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Abstract

The turbine section of turbojet engines operates above
900 °C. The cast Ni-based superalloy blades and vanes are
used in this section. These components which are working
in a very aggressive environment are usually applied with
diffusion coatings. These coatings are used to increase
oxidation resistance of parts and have evolved from plain
aluminide coating to platinum-doped coating. Although the
positive effect of platinum—aluminide coatings on the oxi-
dation resistance of the superalloys is reported in several
studies, the influence of this type of coatings on the
mechanical properties of superalloys is somewhat chal-
lenging. This tutorial review of Pt-Al coatings covers: how

they supply protection against cyclic oxidation, how they
are employed, their microstructure characterization, and
their influence on the mechanical behavior of Ni-based
superalloys. The present review tries to collect all the
available information on the subject and seeks the optimum
correlation between Pt-Al coating characterization and
mechanical/cyclic oxidation behavior of the coated
superalloys.

Keywords: nickel-based superalloy, Pt-Al coating,
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Introduction

When resistance to creep, fatigue and environmental
degradation in the high temperature condition is required,
cast nickel-based superalloys are the best choice for the
designers of the turbojet engines. In superalloys, for pur-
poses of enhancing the mechanical properties or other
material characteristics at elevated temperatures, the
alloying elements such as Mo, W, Co, Cr, Ti, Al, etc., are
added to their chemical composition. In Ni-based super-
alloys, these elements form several phases in the
microstructure: 1-y’(NizAl), which is an intermetallic
compound and known as strengthening phase. 2-y, which is
a Ni (Al) solid solution and known as matrix. 3-Carbides
(M53Cq, MC, M¢C,...) and borides (M3B,). 4-Topologi-
cally Close-Packed (TCP) phases such as o, i and laves.'™’

Although superalloys have enough strength at high tem-
perature, enhancement of their oxidation/corrosion resis-
tance has also been a significant consideration.®™'?
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Aluminide diffusion coatings are widely used to protect the
turbine blades (rotary parts) and nozzle guide vanes (sta-
tionary parts) which are produced from the superalloys.
Alumina (a-Al,03), which is formed during aluminizing
process can offer good protection due to its slow growth
rate, excellent adhesion to the substrate and high chemical
barrier to oxygen transport and thermodynamic stability.

The aluminide coating is modified by the addition of
platinum to increase its performance in the harsh envi-
ronment of a turbine section. The main reasons for modi-
fication of the aluminide coating by platinum are as
follows: 1—Pt improves the adherence of alumina scales,
2—Pt can promote selective oxidation of Aluminum, 3—Pt
relieves the harmful effects of Sulfur, 4—Pt decreases void
formation at the interface of metal/oxide, 5—The coat-
ing/substrate interdiffusion can be hindered by Pt, and 6—
Pt improves the stability of B-NiAl phase and delays the
transformation of y-NiAl to the y’-NizAl phase.13_18

The effectiveness of platinum—aluminide (Pt—Al) coatings

on the protection of superalloys against hot corrosion and
cyclic oxidation has been approved by several studies.'*™
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Although the beneficial effect of Pt—Al coatings on the hot
corrosion/cyclic oxidation resistance of the nickel-based
superalloys has been cited in the literature, there are few
performance data for the evolution of the mechanical
properties (such as tensile, creep, fatigue and ...) of coat-
ing/ substrate (nickel-based superalloys) systems.

Recently, several systematic researches have been per-
formed by Defence Metallurgical Research Laboratory>®—’
in Hyderabad/India and Malek-Ashtar University of
Technology*®*¢ in Tehran/Iran about the effect of Pt—Al
coatings on the mechanical properties of nickel-based
superalloys. Also, some investigations in these fields have
been carried out sporadically, by other researchers.*’ >

Because of the mechanical properties of coated superalloy
is very important point for the designers of turbojet engi-
nes, inquiry in these areas continues to obtain the new
developments. The current article tries to review and col-
late the accessible data on the cyclic oxidation behavior
and mechanical properties of Pt—Al-coated nickel-based
superalloy at high temperatures condition. In this review,
the different microstructure of Pt—Al coating affected by
pre-aluminizing and aluminizing heat treatment, the influ-
ence of high temperature cyclic oxidation on Pt—Al coating
features and the effect of Pt—Al coating on several types of
nickel-based superalloy, have been considered.

According to the results which were reported in the liter-
ature, this review paper attempted to determine an opti-
mum method for applying the Pt—Al coating on the nickel-
based superalloy. This information can be helpful for
designers when they select a Pt—Al coating, and they
expect to improve the cyclic oxidation resistance without
sacrificing the mechanical properties of the nickel-based
superalloys.

Characterization of the Microstructural Variations
of Pt—Al Coatings Used for the Nickel-based
Superalloys

Turbine blades are critical components in both aeronautical
and industrial gas turbines which are manufactured by
nickel-based superalloys due to their high performance at
elevated temperatures.

Depending on manufacturing methods, nickel-based
superalloys are divided into three types: 1- Polycrystalline
superalloys with equiaxed grains, for example, IN713LC,
IN738, B1900 and Rene®80. In this kind of superalloys,
the grain boundaries were strengthened by Carbides and
Borides. 2—Directional solidification (DS), in this type the
transversal grain boundaries have been eliminated and all
grains oriented the same. (For example, Mar-M200HTf,
PWA 1422, CM247LC and Rene 142) 3—Single crystal
(SC) superalloys, the grain boundaries have been
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completely removed from the structure of the SC superal-
loys (For example, RR2000, CMSX4, PWA 1484 and
ReneN6). The creep strength of the SC superalloy is more
than DS and polycrystalline superalloys.>

Superalloys are strengthened by different stages of heat
treatment. First is the solution heat treatment to homoge-
nize the microstructure and decrease the effects of ele-
mental segregation. The second is precipitation treatment
to develop the y’-Niz(Al, Ti) precipitates, and the last step
is aging treatment to finalize the morphology (shape and
distribution) of v’ phase and carbide reactions according to
this equation: MC + y —»MgC or M»;Ce + v’ MG
carbides are located as discrete particles along the grain
boundaries, when MC carbides are precipitated as separate
particle within the grains. In Ni-based superalloys, 7’ phase
and carbides provide the significant mechanism for
strengthening.”*’” The morphologies of y’ and carbide
phases in the nickel-based superalloy are shown in
Figure 1.

Six steps are used to form the Pt—Al coating on the surface
of the superalloys:'®*®

First Step (preparation of the substrate): grit blasting and
degreasing (cleaning by acetone and ethanol) the
specimens.

