
P
t

T
a

b

c

a

A
R
R
A
A

K
I
T
S
T

1

i
h
[
t
b
o
o
d
o
c
T
(
o
t
t
t
t
i

U
f

0
d

Journal of Alloys and Compounds 509 (2011) 8542– 8548

Contents lists available at ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

recipitation  phases  in  the  nickel-based  superalloy  DZ  125  with  YSZ/CoCrAlY
hermal  barrier  coating

ianquan  Lianga,b,c,  Hongbo  Guoa,c,∗,  Hui  Penga,c, Shengkai  Gonga,c

School of Materials Science and Engineering, Beihang University, No. 37 Xueyuan Road, Beijing 100191, PR China
School of Materials Science and Engineering, Guangxi University, No. 100 Daxue Road, Nanning 530004, PR China
Beijing Key Laboratory for Advanced Functional Materials and Thin Film Technology, Beihang University, No. 37 Xueyuan Road, Beijing 100191, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 4 October 2010
eceived in revised form 20 May  2011
ccepted 28 May  2011
vailable online 6 June 2011

a  b  s  t  r  a  c  t

Interdiffusion  behavior  of  the  thermal  barrier  coating  (TBC)  with  the  CoCrAlY  bond  coat  (BC) and  direc-
tionally  solidified  Ni-based  superalloy  DZ  125  was  investigated.  Severe  inward-diffusion  of  Al,  Co  and  Cr
from  the  BC  to the  superalloy  and  outward  diffusion  of  Ni  and  refractory  elements  such  as  W  from  the
superalloy  occur  during  annealing  at 1050 ◦C  in air.  After  100  h  annealing,  a ∼30  �m  thick  inter-diffusion
eywords:
nterdiffusion
opologically close-packed (TCP) phase
econdary reaction zone (SRZ)
hermal barrier coatings (TBCs)

zone (IDZ)  forms  between  the  BC  and  superalloy,  and  a ∼35  �m thick  secondary  reaction  zone  (SRZ)
forms  beneath  the  IDZ.  The  IDZ mainly  consists  of  � phase  and  � matrix.  Besides,  small  amount  of  Ta  and
Hf containing  carbides  are  also  observed  in  the  IDZ.  Needle  and  fine  granular  topologically  close-packed
(TCP)  phases,  characterized  as  rhombohedral  � phases, are  abundant  in  the  SRZ.  The  formation  of SRZ  is
mainly  due  to  the  precipitation  of refractory  elements  such  as  W  and  Mo  from  the  � matrix  and  �  phase.
The  formation  mechanism  of  SRZ  and  �-TCP  phase  is discussed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Ni-based superalloys have been widely used as hot-section parts
n turbine engines because of their superior performances including
igh temperature strength at elevated temperature during service
1–3]. To meet the requirements of an increase of turbine inlet
emperature and thermal efficiency in modern advanced gas tur-
ine, thermal barrier coatings (TBCs) have been widely applied
nto the surfaces of the gas turbine components by various meth-
ds such as plasma spraying and electron beam physical vapor
eposition (EB-PVD). The application of TBCs greatly enhances the
perating temperature and efficiency of gas turbine, and signifi-
antly improves the component durability [4–6]. State-of-the-art
BCs usually consist of PtAl diffusion or MCrAlY overlay bond coat
BC) and ceramic top coat. The metallic bond coat has two  types
f major functions required for the TBC applications. It improves
he bonding between the topcoat and the substrate, and it protects
he substrate from oxidation and corrosion. Interdiffusion between

he bond coat and underlying substrate inevitably occurs during
hermal exposure at high temperature, which results in structure
nstability and phase transformation in the superalloy. Due to the
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interdiffusion between the coating and superalloy, secondary reac-
tion zone (SRZ) and detrimental topologically close-packed (TCP)
phase form in the superalloy, leading to significant reduction in
mechanical properties of the superalloy [7,8].

TCP phases including �, � and Laves phases are principally com-
posed of elements such as Ni, Cr, Co, W,  Mo  and Re. For advanced
Ni-based superalloys, especially the second or third generation sin-
gle crystal superalloys, more addition of refractory elements such
as W,  Mo  and Re to the superalloys, aims to improve their creep or
stress rupture strength at high temperature. However, allying these
elements increases the possibility for the formation of harmful TCP
phase in the superalloy after long-term aging or thermal exposure
[9].  It will weaken the effect of solid solution strengthening. It has
been shown that for the superalloys containing considerable con-
tent of refractory elements � and � TCP phases will precipitate
after long-term aging [10–15].  The body-centered tetragonal (BCT)
� phase contains high level of Cr, while the rhombohedral � phase is
enriched in W and Mo.  The presence of brittle TCP phases results in
degradation of the mechanical properties of the superalloy through
weakening the solid solution strengthening effect or by providing
fracture initiation sites [6,10–16].

