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Abstract
The Brittle-to-ductile-transition-temperature (BDTT) of free-standing Pt-aluminide (PtAl) coating specimens, i.e. stand-alone coating specimens
without any substrate, was determined by micro-tensile testing technique. The effect of Pt content, expressed in terms of the thickness of
initial electro-deposited Pt layer, on the BDTT of the coating has been evaluated and an empirical correlation drawn. Increase in the electrodeposited Pt layer thickness from nil to 10 m was found to cause an increase in the BDTT of the coating by about 100°C.

1.

Introduction

Nickel based superalloy components operating in the
hot sections of advanced gas turbine engines are usually
applied with a Pt-aluminide (PtAl) bond coat for enhancing
their high temperature oxidation resistance [1,2]. The
oxidation resistance of the coating is derived from the Al
atoms present in the constituent B2-NiAl phase, which form
an adherent layer of D-Al2O3 on the surface during thermal
exposure [1,2]. Additions of Pt are known to improve the
oxidation resistance of these coatings, primarily by enhancing
the spallation resistance of the alumina scale [3-5], reduction
in the growth stresses in the alumina scale [6,7] and
promoting outward diffusion of Al to form the protective
alumina layer on the surface [8-10]. It is for these beneficial
effects of Pt, that the PtAl coatings typically contain about
5-15 at.% Pt.
Despite their excellent oxidation resistance, the PtAl
coatings have fairly high brittle-to-ductile transition
temperature (BDTT), typically above 650°C [11-15]. Therefore,
these coatings are prone to cracking at low temperatures,
especially under cyclic heating and cooling conditions in gas
turbine engines, which can potentially degrade the overall
mechanical response of the coated component [2,16].
Increased Pt content in the coatings, though on one hand
can impart enhanced oxidation resistance, but it has a
detrimental effect in terms of increasing the BDTT of these
coatings [12]. In this context, accurate determination of BDTT
of PtAl coatings becomes important with respect to their Pt
content. Such studies can be also effective in optimizing the
oxidation as well as tensile properties of the PtAl coatings.
Unlike the case of bulk materials, where impact tests are
employed to determine the BDTT, the low thickness of a PtAl
coating precludes the use of such a technique for the
determination of BDTT. Therefore, alternate methods have
been adopted for evaluating the BDTT of bond coats. Most
of the earlier work on the BDTT determination of bond coats

has been carried out using tensile testing of coated
superalloy specimens at various temperatures. In these tests,
the strain-to-first-crack formation was detected using acoustic
emission (AE) techniques [11,12]. The temperature beyond
which the coating accommodates a strain of 0.6% without
cracking was defined as the BDTT [11,12]. The choice of
0.6% strain was based on certain design considerations of
the superalloy component. The BDTT values for various
PtAl bond coats determined by the above technique have
been reported to lie in the range 850-1000ºC [11,12]. Further,
it has been shown that the BDTT values for PtAl coatings
are usually 150-200ºC higher than those for plain aluminide
coatings, i.e. coatings without Pt [12].
However, the BDTT determined using tensile testing of
a coated bulk specimen involves simultaneous deformation
of both substrate and the coating. Given the vast difference
in the section sizes of these two constituents in the coated
tensile specimen, there is a likelihood of the substrate
influencing the deformation characteristics of the coating.
Therefore, the transition temperature determined by the above
mentioned technique of testing the bulk coated samples may
not be accurate, although the determined transition
temperature can provide a qualitative indication of the BDTT
of the bond coat. In recent years, determination of BDTT of
PtAl bond coats by direct testing of the free-standing coating
has been reported. Since the coating alone is tested in these
methods, the influence of the substrate is eliminated.
Therefore, the BDTT values determined by these methods
are expected to be more accurate. Eskner et al. [13] have
evaluated BDTT by carrying out bend tests on miniaturized
disc specimens of a free-standing bond coat. In another
study, Pan et al. have shown the feasibility of using
microtensile testing of free-standing PtAl coatings for
determining the BDTT [14].
Using the microtensile testing technique, a method based
on the variation in the plastic-strain-to-fracture, was proposed
for the accurate determination of BDTT of aluminide bond
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coats in our recent publication [15]. In the present study, a
similar approach has been adopted for evaluating the effect
of Pt content on the BDTT of a PtAl coating. The novelty
of the present work lies in the fact that the evaluation of
tensile properties of brittle free-standing PtAl bond coat by
micro-tensile testing is an experimental challenge involving
complex specimen preparation and test procedures. Such
studies on the evaluation of mechanical behavior of freestanding brittle PtAl bond coats by micro-tensile testing
method are extremely limited in open literature.