Second Step (Ni-plating): in order to active the surface of
superalloy, the applying of a nickel layer (1-2 pm) on the
surface, is required. Superalloys are promptly passivated by
the formation of surface oxide films.’® Chromium is added
to composition of nickel-based superalloy in order to
increase the hot corrosion resistance. A layer of passive
Cr,0; is formed on the surface of the superalloys by the
reaction of this element with the oxygen. To remove the
effect of passive oxide layer and improve the adhesion of
Pt layer on the surface, a layer of nickel is plated on the
surface, before Pt electroplating. Nickel can be plated on
the surface of nickel-based superalloys by different meth-
ods. Watts nickel and nickel sulfamate bathes are two
famous ways for deposition of nickel on the superalloys
surfaces. In the Watts method, NiSOy is the main source of
Ni** jons and in the nickel sulfamate method Ni
(SOsNH,), is the origin of Ni** ions.”*°!

Third Step (Pt-plating): An initial deposition of the layer of
pure Pt (typically 2pum-10um thick) is produced on the
surface of superalloy by electrodeposition, physical vapor
deposition (PVD) or fused salt electrolysis.'® For example,
it has been reported that by means of an electrolyte solution
bath containing 14-18 ml type P-salt (Pt(NHj3),(NO,),),
70-90 g.L ™' Na,COs, 40-70 g.L =" NaCH;COO and 1 L
distilled water, (at temperature of 90 °C, current density of
0204 A.dm_z,pH = 10.5 and time=360 min), the dense
platinum layer with the thickness of 6pum has been formed
on the surface of a nickel-based superalloy.*"*> Also, in
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Figure 1. SEM (Secondary Electron Detector (SE)) images of (a) Cubic y (CMSX-4)
and (b) MC and M,3;Cg carbides (Rene 80)-fully heat treated.

other literature using of Q-salt ((NHj3),Pt(HPO,)) for
electro plating has been reported.®>** For example, in Ref
63 the Pt layer with the thickness of 4—7pum has been
obtained by using of Q-bath with pH10.2-10.6, and at
temperatures of 90-95 °C (the concentration of Pt in the
bath was about 5 g L™"). The current density during Pt-
plating process was controlled to be within 2-5 mA/cm?.
Hanna® used fused salt electroplating method to apply the
Pt-layer on the surface of nickel-based superalloy IN-738
LC. In this method has been used an eutectic salt mixture
with the composition of 53 percent of sodium cyanide and
47 percent of potassium cyanide, which has a melting
temperature of about 520 °C. A deposition rate of
20-25um per hour can be achieved using this method. A
typical image of Pt layer which is formed on the surface of
the Rene®80 (a polycrystalline nickel-based superalloy) is
shown in Figure 2.

Figure 2. The SEM (back scatter electron detector (BSE))
image of the initial layer of platinum with the approxi-
mate thickness of 6um (achieved with P-salt).%®
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Forth Step (Diffusion of Pt): In order to improve the
adhesion between the substrate and Pt-layer, Pt-electro-
plated samples are given a diffusion heat treatment in
vacuum. This step is named “prior diffusion”, “pre-alu-
minizing diffusion” or “annealing treatment”.'®'%67-70 I
this case, the diffused layer is fabricated by simultaneous
inward diffusion of Pt and outward diffusion of alloying
elements from the substrate during this process.®>

Das and his colleagues®’ evaluated the effect of pre-alu-
minizing diffusion treatment on the microstructure of Pt—
Al coating. They selected two different diffusion treatment
conditions for Pt layer (8 to 10um) which was applied on
the CM-247 (Low Carbon): 1-0.5 hours at 850 °C and 2-
five hours at 1034 °C. The results of this investigation
showed that the suitable diffusion has taken place in the
second condition, i.e., five hours at 1034 °C. The thickness
of the diffusion layer, for two above methods, was mea-
sured 15um and 25um, respectively. Also, the presence of
intermetallic phase (NiPt) was found in the diffusion layer
by XRD (X-Ray Diffraction).

Increase in the thickness of Pt-layer after diffusion treat-
ment has been also reported by Barjesteh et al.>. In this
research, different thicknesses of Pt-layer (2, 4, 6 and 8pum)
were plated on the specimens and then, pre-aluminizing
diffusion was performed at 1050 °C for 2 hours. The
thickness of Pt-layer after annealing treatment was mea-
sured 12.9pum, 16.54pum, 18.2um and 22.79um, respec-
tively. These results of this evaluation showed that the final
thickness of the diffusion layer has been raised in the same
condition of the time and temperature for diffusion treat-
ment by increasing the thickness of the initial platinum
layer. From the results which have been recorded in the
Ref. 67 and Ref. 39 can be concluded that the application
of pre-aluminizing treatment on the Pt layer (with the
thickness of 8um) led to an increase in the thickness of Pt-
diffused layer (64-68%).
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Binary phase diagram of the platinum-nickel exhibited the
complete dissolution of these two elements in one another
in the solid state and as a result of their dissolution the
intermetallic phase of NiPt is formed.”' This binary dia-
gram functions as a reference for the phases formed during
Pt-diffusing on pure Ni which will be given in detail. The
presence of NiPt intermetallic phase has been detected in
the research which has been performed by Barjesteh
et al.>*%® (Figure 3).

Figure 4 shows typical microstructures of the platinum
coating after the prior diffusion treatment. The Pt diffu-
sivity appears to be a function of Pt concentration, i.e.,
increasing the thickness of initial Pt layer led to an increase
in Pt diffusion range. Zhang et al.”* calculated the Pt dif-
fusivity (m?/s) for 2h at 1175 °C for nickel-based super-
alloys. In this research they selected SX ReneN5 and DS
Renel42 as the substrates. Pt diffusivity for diluted Pt in y
and y’ phases was calculated 2.8 x 107" and1.4 x 10715,
respectively. Elements in the Ni-base superalloy substrates
did not display any significant effect on the diffused layer
microstructure. %>’

As can be observed from Figure 4, the coating morphology
consists of pores and/or particles. The black particles in the
outer portion may result from the originally grit-blasted
surface, as typically evaluated in other investigations.'>"

On the other side, several Kirkendall porosities have also
been observed in the diffusion layer in Figure 4. Differing
diffusion rates of the platinum and substrate at 1050 °C for
2 hours can generate voids in the interfacial surface. The
outward diffusion of Ni is faster than the inward diffusion
of Pt;m’”_77 therefore, Ni with the faster diffusion rate
diffuses into Pt and leaves behind voids which are not filled
by the slower diffusion of Pt. Because of the level of dif-
fusion in the interface depends on time and temperature,’®
the formation of Kirkendall voids is accelerated by

unequal diffusion fluxes between the platinum and the
substrate (nickel-based superalloy) caused by inter-diffu-
sion during coating formation.'” Tt is expected that Kirk-
endall voids will be eliminated by the completion of Pt—Al
coating process. These voids will be occupied by Al, Ni, Pt
and other elements during the aluminizing process and final
heat treatment.”?