Interdiffusion behaviors between the coating and the superalloy
have been investigated extensively [6,7,17,18].  The investigations

are mainly focused on the interdiffusion behaviors between the Ni-
based coatings and Ni-based superalloys, as well as the effects on
the mechanical properties of the superalloys [18–22].  Directionally
solidified Ni-based superalloy DZ 125 has been widely applied as

dx.doi.org/10.1016/j.jallcom.2011.05.102
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table  1
Nominal composition of the superalloy DZ 125 (in wt.%).

Ni Cr Co W Mo  Al Ti Ta Hf B

4.8–5. 0.7–1. 3.5–4. 1.2–1. 0.01–0.0
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tructural materials in advanced aero engine for gas turbine blades
nd vanes operating at high temperature [23]. CoCrAlY is a pro-
ective coating material and is also usually works as the bond coat

aterial in the TBC system due to its satisfying high-temperature
xidation and hot-corrosion resistance. However, so far little atten-
ion has been paid to the inter-diffusion behaviors between the
uperalloy DZ 125 and the TBCs with the CoCrAlY bond coat.

The objective of the present study is to investigate the interdif-
usion behavior between the Ni-based superalloy DZ 125 and the
oCrAlY bond coat in the TBC system and to understand the forma-
ion mechanisms of the deleterious precipitates such as TCP phases
n the superalloy during annealing at 1050 ◦C.

. Experimental procedures

Directionally solidified Ni-based superalloy DZ 125 was used as the substrate
aterial, with the nominal chemical composition listed in Table 1. The coating
as deposited onto the (0 0 1) plane of the superalloy fabricated into rectangles of

pproximately 20 mm × 15 mm × 3 mm.  The sample surfaces were finely polished
y  800-grit emery paper, followed by ultrasonic bath cleaning in the solution of alco-
ol and acetone. Thermal barrier coatings consisting of Co–22Cr–9Al–0.2Y (wt.%)
ond coats (BC) and 7 wt.% Y2O3 partially stabilized ZrO2 (7YSZ) topcoats (TC) were
eposited onto the samples by electron beam physical vapor deposition (EB-PVD).
he  average thickness of the BC and TC layers were about 35 �m and 65 �m,  respec-
ively. Before the deposition of YSZ topcoat, the bond coated samples were first
nnealed for 4 h at 1050 ◦C in vacuum to achieve a homogenous microstructure of
he CoCrAlY bond coat. Subsequently, the sample surfaces were strengthened by
hot-peening. Another heat-treatment of the samples was subsequently performed
or  2 h at 1050 ◦C in vacuum, aiming to form a pre-oxide scale on the bond coat.
hese procedures were necessary to ensure a superior durability of EB-PVD TBCs
nd  were reported in our previous work [18].

The TBC coated specimens were annealed at 1050 ◦C in air furnace to investi-
ate the effect of interdiffusion between the bond coat and underlying superalloy
ubstrate on the microstructure stability of the superalloy. All the specimens were
ut  normal to the (0 0 1) plane. The specimens were mounted in epoxy resin after
hermal exposure and sectioned, then finely mechanically wet-polished with silicon
arbide paper and rinsed in ultra-pure deionized water for cross-section examina-
ion. Observation and quantitative analysis of the coating and the phase in IDZ were
arried out by a scanning electron microscope (SEM, QUANTA 600) equipped with
nergy dispersive spectroscopy (EDS) and back scattering electron (BSE) detector,
nd  by an electron probe micro-analyzer (EPMA, JXA-8100), both operating at 20 kV.
ransmission electron microscopy (TEM) specimens were prepared by the following
teps: the samples were cut into rectangles (3 mm × 1.5 mm  × 1 mm),  glued together
ith topcoat face to face using a M-Bond 610 adhesive, mechanically polished to a

hickness of approximately 100 �m,  glued onto a �3-mm copper ring, dimpled to a
hickness less than 30 �m using a D 500i dimple followed by ion milling in a GL-696F
rgon ion beam thinner operating at 5 kV. Dual ion guns operating at gun-specimen
ngle of about 10◦ and a current of 0.2 mA per gun were used. The specimens were
xamined using a JEM-2100F TEM operating at 200 kV. The chemical composition
f  the precipitate in SRZ was detected by energy-dispersive X-ray analysis (EDX) on
EM.