2. Experimental details
2.1 Design of microsamples
Unlike tensile testing of bulk samples, for which
standards for the design of tensile specimens are available,
no standards exist for the design of micro-specimens.
Therefore, 2D-linear elastic finite element method (LE-FEM)
based simulation studies, using ANSYS 11.0, were carried
out for establishing the design of micro-tensile test
specimens. Appropriate boundary conditions simulating the
gripping technique adopted during the experiments as shown
in the schematic in Fig. 1, i.e. where-in the sample was
arrested at the holding edges within slotted grips, were
imposed. The effect of specimen design parameters such as
holding length ‘HL’, fillet radius ‘R’, gage length ‘GL’, gage
width ‘GW’ and grip head length ‘GHL’ on the location of
stress maxima during the tensile test was ascertained. Since
a tensile specimen fails at the region of maximum stress
during testing, the predicted location of stress maxima

determined from the simulation studies gave a direct
indication of the probable location of failure of the specimens
during the tensile test. The simulation studies predicted that
in order to achieve a valid tensile test, i.e. to attain a stress
maxima within the gage length and cause failure of the
specimens within the gage length, the following correlations
must be maintained amongst the dimensional parameters:HL:R = 2:1, GL>R, GW=R and GHL>4R (see Fig. 3(a)) [17].
For all other combinations of dimensional parameters,
simulation studies predicted the location of maximum stress
close to the fillet regions i.e. the specimens were prone to
failure at the fillet (Fig. 3(b)) [17]. Keeping into consideration
the above mentioned dimensional correlations and certain
experimental constraints, the values of HL, R, GL, GW and
GHL were chosen as 1, 0.5, 2, 0.5 and 2.5 mm, respectively.
The overall length of the specimen was 8 mm (Fig. 2).
Specimens having the above dimensions were found to fail
within the gage length on most occasions. Further details on
the simulation studies carried out for the design of microsamples used in the present study and the experimental
validation of the simulation results can be obtained from our
recent publication [17].
2.2 Coating deposition
Directionally solidified Ni-based superalloy CM-247 LC
was obtained in the form of cylindrical rods: 12 mm in dia.
and 80 mm in length. The nominal composition of this alloy
(in wt.%) is 9.2 Co-8.1 Cr-9.5 W-5.6 Al-3.2 Ta-1.5 Hf-0.7 Ti0.015 Zr-0.5 Mo-0.15 B-0.07 C-balance Ni. About 0.5 mm thick
strips were cut out from these rods by wire electro-discharge

Fig. 1 : Schematic of a specimen placed within the slots present
in the grips. The specimen is arrested at the holding
length, HL, during tensile testing.

Fig. 2 : Schematic showing the sample configuration used in the
present study. GL, GW, HL, R and GHL represent the
gage length, gage width, holding length, fillet radius and
grip head length, respectively. All dimensions are in mm.