On the other hand, as can be seen from Figure 4, Pt-dif-
fused layer consists of two phases (bright and dark). This
morphology known as ‘cauliffower’ and shows truly
interdiffusion between Pt layer and substrate occurred. The
chemical composition of this layer has been cited in dif-
ferent references. For example, the line scan EDS report for
Pt-diffused layer which has been applied on Rene®80
superalloy is as Figure 5.°° It has been cited that the per-
centage of Pt, Ti and Al in the bright phase is higher than
their contents in the dark phase, while the percentage of Cr
and Co in the dark phase is more in comparison with their
amounts in bright phase.®?

Figure 5 also shows the simultaneous inward diffusion of
Pt and outward diffusion of alloying elements from the
substrate during the annealing treatment. This phenomenon
has been reported in other literature.'>*%0

Several studies'>'**!"%°%2 have demonstrated that the pre-
aluminizing process has beneficial effect on the final
microstructure of the Pt—Al coatings. It has been reported
that by means of this process, the maximum adhesion of
the Pt-plated coating to the substrate can be achieved. In
addition, pre-aluminizing treatment improves the platinum
distribution in the surface of the substrate, and provides a
good source of Pt for the next step of coating process.

Fifth Step (Platinum-Aluminide coating): Aluminide coat-
ing can be applied to Pt-electroplated turbine blades and

vanes, in order to produce the Pt—Al coating, by a variety of
41,83-85

increased temperature and dwelling time. In the literature  techniques including pack-cementation, slurry
has been recorded that Kirkendall pores are created due to
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Figure 3. XRD peaks after pre-aluminizing treatment (at 1050 °C for 2 hours).%¢
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Figure 4. SEM/BSE image of microstructure of the Pt-electroplating (a) after
prealuminizing treatment at 1050 °C for 2 h (substrate: Rene®80, initial Pt layer:
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Figure 5. Concentration profile (line scan EDS) of major
alloying elements in the Pt-diffused layer. (Substrate:
Rene®80, thickness of Pt: 6um and prealuminizing
treatment: at 1050 °C for 2 hours).%¢
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Depending on the concentration of Al and Pt on the surface
of nickel-based superalloys, different types of intermetallic
phases such as &-PtAl,, B-(Ni, Pt) Al, o- NiyAl;, PtAl,
Pt;Al, PAl;, PtsAls, PLAIP® can be produced in the
structure of coating system. In the literature it has been
reported that when the amount of Pt is about 30-35 at. %,
the maximum solution of Pt in the B-NiAl takes place at
1100 °C."® Altering the thickness of the initial Pt layer
leads to changing in the Pt percentage in the coating. In the
high concentration of Pt on the surface, the probability of
PtAl, phase creation is extremely high. Therefore, it can be
concluded that increase in the thickness of Pt leads to an
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and (b) after prealuminizing treatment at 1052 °C for 1h (substrate: MarM-

increase in the probability of PtAl, formation. Also, the
content of Pt in the coating can be controlled by the pre-
aluminizing treatment.'®

On the other side, Al amount in the coating can be changed
by the selection of aluminizing method. Three major
methods of aluminizing process are identified: (1) the pack
or slurry, (2) above the pack, and (3) chemical vapor
deposition (CVD) (closed or open 1ret01rt).78’90 In the pack
procedure, the part is surrounded by pack mix in a heated
retort and the pack produce the halide vapors. On the other
hand, in the above-the-pack method, the part which is
selected to coat is located in a retort with the option of
flowing inert gas, therefore the parts are not in contact with
the pack powder. The halide vapors are efficaciously
plumbed on to the both internal and external surfaces of the
part. In the CVD method, the halide vapors are produced
by separate generators which are located external of the
reactor. The vapors are plumbed on to the part which is
held inside a reactor in a heated retort.”°

Based on the activity of Al in the gas phase and the
selected temperature for aluminizing process, two different
methods are described for aluminizing. The high temper-
ature low activity (HTLA) procedure is a ‘“one-step”
method, in which Ni diffuses outwardly and B—(Ni, Pt)Al is
formed directly. For instance, the mechanism of coatings
which are produce by MDC150L or Howmet 150 L process
is outward growth.”® On the other side, in the low tem-
perature high activity (LTHA) process, Al diffuses from
the surface to the substrate inwardly. This type of pack
cycle is known as the RT22 coating.”®”' According to the
formation mechanism of this method, at first 5- Ni,Alj is
formed as the coating. The subsequent heat treatment is
necessary to convert d-phase to -phase. In the literature,
8- Ni,Als is known as the brittle phase which has lower
mechanical property than p phase.*
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HTLA is usually carried out at 1050-1150° C for 24
hours, while LTHA is performed at 750-800 °C for 4-5
hours, and after that post-aluminizing at 1050-1150 °C for
2-4h.3>420578 1y case of Pt—Al coatings, it has been doc-
umented in the literature that the diffusivities of Al or Ni in
B or & phases have not been affected by the presence of
Pt.!% Also, in the references demonstrated that the thickness
of inter-diffusion zone (IDZ) which is created by HTLA
procedure is thicker than LTHA method. It should be noted
that IDZ layer is a place for concentration of heavy tran-
sition elements such as tungsten, titanium, chromium,
molybdenum, and cobalt.**"3

Three main microstructures for Pt—Al coatings have been
reported in the literature depends on thickness of initial Pt,
prealuminizing process and the type of aluminizing pro-
cedure as follows: 1-single phased (B—(Ni, Pt) Al) structure
2-bi-phased (&-Pt-Al,+ B—(Ni, Pt) Al) structure (inter-
metallic PtAl, phase dispersed in a matrix f—(Ni,Pt)Al) and
3- bi-phased structure with a continuous PtAl, layer.

One-phase layer

Substrate

* « Substrate

The typical microstructures of Pt—Al coatings (three main
microstructures) which are applied on the different nickel-
based superalloys have been shown in Figure 6.

The structure of single phased coating (Figure 6a) consists
of two layers (B+IDZ), while bi phased coating (Figure 6b)
has been made from three layers (§+B+IDZ). Third
structure which has been shown in Figure 6¢ consists of
four layers (E+B+IDZ+ continuous PtAl,).