The lattice parameters were obtained by measurement and calculation from the
elected area diffraction pattern (SADP) of the precipitates, and the following details
ere revealed [24]: vectors as g1 and g2 and their angle � were obtained from the

ADP. The diffraction constant was k = �L = Rd (k = 0.251 Å × 600 mm = 15.06 mm Å).
he constants of r2/r1 and � were obtained comparing calculating R2/R1 and � with
eferring to the calibration within the allowable errors of �R/R ≤ 0.04, ��  ≤ 2◦

nd �d/d ≤ 0.02. The value d1/a and then a were obtained. Therefore, vectors of
1(h1, k1, l1) and g2(h2, k2, l2), �, zone axis B[uvw] and the crystallographic group
ere determined. Other parameters can also be obtained by the corresponding

elationships. Each phase is determined by at least three SADPs.

. Results and discussion
.1. Microstructural evolution in the interdiffusion zone

Fig. 1a shows the cross-sectional SEM micrograph of the as-
eposited TBC coated sample. The YSZ topcoat reveals typical
Fig. 1. The cross-sectional micrographs of (a) as-deposited TBC coated superalloy
DZ 125, and (b) higher magnification of the local inter-diffusion zone.

columnar structure and the CoCrAlY bond coat is tightly bond-
ing to the superalloy. A ∼5 �m thick interdiffusion zone (IDZ)
forms between the BC and the substrate after 6 h annealing at
1050 ◦C in vacuum, as shown in Fig. 1b. A discontinuous secondary
reaction zone (SRZ) with the thickness of ∼3 �m forms beneath
the IDZ.

The cross-sectional SEM micrograph of the TBC coated sample
after 50 h heat-treatment at 1050 ◦C is shown in Fig. 2. In the bond
coat, there is a ∼9 �m thick Al depletion zone. A ∼25 �m thick IDZ
is formed between the bond coat and superalloy substrate. The IDZ
basically consists of the � matrix (light grey) and oblate or bar-like
phases (dark). According to the results of EMPA as shown in Table 2,
the oblates or bars are determined to be Al-rich �-NiCoAl phases,
with the main chemical composition of 53.6 Ni, 21.9 Co, 14.8 Al

and 4.9 Cr (wt.%). Besides, small amount of W,  Ti, Ta and Hf are
also detected in the � phase. In contrast to this, the � matrix con-
tains more Cr (17.8 wt.%) and Co (35.2 wt.%) but less Al (3.7 wt.%). In
addition, some Ta and Hf containing carbides (white) also form in
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ig. 2. SEM micrograph of TBC coated superalloy DZ 125 after 50 h annealing at
050 ◦C.

he IDZ. Note that there is a ∼15 �m thick secondary reaction zone
SRZ) in the superalloy beneath the IDZ after 50 h heat-treatment.
arge amount of needle-like phases and finer granular phases are
recipitated in the SRZ.

After 100 h heat-treatment, both the Al-depleted zone in the BC
nd the IDZ do not show apparent increase in thickness (Fig. 3a).
owever, the SRZ thickness increases to 35 �m,  nearly double that
f the SRZ after 50 h heat-treatment. At high magnification (Fig. 3b),
he needles of ∼30 �m in length grows in a preferential orientation
ormal to the coating/substrate interface [15].

The precipitating granular � phase is observed mainly along the
rain boundary of the � phase at early stage of the interdiffusion.
ctually the precipitating phase can be observed after 6 h annealing

n vacuum (Fig. 1b). More precipitates appear beneath the IDZ with
ore formation of � phase when prolonging exposure time at high

emperature, and a small amount of needle � phase forms among
he granular ones. The amount of the needle � phase increases with
xposure time as well. The needle phase grows and penetrates into
he substrate, and the granular � phase around the needle phase
isappears after long-term thermal exposure (Figs. 2 and 3).

