character-
istic regions under the three temperatures are nearly proportional to
the square root of the diffusion time. Accordingly, the movements of
the boundaries of the entire diffusion region and the characteristic re-
gions within it follow the parabolic law.

3.2. Phase identification

As shown in Fig. 6, the Cr2AlC/DD5 diffusion couple which was
annealed at 1200 °C for 20 h (Fig. 6a) is used as an example to clearly ex-
amine the microstructure of the diffusion region near the interface. A
Fig. 4. Cross-sectional BSE SEMmorphologies near the interface (red dash line) of the diffusion
20 h. (d) 1100 °C/50 h. (e) 1150 °C/50 h. (f) 1200 °C/50 h. The yellow dotted box in each figur
region consisting of holes (Fig. 6b) appears in the diffusion region of
Cr2AlC away from the interface. The EDS spectrum of the part around
the holes is shown in Fig. 6c. As can be seen, Al content is extremely
low, and the main constituent elements are Cr and C. According to the
findings by J.L. Smialek [38], the chromium carbide should be Cr7C3

phase. As a consequence, the holes surrounded by Cr7C3 are Kirkendall
holes formed by the outward diffusion of Al atoms. Fig. 6d and e show
the microstructure and the elemental distribution of the region below
Kirkendall holes. The darker-colored chromium carbides are distributed
in the light-colored nickel aluminummatrix (the black dots are alumina
impurities). It is believed that NiAl is formed by the outward diffusion of
Ni atoms from DD5 alloy and the inward diffusion flux of Al atoms from
Cr2AlC. When Al atoms escape from Cr2AlC, chromium carbides are
formed by the remaining Cr atoms and C atoms and are distributed in
the NiAl matrix.

The microstructure and elemental distribution close to the interface
are shown in Fig. 6f and g. On the side of Cr2AlC near the interface,
closely-arrayed grey granular precipitates are distributed in the NiAl
matrix, and small bright white dotted precipitates appear around
them. Additionally, grey granular precipitates and coarsenedwhite dot-
ted precipitates are densely distributed on the side of DD5 alloy near the
interface. According to the EDS elemental distribution, the grey granular
precipitates are mainly composed of Cr, Re and a small amount of W,
while the white dotted precipitates are mainly consisting of Cr, Ta,
and W. The aluminum-rich black dots in Fig. 6f are alumina impurities
couple after different diffusion treatments. (a) 1100 °C/20 h. (b) 1150 °C/20 h. (c) 1200 °C/
e shows the Kirkendall hole region.



Fig. 5. (a) The thicknesses of the diffusion regions in Cr2AlC and DD5 alloy under different temperatures vs. the square root of the diffusion time. (b) The thicknesses of the characteristic
diffusion regions under different temperatures vs. the square root of the diffusion time.
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formed during the synthesis of Cr2AlC. It can be seen from Fig. 6h and i
that the refractory elements Ta, W, and Re are enriched in the needle-
like white precipitates away from the interface in the diffusion region
of DD5 alloy and the white granular precipitates around them are rich
in Ta and W by comparison. Accordingly, the needle-like white precip-
itates are topologically closed-packed (TCP) phases due to the precipita-
tion of the refractory elements during the phase transformation from
the coherent γ/γ′ to γ′ or even to β caused by the diffusion of Al and
Ni in the opposite directions [41]. As shown in Fig. 6j, Slight rafting as
well as the coarsening of γ phase occurs below the diffusion region of
the DD5 alloy indicating the degradation of the coherent γ/γ′
microstructure.

Thermo-Calc Software is used to identify the phase compositions of
the whole diffusion region in this study. The elemental concentrations
of the representative 8 positions in the diffusion region (as shown in
Fig. 6a) were firstly determined by EPMA, and the phase compositions
of each point were calculated by Thermo-Calc software. The calculation
results are shown in Table 2. It can be seen that the light-coloredmatrix
phase below the Kirkendall hole region is β-NiAl, and the dark chro-
mium carbides distributed within thematrix are Cr7C3, which is consis-
tent with the results described above. In the vicinity of the diffusion
couple interface, the grey granular precipitates are M23C6 type carbides
(whereM=Re,W, and Cr), while the white dotted precipitates includ-
ing the densely distributed coarsened ones at the interface areM2C type
carbides (whereM=Ta,W, Cr) and TaC. Thematrix of the diffusion re-
gion of DD5 alloy is basically comprised of β-NiAl and γ′-Ni3Al, and the
white needle-like precipitates distributed in the matrix are σ-TCP
phases. Meanwhile, the granular white precipitates around σ-TCP
phases are also M2C type carbides (where M = Ta, W, Cr) and TaC.