The correlation between initial Pt thickness and the
microstructure of final Pt—Al coating, produced using a
single-step high-activity aluminizing process, has been
reported by Krishna et al.'” The results of this research
revealed that in the case of 1um thickness of Pt, this ele-
ment remains in the solid solution of NiAl (single phase),
while a Pt with thickness of 15pum creates a continuous
layer of PtAl, on the top of the bi phase layer. Also, they
did not find any differences between microstructure of Pt—
Al coatings when the thickness of Pt lies in the range of

Substrate

“Zeum 8024 B2/AFR/GS

Figure 6. SEM images of typical microstructures of Pt-Al coatings (a) single phased
structure (substrate: CM-247LC, initial Pt layer: 2um) °° (b) bi-phased structure
(substrate: Rene®80, initial Pt layer: 6um, aluminizing method: LTHA (6 umPt/
LTHA)) “*#¢ and (c) bi-phased structure with a continuous PtAl, layer (substrate:

MarM-247, initial Pt layer: 7um).%®
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Figure 7. Composition profile (line scan EDS) of Pt, Al, Ni and refractory elements in
the typically Pt-Al coating (substrate: Rene®80, (6umPt/ LTHA)).°

2.5um and 10pm. In all of cases (2.5-10um) bi phased
coatings are produced.

Figure 7 depicts the variations of the concentration of
nickel, platinum, aluminum and refractory elements, such
as W, Mo, Co, and Cr in the perpendicular direction of the
typically Pt—Al coating (substrate: Rene®80, initial Pt
layer: 6um, pre-aluminizing: for 2h at 1050 °C and LTHA
aluminizing process).*®

The presence of (Ni, Pt) Al and PtAl, in the microstructure
of single phase and bi phased of Pt—Al coatings has also
been confirmed by XRD technique and reported in the
literature, ' >'3-3974

It is well known that coatings are not in thermodynamic
equilibrium with the substrate alloys as a whole. At ele-
vated temperatures, the difference between the chemical
compositions of the coatings and the substrates furnishes
the driving force for inter-diffusion of different elements.”®
It has been also stated that the alloying elements play a
significant role in obtaining a single or a bi-phase struc-
ture.'? Migration of Al and Pt inward toward the substrate
and outward diffusion of Ni and refractory elements
especially Cr from the alloy to the Pt—Al coating, at
1050 °C, as evident from Figure 7.

Several advantages as better compatibility, improved
metallurgical stability and higher creep strength are
reported for bi-phase microstructure of Pt—Al coating.’” It
has been reported by Das'® that the bi phase (B+&)
microstructure of the Pt—Al coating (Figure 6b) can tolerate
much more strain in comparison with other microstructures
and also, has a good cyclic heating/cooling endurance and
provide a suitable oxidation protection. Pedraza et al.'?
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reported higher Pt surface concentrations, lower tempera-
tures and shorter aluminizing treatments all play a key role
in the forming of bi-phase microstructure of Pt—Al coating.

The Effect of Pt—Al Coatings on the Oxidation
Resistance of Nickel-based Superalloys

Effect of Initial Platinum Thickness on Oxidation
Behavior

In general, during the service, the surface of bare nickel-
based superalloys reacts with oxygen, which is the basic
environmental parameter affecting designed life of parts.
Also, in the superalloys, the increase in temperature leads
to an increase in oxidation rate progressively.

There are many references in the published literature, in
which the enhancement of oxidation resistance of super-
alloys by Pt—Al coatings in comparison with bare and plain

aluminide-coated superalloys have been
reported, 3+17:18:25:40.65.86.92.93

In the research which has been performed by Barjesteh
et al.*” has been reported that after 120 cycles of oxidation
at 1100 °C, TiO,, Al,O3, and spinel Ni (Cr,O,4) have been
formed on the surface of bare Rene®80 (Figure8a). Ni
(Cr,04) is produced by the reaction between NiO and
Cr,0;. The formation of this spinel shows that uncoated
Rene®80 has no perfect resistance against cyclic oxidation
at 1100 °C. It is well known that the presence of refractory
elements such as Cr and Ti in the coating composition
decreases the oxidation resistance. Also, the out-ward dif-
fusion of Al, Ti and Cr from substrate toward coating, leads
to the decrease in the strength of the superalloy.‘“’94

International Journal of Metalcasting/Volume 17, Issue 4, 2023
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Figure 8. XRD patterns of (a) oxide scale of uncoated Rene®80 after 120 cycles “° and (b) Pt-Al-
coated nickel-based superalloy after different cycles. Both tests were performed at 1100 °C."®

Yang et al.'® also showed that after 200 cycles of oxidation
at 1100 °C of a plain aluminide coated nickel-based
superalloy, Al,O3 and NiAl,O,4 spinel were formed on the
surface. While, at this condition and after 500 cycles, only
Al,O3 was formed on the surface of this superalloy which
was coated by Pt—Al. (Figure 8b). The formation of only
Al,O3 on the surface of Pt—Al-coated nickel-based super-
alloys after several hundreds of cycles of oxidation
depending on the temperature of exposure has been
reported by others.'>!'%***> Tawancy et al.”® demonstrated
that the presence of Pt in the composition of B-NiAl pro-
motes formation of pure Al,Oj3 scale and decreases scale
growth rate. This element also increases the Al,O5 scale
adherence.”’ It is also documented in the literature that the
presence of Pt confidently affects on the re-formation of
A1,05 scale after spalling of the oxide layer.”* However,
no formation of the other oxides and spinel shows that the
oxidation resistance of Pt—Al coatings is higher than plain
aluminide coatings.

However, Krishna et al. demonstrated that the oxidation
resistance of nickel-based superalloys can be improved by
applying the Pt—Al coatings on their surfaces, when the
minimum content of Pt (a 6pm thick initial Pt layer) in the
coating has been provided.'’

As mentioned before, PtAl, phase plays a significant role
for creation of suitable reservoir source of Al at high
temperature,*’ the initial thickness layer of Pt below of
6pum mainly does not enable to provide enough reservoir
source of Al in the outer portion of the coating. In this
condition, the percentage of Pt in Pt—Al coating is not
enough to resist local spallation caused by micro-voids.
Therefore, the excited aluminum in the coating will be
rapidly used during oxidation and the next oxide scales will
be produced by the outward diffusion of Al content from

International Journal of Metalcasting/Volume 17, Issue 4, 2023

the substrate. This phenomenon will be repeated and cause
weight loss of the base alloy.