Elements profiles along the thickness of the as-deposited and
he annealed specimens are compared in Fig. 4a–f, respectively. The
race to measure the elemental profile is the broken line shown in
ig. 3a. The elemental profile experiment was carried out along the
roken line in a step of 7 �m.  The concentrations of Al and Co in
he bond coat before heat-treatment are about 9 wt.% and 65 wt.%,
espectively, while they decrease to less than 6 wt.% and 40 wt.%
fter a 100 h annealing at 1050 ◦C. It is obvious that severe inward
iffusion of Al and Co occurs during annealing. In contrast to this,
he elements Ni, W and Ti from the superalloy substrate diffuse
oward the coating surface. As a result, more than 30 Ni, 3 W and
.2 Ti (wt.%) are present in the bond coat after 100 h annealing. The
r content in the bond coat slightly reduces after inward diffusion.

ote that the peaks of the Ti and Al profiles in the IDZ indicate that

he � phase is enriched with these elements (indicated by the arrow
n Fig. 3a).

able 2
hemical compositions of the � and � phases in the IDZ of Fig. 3b (in wt.%).

Elements Al Cr Co Ni W Ti Ta Hf

� 14.8 5.9 21.9 53.6 1.7 0.6 0.7 0.7
�  3.7 17.8 35.2 36.7 6.4 0.3 – –
Fig. 3. SEM micrographs of TBC coated superalloy DZ 125 after 100 h annealing at
1050 ◦C (a) and its higher magnification (b).

Because of Ni depletion, the solid solution elements such as W,
Mo,  and Ta will segregate to form several complex phases in the IDZ
[18,22,25]. The increased contents of Co, Cr, Al and the depletion of
Ni in the superalloy will cause the microstructure instability of the
�/�′ matrix. Due to outward diffusion of refractory elements such
as W and Ti, the solid solution strengthening effect of the superal-
loy can be weakened. On the other hand, the loss of the elements
in the bond coat such as Cr and Al will degrade the oxidation and
hot-corrosion resistance [26]. Another result is the reduction of the
primary �′/� matrix and the formation of � phase with low solu-
bility in refractory elements [11]. This results in precipitating of
refractory elements from the matrix phases. The refractory ele-
ments will segregate and form a layer with abundant refractory
phases, namely secondary reaction zone (SRZ) [6].
The thicknesses of the IDZ and SRZ formed in the coated sam-
ples after different heat-treatment durations are listed in Table 3.
The thickness of IDZ markedly increases with exposure time during

Table 3
Thickness of IDZ and SRZ as a function of exposure time at 1050 ◦C.

Time 0 h 20 h 50 h 100 h

IDZ/�m 5 16 25 30
SRZ/�m  3 10 15 35
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Fig. 4. Element profiles along the thickness of the as-coat

he first 50 h, but increases slowly in the latter 50 h. The thickness
f SRZ is only ∼15 �m after the initial 50 h exposure, whereas it
ncreases to ∼35 �m after a further 50 h heat-treatment. The thick-
ess of both the IDZ and the SRZ increases with the exposure time.
he thickness of the IDZ increases very fast during the initial 50 h
hile its increment slows down during the later 50 h exposure

Table 3). This is related to the reserve of aluminum in the bond
oat. The Al content of the CoCrAlY coating decreases with pro-
onged exposure time at high temperature, which results in the Al
nward-interdiffusion to the substrate is not so significant as that of
he initial stage after 50 h owing to the limited Al concentration. The
hickness increment of IDZ slows down. Whereas a further severe
utward diffusion of nickel still occurs during the later 50 h expo-

ure. This causes the reduction of Ni in IDZ and the microstructure
nstability of the superalloy. Consequently phase transformations
uch as �′-Ni3Al + 2[Al] → 3�-NiAl and 3�-Ni + [Al] → �′-Ni3Al in
he substrate occur, leading to phase instability of �/�′ matrix.
cimen and of the specimen annealed for 100 h at 1050 ◦C.

This results in precipitating more refractory elements due to low
solubility in � phase and super-saturation in � phase. More refrac-
tory elements will segregate and promote forming �-TCP phase.
Simultaneously the needle � phase grows and penetrates into the
substrate. This results in significant increase of thickness in SRZ
during the later 50 h thermal exposure while slight increase of the
thickness in IDZ is noticed.

Fig. 5 shows the microstructure of the precipitate in the SRZ
of the coated sample after 100 h heat-treatment at 1050 ◦C. Two
types of granular and needle-like precipitates are observed in the
SRZ (Fig. 5a and c). The diameter of the granular � phase is less
than 1 �m,  while the needles having a small diameter of ∼0.4 �m.
In view of their selected area electron diffraction (SAD) patterns as

shown in Fig. 5b and d, both types of precipitates are determined
to have a rhombohedral lattice. The rhombohedral lattice of the
precipitates belongs to space group of D5

3d
− R3m.  The lattice con-

stants of the rhombohedral � phase are a = 0.477 ± 0.003 nm and



8546 T. Liang et al. / Journal of Alloys and Compounds 509 (2011) 8542– 8548

F 00 h a
B

c
r

s
t
t
p
s
o
p

3

a
c
d
e
a
b
p

T
C

ig. 5. Microstructure of the precipitation in the SRZ of the coated sample after 1
 = [4 7 1]; (c) the needle-like TCP phase; (d) SADP of the needle phase, B = [1 4 1].