Fig. 3 : Stress contour plots for samples (a) R=GW=0.5 mm,
HL=1.0 mm, GL=2.0 mm, GHL=2.5 mm and (b)
R=GW=0.5 mm, HL=1.5 mm, GL=2.0 mm and GHL=2.5
mm. The location of the maximum stress has been
indicated by arrows.
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machining (EDM), such that the longitudinal axis of these
strips was parallel to the <001> solidification direction of the
rods. These strips were polished on 600 grit paper and
subsequently used as substrates for coating deposition. For
developing the PtAl coating, a Pt layer was electrodeposited
on these strips. The Pt plated strips were then subjected to
a diffusion heat treatment at 1080°C for 4 h in vacuum.
Subsequently, a high activity pack aluminizing treatment,
using a powder mixture of 15NiAl-3NH 4 Cl-82Al 2 O 3
(compositions being in wt.%), was carried out at 850°C for
5 h in Ar atmosphere. In order to stabilize the phases formed
in the coating, a post aluminizing diffusion heat treatment
was carried out at 1080°C for 4 h in vacuum. PtAl coatings
with varying Pt content were prepared by varying the
thickness of the electro-deposited Pt layer as 0, 2, 5 and 10
m, while other subsequent coating formation heat treatments
were maintained the same as mentioned above. Henceforth,
the PtAl coatings containing the initial thickness of Pt electrodeposited layer as 0, 2, 5 and 10 m have been referred to
as plain aluminide, 2PtAl, 5PtAl and 10PtAl, respectively in
the text.
2.3 Micro-sample preparation
Having established the dimensions using simulation
studies, micro-samples (as shown in Fig. 2), were cut out
from the coated strips by means of wire EDM, as shown in
Fig. 4. In order to prevent the coating from getting chipped
off at the micro-sample edges, the EDM process was carried
out at a low current and low feed rate. While machining of
the samples, care was taken to ensure that the gage length
was parallel to the longitudinal axis of the strip (Fig. 4).
Subsequently, the substrate was removed by precision
polishing of the micro-samples from one side until the
thickness of the sample became equal to that of the coating
(Fig. 2). A polishing sequence comprising 600/1500/2500 grit
size polishing papers and films containing 1 and 0.5 m size
diamond particles was adopted for the above purpose.
Flatness of the samples and uniformity in thickness reduction
while polishing was achieved using a Tripod Polisher. The
extent of thickness reduction during polishing was measured
from the micrometers attached to the Tripod Polisher.
Subsequently, two Pt markers were deposited on the gage
length of the specimen (see Fig. 2) using a Quanta 200 3D
focused ion beam (FIB) machine, operating at 20kV. These
markers were used for in-situ strain measurement during
testing.

Fig. 4 : Method adopted for the fabrication of microtensile
specimens: (a) PtAl coated 0.5 mm thick superalloy
strip, (b) wire EDM machining of samples from the
coated strip and (c) a typical cut out microtensile sample.
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2.4 Testing
Tensile testing of the micro-samples was carried out at
various temperatures ranging from room temperature (RT) to
950°C using a 500 N Walter-bai Ag micro-tensile testing
machine. High temperature in the specimens during testing
was achieved by resistance heating of the specimens by
means of an impressed DC current, as proposed by Sharpe
and Hemker [18]. The temperature of the specimen was
monitored using a two-color ratio infra-red radiation
pyrometer to an accuracy of ± 5°C. In-situ strain measurement
on the samples during testing was achieved by using a noncontact video extensometer, having a resolution of 10 strain. The stress-strain response of the coating was directly
obtained in a computer attached to the micro-tensile testing
machine. Tensile tests were carried out at an initial strain rate
of 4.1 x 10-3 sec-1. A constant cross head speed of 0.5 mm.min1 was maintained during these tests.
2.5 Microstructural observation
Microstructure and fractography studies were carried
out using a Quanta 400 scanning electron microscope (SEM),
operating at 20kV. A Cameca SX-100 electron probe microanalyzer (EPMA) operating at 20 kV, was used for chemical
analysis of the coating.

3. Results and discussion
3.1 Coating microstructure
The microstructure of the plain aluminide coating, shown
in Fig. 5(a), exhibited a three-layer structure with an outer
layer consisting of fine precipitates, an intermediate
precipitate lean layer and an inner heavily precipitated inter
diffusion zone (IDZ). The thickness of the above-mentioned
three layers was 60, 25 and 20 m, respectively. The matrix
phase in all the three layers was constituted of the B2-NiAl
phase, as determined from the XRD and the EPMA analysis.
The Al concentration, was nearly constant at 45 at.% across
the outer and intermediate layers. The Ni concentration in
the coating was also constant at about 35 at.%.
Similar to that of the plain aluminide coating, the Pt
containing coatings also exhibited a three-layer structure, as
typically shown in Fig. 5(b). However, unlike the matrix phase
of the plain aluminide coating which was constituted of B2NiAl phase, the matrix phase of the Pt containing coatings
was constituted of B2-(Ni,Pt)Al i.e. B2 phase containing Pt
in solid solution. Further, the outer layer contained an
additional PtAl2 phase, as observed from the bright contrast
in Fig. 5(b). The volume fraction of the PtAl2 phase present
in the outer layer of the coating increased from about 0.25
to 0.56 with the increase in thickness of the electrodeposited
Pt layer from 2 to 10 m. Numerous fine precipitates rich in
Cr and W were present in the outer layer of the coating
[19,20]. In all the PtAl coatings, the precipitate lean
intermediate layer contained single phase B2-(Ni,Pt)Al and
the inner layer was the heavily precipitated IDZ (Fig. 5(b))
[19,20]. The Pt content in the outer layer and the intermediate
layer of the coating was found to increase from about 5-15
at.% and 1-7 at.% respectively, with the increase in thickness
of the electrodeposited Pt layer from 2 to 10 m. On the other
hand, the Al and Ni concentration, however, was nearly
constant at about 45 and 35 at.%, respectively, across the
outer and the intermediate layers for all the PtAl coatings.
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Fig. 6 : Variation of ductility (% plastic strain to fracture) with
temperature for the various coatings.