On the other hand, the increase in Pt initial layer thickness
from 6pm to 15um leads to a decline in oxidation resis-
tance of nickel-based superalloys. The similar results have
also been reported by other researchers.'®*°

Two main reasons are behind of this finding. One of them
is an increase in the thickness of the final coating by
increasing the initial platinum thickness, and another one is
decreasing in the elastic modulus of the coating by
increasing the initial platinum thickness. As a result, an
increase in the thickness of the final coating (Pt—Al) leads
to a decline in elastic modules of the coating.

During hot cyclic oxidation condition, because of the dif-
ference between the thermal expansion coefficients of the
substrate, Pt—Al coating and Al,O5 oxide layer, the coated
sample will sustain tensile stress during the heating pro-
cess, while it will tolerate compressive stress when it is
cooled down. Therefore, due to the low elastic modulus,
thick coated sample will show less resistance to deforma-
tion and will damage and rumple from the surface more
quickly.*® Yang et al.'® also demonstrated that increasing
the thickness of initial Pt plating in the Pt—Al coating, lead
to a decline in the values of hardness and Young’s mod-
ulus. Hence, the thick coating has the softer feature and can
be deformed easily and so its degree of rumpling is severer.
According to the results which are published in the litera-
ture, it seems that the initial platinum thickness between 5
and 6pum shows the best cyclic oxidation resistance.'’-'®

These explanations exhibit that the initial platinum thick-

ness plays a great influence on the rumpling behavior of
Pt—Al coating during cyclic oxidation.
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The relationship between Pt initial layer thickness and
oxidation resistance is shown in Figure 9. As evident from
this figure, the coating corresponding to 6pum Pt (initial
thickness) shows the optimum resistance to oxidation.

Effect of Pt—Al Coating Microstructure
on Oxidation Behavior

The effect of Pt—Al coating microstructure on the oxidation
behavior of the nickel-based superalloys has been evalu-
ated in the literature.**"?

In the research which has been performed by Tawancy,”
two types of Pt—Al coating named RT22LT (inward dif-
fusion of Al- aluminized by the pack cementation method)
and Howmet 150 L (outward diffusion of Ni- aluminized
by the CVD method) have been applied on the MAR
MO002DS (nickel-based superalloy). Note that in this case,
the initial thickness of 7pum of platinum is considered. By
applying of Howmet 150 L and RT22LT procedures on the
surface of MAR MO002DS, single-phased and bi-phase
microstructure of Pt—Al coating have been obtained,
respectively. The results of this evaluation showed that the
thermal stability characteristics of the single-phased
microstructure were better than bi-phased microstructure,
and therefore as a result the cyclic oxidation resistance of
single-phased microstructure was higher than bi-phased
microstructure at 1150 °C.

Tawancy’” concluded that the thicker IDZ of Howmet 150
L coating plays an important role in the reduction of dif-
fusion rate of substrate elements into the coating, therefore,
as a result, this coating shows higher thermal stability than
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coating which applied on the surface by RT22LT
procedure.

In this research, author also demonstrated that the thermal
stability of the two coatings depends on Pt concentration
across the coatings during the cyclic oxidation test. Fig-
ure 10a shows the fast inward diffusion of Pt from coating
into the substrate in the RT22LT coating after 48 and 120h
at 1150 °C while the coating which has been applied on the
surface by Howmet 150 L process shows uniform distri-
bution of Pt with little rate of inward diffusion at 1150 °C
even after 120h (Figure 10b).

As a result, the oxide on RT22LT coating grows at a faster
rate in comparison with that on Howmet 150 L. Littner
et al.*> demonstrated that the cyclic oxidation behavior of
coated nickel-based superalloys has been affected signifi-
cantly by Pt concentration in the coating more than coat-
ing’s microstructure. Cyclic oxidation behavior of PWA
1484 which was coated by bi and single phased Pt—Al
coatings, at 1150 °C, has been evaluated in this research.

The results of mentioned evaluation showed that the Pt-
concentration is higher in the vicinity of bi-phased coating
surface, than the percentage of Pt close to the single-phase
coating surface. On the contrary, the high amount of Pt was
detected in the middle thickness of single-phased coating in
comparison with the percentage of this precious element in
the same area of bi-phased coating. In the single-phased
coating, the Pt-content showed a tenuous reduction within
the IDZ before abruptly dropping down to zero at the
coating substrate interface. According to the result of this
research, both of the coatings (single and bi-phased) can be
improved the hot cyclic oxidation resistance of superalloys,
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(b) coatings at 1150 °C and different exposure times.%*

similar to each other, if the average percentage of Pt within
the coating surpasses a minimum value of around 3 at.%.
Shirvani et al."” also demonstrated that the presence of low
percentage of Pt element (2.5 at.%) in the composition of
NiAl structure is enough to retain the cyclic oxidation
resistance of the system (coating + substrate).

Microstructure characterization of bi-phased Pt—Al coating
(&-PtAl, 4+ B-(Ni, Pt)Al) showed that after only a few
cycles of oxidation (50 cycles), two-phase layer was con-
verted into B-(Ni, Pt) Al single-phase layer (§ + B — P).

This phenomenon has been observed and reported by
others, 12:40:79.85.86

The conversion of bi-phased structure to single-phase has
been ascribed to the inter-diffusion between Ni (outward
diffusion from the substrate) and Pt (inward diffusion
toward the substrate). According to the thermodynamic
rules, bi-phased layer which is rich of Ni, favors the
retention of only B-(Ni,Pt)Al with the Pt in solid solution.”
With the increasing of cyclic oxidation number, B itself
subsequently transforms to y’-Ni3zAl phase. This type of
phase transformation has been reported in both outward
(HTLA) and inward (LTHA) methods of alienization.'®"°
On the other hand, it has been documented in the literature
that the presence of refractory elements such as Cr, Co, W,
Ti, and Mo in the structure of B phase play a significant
role in the stability of this phase. Although, Ti, Mo and W
plays a destabilizing role in the structure of B phase, Cr and
Co has a stabilize effect.'®

Figure 11 shows the XRD results of bi-phased Pt—Al-
coated Rene®80 after 120 cycles of oxidation at 1100 °C.
This result confirms that the bi-phased Pt—Al coating has
been replaced by single phase platinum modified - (Ni, Pt)
Al. As can be also seen from SEM image (inset in Fig-
ure 11), after thermal cycles the bi-phased structure has
been disappeared.
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Mechanical Properties of Pt—Al-Coated
Nickel-based Superalloys

There are a few systematic investigations on the influence
of Pt—Al coatings on the mechanical properties of nickel-
based superalloys. On the other side, published literature in
terms of mechanical properties of coated superalloys has
reported various results.

In this section, author tried to collect all of the researches
which have been performed on this subject and compare
their results.