 = 2.585 ± 0.015 nm.  This is well consistent with the parameters
eported by Zheng and Zhang [27].

Due to Ni depletion and the formation of �, the solid solution
trengthening elements such as W,  Cr, Mo,  Hf and Ta segregate in
he IDZ and SRZ [6].  The precipitation of the refractory elements in
he SRZ promotes the formation of � phases. Note that the granular
hase and needle phase have the similar chemical composition, as
hown in Table 4, there are no granular phases near the needle-like
nes (Fig. 3a). It can be inferred that the formation of the needle
hase is at the expense of the granular phase.

.2. Diffusion behavior and precipitation mechanism

The morphologies of the � phase in IDZ and � phases in SRZ
re strongly dependent on the diffusion path of the elements in the
oated substrate. Elements Al, Co, Cr, Ni, Ti and W will diffuse along
ifferent diffusion paths, as shown in Fig. 6, which have significant

ffect on the morphology of the newly formed phase including �
nd TCP phases. From the schematic diffusion path, Al from the
ond coat and Ni from the superalloy are transferred through the �
hase but each in reverse direction, while Co and Cr in the � matrix

able 4
hemical compositions of the � phases in SRZ of Fig. 5a and c by EDX (wt.%).

Elements Cr Co Ni W Mo

Granular 14.5 1.9 4.9 65.2 13.6
Needle 17.7 3.1 7.6 57.8 13.8
nnealing at 1050 ◦C: (a) the granular TCP phase; (b) SADP of the granular phase,

of the bond coat diffuse into the superalloy. Simultaneously, W
from the superalloy diffuses to the coating. The interdiffusion of ele-
ments will alter the original chemical composition in the area of the
superalloy close to the coating/superalloy interface, thus resulting
in the microstructure instability of the superalloy. The refractory
elements segregate from the matrix to form the needle � phase by
consumption of the granular phase through uphill diffusion.

The formation of SRZ is closely related to inward-diffusion of
Co, Cr, Al from the CoCrAlY bond coat and outward-diffusion of
Ni from the underlying superalloy, and is related to the reaction
with those elements in the superalloy. The reaction between these
elements leads to the formation of the � (NiCoAl) phase. As a result,
the superalloy can be changed from the initial �′/� to a mixture of
�, � and � phases owing to the decreased amount of �′ phase in
the IDZ. Simultaneously, the enrichment of Al and depletion of Ni
in the IDZ can promote segregation of refractory elements such as
W, Cr and Mo  and the formation of TCP phases [28–30,17,31].

In this work, the precipitates nucleate from the �′/� matrix
because of the segregation of W,  Co, Cr and Mo  at high temper-
ature (Fig. 6), which has also been reported by Proctor [32]. These
refractory elements will segregate and become granular or globu-
lar under the driving force of chemical potential gradient through
uphill diffusion in the SRZ. Finally, the needle �-TCP phase is devel-
oped from the granular phase and grows into the superalloy in the

direction normal to the coating/substrate interface.

The formation tendency of the �-TCP phase in the IDZ of the
present superalloy is predicted based on the theory of electron
vacancy called PHACOMP [33,34],  which has been used to design
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Table 5
Prediction of � TCP phase precipitation tendency by Nv and Md calculations.

Phase Calculation value Critical value Tendency

Nv Md NvC
MdC
ig. 6. Schematic of diffusive path of elements (a) formation of IDZ and SRZ (b) after
00 h annealing at 1050 ◦C. The diffusive fluxes of J1 to J4 are representative for Al,
o,  Cr, Ni, W and Ti, respectively.

he chemical composition for superalloys. The calculation value for
v and Md can be available by the following equations [35]:

v =
n∑

i=1

mi(Nv)i (1)

d =
∑

i

Xi(Mdi
) (2)

or Eq. (1),  here N� is the number of average electron vacancy; mi
nd (Nv)i are atomic percentage and the electron vacancy number
or element i, respectively. For Eq. (2),  Md is the average Md value
ased on d-electrons alloy theory by New PHACOMP; Xi and Mdi
re mol-percentage and the Md value for element i, respectively.