concentration was non-uniform across the coating crosssection, the Pt content in the coatings has been represented
in terms of the thickness of the electro-deposited Pt layer in
the above figure. The variation in the BDTT with the Pt
content was linear and the best-fit straight line obeyed the
following equation:
TBDTT = 698 + 10 tPt
Fig. 5 : Microstructure of (a) plain aluminide (0PtAl) and (b)
5PtAl coating used in the present study.

The thickness of the various PtAl coatings was about
100 m.
3.2 BDTT determination
The variation in the ductility, as represented by the
plastic-strain-to-fracture, with test temperature for the various
coatings is shown in Fig. 6. For each coating, the ductility
was negligible up to a certain test temperature. Beyond this
temperature, the coatings exhibited an increase in ductility.
The BDTT of the coating was ascertained as the temperature
corresponding to the point of intersection of the linear best
fit lines drawn to the two segments of the plastic-strain-tofracture versus temperature plots, as indicated in the inset in
Fig. 6. In our recent study, the BDTT determined by such a
method was found to be representative of aluminide bond
coats and correlated well with the variation in the fracture
surface features with test temperature, such as the presence
of brittle cleavage facets below the BDTT, initiation of microvoid formation at the BDTT and formation of shallow dimples
as well as fibrous fracture features above the BDTT [15].
Further, the advantages of such method of BDTT
determination over other previously reported methods were
also discussed [15].
3.3 Variation of BDTT with Pt content
The BDTT of the coating was found to increase with
the increase in Pt content of the coating (see Fig. 6 and
Table 1). While the BDTT for 0PtAl coating was 693°C, that
for the 10PtAl coating was 795°C. The variation in BDTT
with the Pt content of the coatings is shown in Fig. 7. Since
the coating exhibits a graded microstructure and the Pt

(1)

TBDTT in the above equation stands for BDTT (°C) of
the coating and t Pt denotes the Pt content of the coating
expressed in terms of thickness of the Pt plated layer (in m).
The correlation co-efficient, R2, for the above linear fit was
0.98. The suitability of the above equation in correlating
BDTT of the present PtAl coatings with their Pt contents
was checked by evaluating the BDTT of a 7PtAl coating, i.e.
the coating was prepared using a 7 m thick Pt plated layer.
The BDTT for the 7PtAl coating was found to be 775ºC,
which agreed well with the predicted value of 768ºC from eq.
(1).

Table 1 : BDTT of various coatings.
Sl. No.

Coating type

BDTT (°C)

1

Plain Aluminide

693

2

2PtAl

721

3

5PtAl

752

4

10PtAl

795

The inherent brittleness in the B2-NiAl phase is caused
by the limited number of slip systems available for
deformation, which leads to the non-fulfillment of von Mises
criterion i.e. the operation of minimum five slip systems for
ductility in polycrystalline materials. However, at the BDTT,
the generation of additional slip systems provided by the
glide and climb of <100> dislocations has been cited as a
mechanism for the onset of ductile behavior in the bulk B2
phase [21,22]. In one of our recent studies, transmission
electron microscopy (TEM) analysis of the dislocation
behavior in free-standing PtAl coating specimens after tensile
testing at the BDTT, revealed a similar mechanism involving
glide and climb of <100> dislocations to be responsible for
the onset of ductility in the coating [23]. It has been reported
that the BDTT in bulk B2-NiAl phase is significantly affected
by alloying additions such as Zr and Re [24]. Hindrance to
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