Tensile Properties (Monotonic Stress-Strain
Behavior)

Several factors such as ductile-to-brittle transition tem-
perature (DBTT), the thickness of initial Pt layer, the
method of “aluminizing”, chemical composition of coat-
ing/substrate, stoichiometric state of coatings (hyper or
hypo) and residual stresses can have a significant impact on
the mechanical properties of the coated nickel-based
superalloys. 374!

In the research which has been done by Parlikar et al.,> the
influence of a bi-phased PtAl coating feature (thickness and
stoichiometry) on the tensile properties (yield strength
(YS), ultimate tensile strength (UTS) and ductility (%
plastic strain to fracture) of DS CM-247LC nickel-based
superalloy was evaluated in the temperature range between
room temperature to 1000 °C. The results of this study
showed that the tensile properties (YS, UTS and ductility)
of coated superalloy are most significantly affected by
DBTT. The DBTT is the temperature at which the slope of
the strain-temperature graph alters significantly.”® Pt-Al
diffusion coatings indicate low ductility below DBTT,
whereas above that temperature ductility rapidly increases.
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Figure 11. The results of XRD analysis for bi-phased Pt-Al-coated Rene®80 (6umPt/
LTHA), after 120 cycles of oxidation at 1100° C.*’

The DBTT is affected by the coating process (thickness of
initial Pt layer, post-Pt diffusion and aluminizing process),
phase distribution, coating/substrate composition, heat
treatment history, and microstructure of the coatings.”

Alam et al.?®>? stated that there is a relationship between
thickness of initial Pt-layer and DBTT as follows:

Tperr = 698 + 10 tp Eqn. 1

Where Tpprr stands for DBTT (°C) of the coating and tp,
replaced for thickness of initial plating layer. They
concluded that phases which are formed in the Pt—Al
coatings such as (Ni, Pt) Al and PtAl, create an obstacle
against dislocation movement, also solute atoms play a
significant role in the pinning of dislocations. Therefore,
impediments to dislocation motion can be potential reason
causing increase in the BDTT of Pt-Al coating with
alloying addition.”® An increase in the Pt content led to an
increase in the PtAl, phase concentration in the
microstructure of Pt—Al coating and therefore the DBTT
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will be increased. As is evident from Figure 12a, diffusion
coatings (Al and Pt—Al) which are applied on the surface of
nickel-based superalloys lead to an increase in the DBTT.
On the other hand, Figure 12b also shows that the DBTT
increased significantly with the increase in Pt content of the
coating.

For more data generation in the effect of DBTT on the
tensile properties of coated nickel-based superalloys fields,
the tensile properties of Rene®80 in the coated and
uncoated condition and at different temperatures have been
evaluated by Barjesteh et al.*'™ in the systematic studies.
The results of these studies are summarized in Table 1.

As is shown in this table, by increasing the testing tem-
perature from 800 °C to 982 °C, in both uncoated and
coated specimens, UTS and YS have been sharply
decreased while ductility (elongation (E1%) and reduction
of area (RA%)) of uncoated and coated specimen
increased. Increasing the temperature from 800 °C to
982 °C led to the reduction in the UTS and YS of the bare

BDTT (°C)
~
&
T W W T

s

T T T T
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Figure 12. Al and Pt-Al coatings: (a) variation of ductility with temperature (different thickness of
initial Pt layer) (b) variation of DBTT with initial thickness of Pt layer.>?
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Table 1. Results of Tensile Test on Coated (6umPt/

LTHA) and Uncoated Rene®80 at Different
Temperatures*?#3-45.95
Tensile Properties UTS (MPa) YS (MPa) EI% RA%
AMS 5403 (min) (T= 620 415 - 15
871 °C)%°

800 °C**  Uncoated 828 7425 65 115
Coated 787.5 701 55 105

871 °C*'  Uncoated 706 595 9 16.5
Coated 655 550 7 16

930 °C* Uncoated 517.5 345 102 17.5
Coated 490 320 115 19

982 °C**  Uncoated 355 265 12 20
Coated 345 245 125 26

and coated Rene®80 about 56-57% and 64-65%, respec-
tively. According to the results which are inserted in the
Table 1, the tensile properties gap between uncoated and
coated specimens gets smaller with increasing the tem-
perature. For example, the difference between UTS of bare
and coated Rene®80 at 800 °C is 40.5 MPa, while this
difference is only 10MPa at 982 °C.

As stated in the literature*>”° the application of Al-coatings
on the nickel-based superalloys has no effect on the sub-
strate microstructure. Therefore, the variations in the ten-
sile properties of the coated superalloys are because of the
effect of applied coatings. As mentioned previously, DBTT
plays an effective role in the coating behavior fracture. In
the literature, the DBTT of plane Al-coating applied on the
Rene®80 superalloy has been reported about 900 °C.°° On
the other hand, Alam et al.’ 1, reported that the DBTT of the
Pt—Al coating is nearly 100 °C higher than that of its
simple aluminide counterpart. According these investiga-
tions, it can be concluded that Pt—Al coatings show more
ductile behavior at high temperature (near to 1000 °C-
Table 1).

As evident in Table 1, increasing the testing temperature
from 800 °C to 982 °C led to an increase in the elongation
and reduction of area of coated Rene®80 around 7% and
15.5%, respectively.

Large cleavage area (brittle fracture morphology) which is
seen in Figure 13a and ¢** and large dimples (ductile
fracture morphology) which is observed in the Figure 13b
and d* exhibit the reason of variation in ductility
(%El+%R.A) of Pt—Al-coated Rene®80 at different tem-
peratures. Parlikar et al.*> also reported a combination of
cleavage facets and dimples in the fracture surface of Pt—
Al-coated DS CM-247LC superalloy. In the results of this
study has been reported that with enhancement in test
temperature, abundant dimple formation taken place.
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The results which are inserted in Table 1 also show that the
strength and ductility of the substrate superalloy decreased
with the application of the Pt—Al coatings at various tem-
peratures. Different fracture stress between the Pt—Al
coatings and substrate strengths causes the creation of
some micro-cracks on the coating during the applying of
tensile load. However, it is known that the inward propa-
gation of these micro-cracks reduces the load bearing
cross-section area of the substrate and cause a decrease in
the strength of the substrate alloy especially at lower
temperature.*’

As alluded to earlier, in addition to DBTT, such factors as
the thickness of initial Pt layer and the method of alu-
minizing have a key role on the mechanical properties of
the coated superalloys. Increase in thickness of the Pt—Al
coating leads to a decrease in tensile properties of the
substrate alloy.” The increase in the thickness of initial Pt
layer leads to an increase in the thickness of Pt—Al coating
and subsequently results a reduction in tensile properties of
coated alloys. Comparison of cracks which are formed in
the thick coatings with cracks which are created in thin
coatings showed that the length of cracks in the thick
coatings is more than the cracks length in the thin coatings.
Therefore, longer cracks tolerate greater stress field at their
tip and perforate to larger depths than that of the shorter
cracks in thin coating.*>**!