As mentioned above, the thickness of the region containing M23C6
(where M = Re, W, and Cr) type carbides and the gap between the in-
terface and σ-TCP phases are gradually extended. It most likely corre-
sponds to the microstructure evolution of the precipitates near the
interface. Similar to the findings reported by E.C. Santos et al. [42], the
dissolution of the σ-TCP phases close to the interface occurs during
the diffusion process which accounts for the increases of the gap. Yet
the M2C type (where M = Ta, W, Cr) and TaC carbides mostly remain
in the gap without dissolution. Simultaneously, the dissolved refractory
elements, especially Re, diffuse towards Cr2AlC side under the attraction
of a high concentration of Cr atoms and thus form stableM23C6 type car-
bides (whereM=Re,W, and Cr) close to the interface. Consequently, as
the continuous dissolution of the σ-TCP phase, the thickness of the re-
gion containing M23C6 type carbides (where M = Re, W, and Cr) and
the gap between the interface and σ-TCP phases gradually increase
with longer diffusion time and higher diffusion temperature.

A diffusion model (Fig. 7) for Cr2AlC/DD5 couples is established in
terms of the results calculated by Thermo-Calc software. As demon-
strated in Fig. 7a and b, initial interdiffusion between Cr2AlC and DD5
alloy occurs during the 1 h annealing treatment, among which Al
atoms in Cr2AlC diffuse towards DD5 alloy and Ni atoms in DD5 diffuse
backwards. As a result, the main phase of the diffusion region of Cr2AlC
transfers into β-NiAl in which Cr7C3 carbides are dispersed. Simulta-
neously, the DD5 diffusion region changes from the original γ-Ni/γ′-
Ni3Al phase to β-NiAl/γ′-Ni3Al phase. In addition, the refractory ele-
ments near the interface diffuse into Cr2AlC leading to the formation
of the grey granular M23C6 (M= Re, W, Cr) carbides and white dotted
M2C (M = Ta, W, Cr) carbides and TaC on both sides of the interface.
Due to the degradation of the original γ-Ni/γ′-Ni3Al phase accompanied
by the decrease in the solubility of the refractory elements, the refrac-
tory elements precipitate to form needle-like σ-TCP phases and white
granular M2C (M= Ta, W, Cr) carbides and TaC in the diffusion region
of DD5 alloy.

As the diffusion time goes on or the diffusion temperature rises, the
thicknesses of the diffusion regions in Cr2AlC and DD5 alloy both in-
crease, as shown in Fig. 7c. Kirkendall holes develop in the top area of
the diffusion region of Cr2AlC due to the continued loss of Al atoms. Fur-
thermore, with the dissolving of σ-TCP phases, the thickness of the
M23C6 (M= Re, W, Cr) enriched region and the gap between the inter-
face and σ-TCP phases increase gradually.

3.3. Diffusion activation energy

Various elements are involved in Cr2AlC/DD5 diffusion system, how-
ever, in order to simplify the research, only the dominant diffusing ele-
ments, i.e., Ni, Cr, Al, and Co, are considered in this study. The
compositions of Ni, Al, Cr, and Co on both sides of the interface after
1100 °C/20 h, 1150 °C/20 h, and 1200 °C/20 h diffusion treatments
were determined by EPMA. As an example, Fig. 8 shows the distribution
of Ni, Cr, Al and Co along the cross-section of the Cr2AlC/DD5 couple
after 1200 °C/20 h diffusion treatment. Noteworthily, it seems an uphill
diffusion of Al occurred in Cr2AlC/DD5 couple. To find out the reason, a
detailed investigation has been carried out. Fig. 9 shows the phase



Fig. 6. (a) Cross-sectional BSE SEMmorphologies of 1200 °C/20 h diffusion couple. (b), (d), (f), (h), and (j) are highermagnificationmorphologies of the blue dashed box in (a). (c), (e), (g),
and (i) are corresponding elemental analysis by EDS. (Fig. 4b is the SE SEMmorphology of Kirkendall holes, others are BSE SEMmorphologies). Point 1 to Point 8 are eight representative
positions used to calculate phase compositions by Thermo-Calc software.
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contents (in mol.%) of β-NiAl and γ′-Ni3Al at the 8 representative posi-
tions together with the corresponding total Al contents (in at.%) in the
two phases. It should be noted that the total Al content in β (or γ′)
phase equals to the product of the phase content of β (or γ′) and the
corresponding Al content in the phase, while the total Al content at
the position is the sum of the total Al content in β and γ′ phases at the
specified position. It is found that the trend of the total Al content at
the 8 positions quite fits the EPMA results, indicating that Al is mainly
contained in β and γ′ phases. Due to the increase of the carbides
(M23C6 (where M = Re, W, and Cr), M2C (where M = Ta, W, Cr), and
TaC) in the Cr2AlC near the interface, the phase content of β-NiAl de-
creases towards the interface. Since Al mainly exists in β-NiAl and no
γ′-Ni3Al exists in the Cr2AlC diffusion region, its total Al content tends
to decrease towards the interface, suggesting continuous diffusion of
Al from Cr2AlC to the interface. However, β-NiAl and γ′-Ni3Al coexist
in the diffusion region of DD5 alloy. In the gap between the interface
andσ-TCP phases, it containsmuchmoreβ-NiAlwith gradually reduced
carbides (M23C6 (where M = Re, W, and Cr), M2C (where M = Ta, W,
Cr), and TaC), while in the areas away from the gap, it contains more
γ′-Ni3Al with a large quantity of σ-TCP phases. Therefore, in the DD5