The critical value of Nv determined by combination of experi-
ents with electron vacancy theory is obtained from Refs. [27,35].

he critical value of Md is obtained from the experiential equation:

dc = 6.25 × 10−5T + 0.834 (3)
Here T is Kelvin temperature. The influence of the temperature
s considered for the NEWPHACOMP critical value in this equation
35]. The critical numbers NvC and MdC

in this work are 2.30 and
.9167 at 1050 ◦C, respectively.
� 3.0842 1.1027 2.30 0.9167 Yes
Y 2.4326 0.9368 Yes

According to chemical composition of the present superalloy,
the calculation value of Nv and Md can be obtained by the following
equations based on Eqs. (1) and (2):

Nv = 7.66Al + 6.66Ti + 4.66Cr + 1.71Co + 0.61Ni + 6.66Hf

+ 5.66Ta + 4.66W + 4.66Mo (4)

Md = 1.90Al + 2.271Ti + 1.142Cr + 0.777Co + 0.717Ni + 3.020Hf

+ 2.224Ta + 1.655W + 1.550Mo (5)

The predicted precipitation tendency of TCP phase by Nv and
Md calculation is given in Table 5. Both of the two predominant
phases in the IDZ have the tendency of precipitation of TCP phases
by the theory of electron vacancy because their Nv and Md values
are higher than the critical values. Especially for the newly formed
� phase, the calculated values (Nv : 3.0842; Md : 1.1027) are much
higher than the critical ones (NvC : 2.30; MdC

: 0.9167) [27,35]. Con-
sequently, it is prone to form the precipitates. Also, the matrix �
phase with Nv (2.4326) and Md (0.9368) is prone to precipitate in
the IDZ, while the calculated Nv value is 2.208 for the very stable
superalloy DZ 125 used in this work. This indicates that the for-
mation of body-center cubic � phase with significant precipitation
tendency promotes the precipitation of the refractory elements due
to its extremely low solubility in the � phase. This is well accor-
dant to the theory of alloy design and experimental results in this
work.

The severe interdiffusion between the bond coat and the under-
lying superalloy has an important impact on the mechanical
property of the superalloy and the lifetime of a TBCs system. The
inward diffusion of Al and Cr, and the outward diffusion of Ni, Hf, W
and Ti will occur during exposure at high temperature. The interdif-
fusion leads to induce the phase transformation in the IDZ such as
�′-Ni3Al + 2[Al] → 3�-NiAl and 3�-Ni + [Al] → �′-Ni3Al and causes
microstructure instability of the �/�′ matrix. This promotes pre-
cipitating refractory elements such as W and Mo,  which results in
the further forming �-TCP phases, and then forms a SRZ beneath
the IDZ. On the other hand, the formation of � phase also increases a
transverse grain boundary within the directionally solidified super-
alloy DZ 125. This occurrence will deteriorate the stress rupture
performance of the superalloy at high temperature by weakening
the effect of solid solution strengthening, formation of transverse
grain boundary and TCP phases providing fracture initiation sites
[12,35–37]. As well the severe interdiffusion significantly influ-
ences the lifetime of a TBCs system [38]. Occurrence of severe
inward diffusion of Al and Cr in the bond coat tends to cause deple-
tion of Al and Cr in the bond coat, resulting in phase transformation
and the degradation in oxidation and hot corrosion resistance for
the bond coat. Although Hf that diffuses from the substrate at the
TGO/BC interface is beneficial to the adhesion of the TGO  to the
bond coat [18,39],  the outward-diffusion of the substrate elements
such as Ni, Ti and W into the bond coat will be detrimental to the

adhesion of TGO–BC owing to forming the spinel and volatile. It
damages the integrity of the protective scale at the surface of the
bond coat [40].
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. Conclusions

The precipitates in the TBC coated Ni-based directionally solid-
fied superalloy DZ 125 during thermal exposure at 1050 ◦C are
nvestigated. Significant interdiffusion between the CoCrAlY bond
oat and the superalloy DZ 125 occurs during exposure at 1050 ◦C,
esulting in the formation of both the IDZ and the SRZ. The IDZ
ainly consists of � phase, �-NiCoAl phase and Ta and Hf contain-

ng carbides, while the SRZ beneath the IDZ are predominantly �/�′

atrix and rhombohedral � TCP phases.
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