On the other side, the increasing of Al content in the
composition of Pt—Al coatings by changing the aluminizing
process from HTLA to LTHA causes the variation in sto-
ichiometry of the (Ni, Pt) Al phase.”*"

In the literature have been reported that in HTLA method,
(Ni, Pt) Al phase is hypo-stoichiometric (Ni-rich), while
this phase in LTHA process is hyper-stoichiometric (Al-
rich). The hardness (Figure 14) and strength properties of
Pt—Al coatings which are manufactured by LTHA method
is more than the coatings which are applied on the surface
by HTLA method.*" This is related to the nature of defects
(vacancy or substitutional defects) which exist in the
structure of hyper/hypo stoichiometric Pt—Al coatings.
Therefore, it can be expected that nickel-based superalloy
which is coated by LTHA method shows higher tensile
strength than HTLA ones. In the study which have been
performed by Barjesteh et al.*!, the magnitude of UTS and
YS of Pt—Al (6umPt/ LTHA)-coated Rene®80 at 871 °C is
reported 655 MPa and 550 MPa, respectively, while these
quantities for 6umPt/ HTLA-Coated Rene®80 at the same
temperature are reported 558 MPa and 525 MPa.

The results of mentioned research*' showed that although
the ductility property of the coated Rene®80 did not change
significantly from 2pm to 6pum thickness of initial Pt-layer,
this property decreased when the initial Pt layer with the
thickness of 8um was applied on the surface of this
superalloy. As mentioned previously, Krishna et al.'” have
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Figure 14. Hardness profile across the thickness of
coatings for two aluminizing methods of HTLA and LTHA
(initial Pt layer: 6um).*!

reported that the resistance of superalloys against cyclic

oxidation will be improved by Pt-coatings, when the initial
platinum layer thickness was at least 6um. On the other
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hand, Barjesteh et al.*' have reported that the tensile
properties of a coated nickel-based superalloy (6pmPt/
LTHA) did not significantly reduce below the standard
tensile characteristics of the uncoated alloy. According the
results of these studies,'”*! it could be concluded that 6um
thickness of initial Pt-layer and LTHA method of alu-
minizing will supply the best resistance for oxidation while
kipping the tensile properties of superalloys (especially
ductility).

The effect of prior cyclic oxidation on the tensile properties
of nickel-based superalloy, also has been investigated by
researches.””*> The results of these studies showed that the
Pt—Al coatings have a beneficial effect on the prevention of
surface degradation of the superalloy during high temper-
ature oxidation. Therefore, exposed Pt—Al-coated superal-
loys exhibited better tensile properties (especially ductility)
in comparison with exposed bare superalloys. In bare
superalloys during oxidation at elevated temperatures, Al
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which exists in the composition of y’-Nis(Al, Ti) diffuses
from the substrate toward the surface to form the Al,O3
scale. As a result, near the surface will be depleted from the
v’ (weakening the surface) and therefore a suitable site for
crack initiation and propagation will be created. On the
contrary, in the coated superalloys, Pt—Al coatings play a
role as Al source and therefore the Al which exits in the
composition of superalloys won’t be consumed, during
oxidation at elevated temperatures.

Creep Properties of Pt—Al-Coated Nickel-based
Superalloys

At high-temperature applications (T > Tm, where Tm is
the melting temperature of the superalloy), a time-depen-
dent, inelastic deformation known as creep is very impor-
tant for designers and should be regarded.'**7

Despite several research works on creep property of dif-
fusion plane aluminide-coated superalloys, the effect of Pt—
Al coatings on creep behavior of substrate superalloys has
not been evaluated in a systematic form.

The effect of Pt—Al coating (Sum Pt/LTHA) on the creep
behavior of a first-generation nickel base single crystal
superalloy has been studied by Parlikar et al.*®. The results
of this research in the form of creep curves for uncoated
and Pt-Al-coated samples are exhibited in Figure 15a. As
shown in this figure, the presence of Pt—Al coat on the
surface of teste alloy led to a definite level of deterioration
in the creep property of the alloy. Also, the reduction in the
resistance to creep rupture of Rene®80 (a polycrystalline
nickel-based superalloy), after applying the Pt—Al coating
(6um Pt/LTHA and HTLA), has been reported by Bar-
jesteh et al. (Figure 15b).*® The reasons of this degradation
can be explained as follows: 1- Pt—Al coatings are weaker
than the superalloys 2- the degradation of the coating and
coating/substrate interface during creep test (diffusion of
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elements, TCP formation and ...) 3- Pt-Al coating
encouraged surface cracks (these surface cracks decreased
the load bearing cross-section) 4- Pt—Al coating increases
DBTT and 5- the quantity of residual stresses in the
coating.>>3646

In addition, coating stoichiometric constitution (Al-rich or
Ni-rich) play an effective role in the creep property
impairment of the nickel-based superalloys. As is evident
from Figure 15b, specimen which was coated by 6um Pt/
HTLA showed the lowest resistance to creep rupture.

The coating parameters such as the chemical composition
of coating, residual stresses and regime of elemental dif-
fusion in the coating/substrate region can be affected by
aluminizing methods (HTLA or LTHA). Therefore, the
creep behavior of the HTLA-coated nickel-based superal-
loys will be different from the LTHA coated. It is men-
tioned in the literature*'** that the magnitude of the tensile
residual stress in the Pt—Al coatings which are manufac-
tured by LTHA aluminizing method is lower than Pt—Al
coatings which are formed by HTLA aluminizing packs.
During the creep tests at elevated temperatures because of
big amount of tensile stress in the HTLA coating, the
cracks revel in this coating sooner than Pt—Al coating
which is produced by LTHA aluminizing method. As a
result, these coating cracks reduce the load bearing cross-
section of substrate and therefore the specimen will be
yielded in shorter time.