Table 2
Phase compositions (inmol.%) of each position in 1200 °C/20 h diffusion couple calculated
by Thermo-Calc software.

Position β-NiAl Cr7C3 M23C6 (M = Cr,
Re, W)

γ′-Ni3Al M2C (M = Ta, W,
Cr) & TaC

σ-TCP

1 61.9 38.1
2 62.5 37.5
3 60.4 39.6
4 55.1 19.6 17.7 7.5
5 38.0 10.2 32.4 15.9 3.5
6 62.9 28.7 8.5
7 58.3 33.2 4.2 4.4
8 44.1 47.5 4.1 4.3

Fig. 8. The concentration-distance profiles of Ni, Cr, Al, and Co across the interface (dash
line) of 1200 °C/20 h diffusion couple. The region between the dotted dash lines is the
main diffusion region.
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diffusion region, the total Al content firstly increases at the gap and then
decreases away from the gap. To sum up, the lowest Al content appears
at the Cr2AlC/DD5 interface, and the highest Al content is achieved at
the gap between the interface and σ-TCP phases. It seems that β-NiAl
phase formed at the gap acts as a transitional Al reservoir because the
inward Al diffusion is slowed down by the large quantity of σ-TCP
phases. Undoubtedly from the perspective of the whole diffusion pro-
cess, Al diffuses from Cr2AlC with a higher content to DD5 alloy with
lower content.

It can be seen from Fig. 8, without considering the Kirkendall holes
region and the external region, the diffusion concentration-distance
curves of Ni, Co, and Cr close to the interface follow the concentration
gradient and are similar to the typical diffusion curves for the diffusion
region. Thus in this study, the region between the black dash-dotted
lines in Fig. 8 (marked as “main diffusion region”) is treated as the target
area to quantitatively evaluate the diffusion rate of Ni, Al, Cr, and Co on
both sides of the Cr2AlC/DD5 interface. And the Average effective diffu-
sion coefficients for the four dominant diffusing elements are accord-
ingly obtained. The concentration-distance curves close to the
interface are fitted according to the Boltzmann function and finally pre-
sented in Fig. 10. Considering that the Al distribution shown on the
curve exhibits an opposite diffusion trend compared to the original con-
centration gradient in Cr2AlC/DD5 couple, the concentration-distance
curve of Al is fitted by the least square method [43].
Fig. 7. Schematic of microstructure evolution of Cr2AlC/DD5 diffusion system at high temper
(c) After diffusion treatment for a longer time, Kirkendall holes appear in the Al depletion regi
According to Formula (1), the average effective diffusion coefficients,
~Di;C , can be applied to evaluate the diffusion rate of the four dominant
elements. Ci+ and Ci

− were obtained according to the fitted curves.
Since the movements of the boundaries of the diffusion regions follow
parabolic law, m equals 2 in this study. ~Di;C obtained at 1100 °C,
1150 °C, and 1200 °C are listed in Table 3. It is worth noting that the cal-
culated values of ~DAl;C are negative, which corresponds to the uphill dif-
fusion of Al [44], and the absolute values of ~DAl;C are shown in the table. It
can be found that ~DAl;C is the largest, while ~DCr;C is the smallest. ~DAl;C is
about 1– 2 orders of magnitude higher than that of the other three ele-
ments indicating a higher diffusion rate of Al. Since the inward diffusion
rate of Al from Cr2AlC is much faster than the outward diffusion rate of
Ni from DD5 alloy, a net diffusion flux from Cr2AlC to DD5 is generated,
leading to the net loss of atoms and the formation of Kirkendall holes on
the side of Cr2AlC.
atures: (a) At the beginning without any interdiffusion. (b) Initial interdiffusion occurs.
on.



Fig. 9. β-NiAl and γ′-Ni3Al mole fraction and Al content (at.%) of the 8 representative
different positions in 1200 °C/20 h diffusion couple.

Fig. 10. The EPMA concentration data of 1200 °C/20 h diffusion couple and the fitted
concentration-distance curves of element Ni, Cr, Al, and Co.

Fig. 11. lnð~Di;CÞ vs. 1/T of the four elements at three diffusion temperatures.

Table 4
The comparison of the activation energy of Cr and Al in MCrAlY, NiPtAl, and this work.

Activation energy/kJ/mol Cr Al

In MCrAlY[45] 257 268
In NiPtAl [46] 223 ± 19
This work 327 ± 6 142 ± 32
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In order to compare the difficulty of the diffusion, the activation en-
ergy of diffusion in this system is also calculated with the obtained ~Di;C

by the transformed Formula (2)

ln ~Di;C ¼ lnD0−
Qd;i

RT
ð3Þ

where the symbols are consistent with those in Formula (2).
The relationships between ln ~Di;C and 1/T of the four elements are

plotted in Fig. 11. The linear fitted curves are also given. According to
Formula (3), the slope of each fitted curve is Qd, i/R. Thus, the activation
Table 3
The average effective diffusion coefficient for Ni, Cr, Al, and Co.

Temperature/°C Average effective diffusion coefficient (×10−15 m2/s)

Ni Cr Al Co

1100 0.4 0.1 8.2a 0.3
1150 1.0 0.3 14.9a 0.6
1200 1.9 0.7 19.0a 1.2

a The calculated values for Al are negative, which corresponds to the uphill diffusion,
and the absolute values are shown here.
energies of Ni, Cr, Al, and Co are 253±10 kJ/mol, 327±6 kJ/mol, 142±
32 kJ/mol, and 203 ± 18 kJ/mol, respectively.

The diffusion activation energies of Al and Cr in Cr2AlC and the other
two traditional bond coat materials, namely MCrAlY [45] and NiPtAl
[46] are given in Table 4. As can be seen, Al has the lowest diffusion ac-
tivation energy in Cr2AlC which is mainly due to the unique layered
structure of Cr2AlC [20]. In the layered structure, nearly close-packed
Cr6C is interleaved by Al atomic layer, and Al atoms are only restrained
by Cr\\Al and Al\\Al bonds. Due to the weak bond strength, Al atoms
are easy to slide over other atoms when they are thermally activated
[47]. While in MCrAlY and NiPtAl, the bond strength between Al and
other atoms (mainly the covalent-like Ni\\Al bonds) is much stronger
which can constrain the Al migration [48]. Therefore, compared with
the other two traditional bond coat materials, Cr2AlC has the lowest Al
diffusion activation energy, which will trigger a severe interdiffusion
with DD5 superalloy substrate. Similarly, the special structural charac-
teristics of Cr2AlC can also explain why the Cr diffusion activation en-
ergy in Cr2AlC is higher. Cr atoms are mainly restrained by Cr\\C σ-
bonds in Cr2AlC [47,49], the bond strength of which is much stronger
than the Cr-contained bonds in MCrAlY. On the other hand, Cr atoms
in Cr2AlC will form M23C6 (where M = Re, W, and Cr) type carbides
near the interface together with Re and W atoms from DD5. Accord-
ingly, Re and W elements could play a role in pinning the Cr atoms
and hence suppress the diffusion of Cr to some extent. Thus, Cr diffusion
activation energy in Cr2AlC is higher than that in MCrAlY.

4. Conclusion

The microstructure evolution and elemental interdiffusion behavior
near the interface of Cr2AlC/DD5 single crystal superalloy diffusion cou-
ples were investigated. Some conclusions can be drawn as follows:

(1) Severe interdiffusion occurred between Cr2AlC and DD5 alloy.
The interdiffusion region in Cr2AlC consisted of β-NiAl matrix
and randomly distributed Cr7C3. TaC, M2C (M = Ta, W, Cr)
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carbides, andM23C6 (M=Cr, Re,W) compounds formed close to
the interface. The γ/γ′ matrix transferred into β/γ′ in DD5 alloy
due to the loss of Ni and the replenishment of Al. Accordingly,
the refractory elements precipitates of σ-TCP phases, M23C6

(M=Cr, Re,W) and TaC carbides presented in thematrix. Simul-
taneously, the dissolution of σ-TCP phases also occurred during
the diffusion process.

(2) Among the four main diffusion elements, namely Ni, Cr, Co, and
Al, Al has the largest average effective diffusion coefficient.
Kirkendall hole region appeared on the Cr2AlC side after long-
term diffusion due to the excessive difference in diffusion rate
between Al and Ni.

(3) Compared with the traditional bond coat materials, the Cr2AlC/
DD5 system has lower Al diffusion activation energy due to its
relatively weak Cr\\Al and Al\\Al bonds, and higher Cr activa-
tion energy due to the strong Cr\\C bonds and the affinity with
Re and W.
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