Service temperature of the coated nickel-based superalloy
has an important impact on the mechanical properties. As
stated in the previous section (4.1), Pt—Al coating show a
brittle behavior below the DBTT. Although, several cracks
have been detected across the Pt—Al coating at 760 °C
during the creep test, no cracks have been created in the Pt—
Al coating at 982 °C (Figure 16).“° No detection of any
cracks in the Pt—Al coating area exhibits that the coating
was ductile enough at 982 °C to resist cracking up to
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Figure 15. Creep curves for bare and coated alloy (a) a single crystal nickel-based superalloy at
1100 °C/90 MPa 3¢ and (b) a polycrystalline nickel-based superalloy (Rene 80) at 982 °C/190 MPa.*°
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Figure 16. Backscattered SEM images of Pt-Al-coated Rene®80 (6um Pt/LTHA) after
creep rupture test at (a) 760 °C/657 MPa (b) 982 °C/190 MPa.*®

fracture. It shows that this temperature is well above the
DBTT.

Low Cycle Fatigue Properties of Pt—Al-Coated
Nickel-based Superalloys

Since low cycle fatigue (LCF) cracks initiate and propagate
mainly at the surface of the rotary parts, the surface
treatment such as coating plays a significant role in the
fatigue life. The LCF life of coated superalloy relates to the
surface condition (scratches, notches), flaws in the coating
micro-structure, presence of TCP phases in the IDZ region
and coating thickness.® On the other side, DBTT has also a
significant effect on the LCF behavior of the coated nickel-
based superalloy. In the systematic studies which have
been done by Barjesteh et al. has been reported that the
application of bi-phased Pt—Al coating (6umPt/ LTHA), on
the Rene®80 alloy, showed a decrease in the LCF life at
800 °C and 871 °C.**** On the contrary, Pt—Al coating
(6pmPt/ LTHA) showed a positive effect on the LCF
strength of this superalloy at 930 °C and 982 °C.***

Figure 17a and b shows the stress—strain hysteresis loops of
Rene®80 Pt—Al coated and uncoated specimens, at the first
cycle, for Ae=0.8% at different temperatures,***
respectively.

As seen from Figurel7, the coated specimen at 800 °C (at
the first cycle) has tolerated the maximum stress range (Ac
= Omax —Omin)- Lhis amount is almost equal to 1447 MPa.
Also, the minimum stress range belongs to the coated
specimen which has been tested at 982 °C. The value of
this stress has been reported 729 MPa. The number of LCF
cycles which were tolerated by the coated (6um Pt/LTHA)
and uncoated Rene®80 samples under Ag= 0.8% and at
different temperatures is shown in Figure 18. It should be
mentioned that these data are collected from several studies
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which are performed by Barjesteh et al.**~** and for better

comparison are summarized, in column chart, in this
review article.

As is evident from Figure 18, the fatigue life of bare/coated
Rene®80 decreases as temperature increases. At high
temperature condition, oxidation phenomenon plays a
significant role in the reduction of LCF life of bare speci-
mens. During the high temperature LCF test, aluminum
diffuses from base to surface of superalloy for creation of
Al,Os5. This layer is brittle and a suitable site for crack
nucleation. This brittle oxide layer is broken during the
LCF test and therefore, new substrate is exposed to envi-
ronment and more oxidation. This phenomenon leads to a
faster crack growth rate and lowered fatigue life. On the
other hand, when aluminum diffuses from base to surface,
the base alloy will be depleted of vy'(Niz(ALTi))
(strengthening phase) vicinity the surface. Thus, this
depleted zone will form a good location for crack initiation.
By the nucleation of cracks, cross section of load bearing
will be smaller and therefore the strength of the specimen
will be decreased.**

It is reported in the literature'*'" that the presence of Pt—
Al on the surface of superalloys plays an important role to
prevent an oxidation damage of the substrate alloy at high
temperatures.

In Pt—Al-coated specimens, the presence of coating at
800 °C and 871 °C reduces the fatigue life of superalloy,
but in the temperature of 930 °C and 982 °C fatigue life-
time of the coated specimens is more than that of uncoated
specimens at the total strain of 0.8%. In the other words, by
increasing the testing temperature from 800 °C to 982 °C,
LCEF life of coated sample has been improved as compared
to the uncoated one. It seems that, by increasing the testing
temperature, the more consistency between Pt—Al coating
and the substrate (superalloy) is created. Higher ductility of
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Figure 18. The number of LCF cycles under A¢= 0.8%
and R = 0 at different temperatures (bare and coated
(6um Pt/LTHA) Rene®80).

Pt—Al-coated specimens as compared to uncoated one, at
930 °C and 982 °C, has been reported in the refer-
ences,** while ductility of Pt—Al-coated specimen was
reported lower than bare specimen at 800 °C and
871 °C.**** Ductility has a large influence on the fatigue

strength of superalloys.

Parlikar et al.*® studied the tensile properties of Pt—Al (Spum
Pt/LTHA)-coated CM-247 LC. In the results of this
investigation has been reported that Pt—Al (with the
thickness of 90um)-coated CM-247 LC showed better
ductility as compared to the uncoated one at 1000 °C. In
the other words the application of Pt—Al coated with the
optimum specification (microstructure, thickness and ...)
on the surface of nickel-based superalloy can improve the
ductility property of the specimens at elevated
temperatures.

At the temperature below DBTT, Pt—Al coating shows a
brittle fracture behavior and cannot tolerate the deforma-
tion at high stress/strain. In this condition, cracks that form
in the coating during service act as stress raisers on the
substrate superalloy, hence reducing the fatigue life.”®
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Figure 19 shows the surface of coated Rene®80 after LCF
fracture at different temperatures of 800 °C, 871 °C,
930 °C and 982 °C.

As evident from Figure 19, at 800 °C and 871 °C (Fig-
urel19a and b), the cracks nucleated from the coatings and
grew in the perpendicular path to the direction of applied
stress within the coatings. Although, the crack entered the
substrate once passed through IDZ region at 800 °C, no
penetration of cracks to the substrate has been detected at
871 °C. On the other side, at 930 °C and 982 °C (Fig-
urel9c and d), no cracking in the coatings of specimens,
was determined. The absence of any coating cracks reveal
that the Pt—Al coating (6pum Pt/ LTHA) was ductile enough
at the LCF test temperatures of 930 °C and 982 °C to
withstand cracking up to fracture. In this case, the internal
defects of substrates play an important role in the crack
nucleation and propagation during the LCF testing.**™*

It is mentioned in the literature that in the Pt—Al coatings,
(Ni, Pt) Al phase is so brittle at lower temperature and
become progressively ductile when subjected above the
DBTT.” On the other hand, in the working regime of a
turbine engine, in the turbine (hot) section, oxidation play
an effective role in the initiation and propagation of fatigue
cracks on the surface of rotary parts. However, Pt—Al
coatings which are applied on the surface of blades provide
a rich source of Al and therefore, the surface of alloy is
protected from the outward diffusion of Al to formation of
Al,O3, at elevated temperatures. For this reason, depleted
zones from 7y’ phase as a result of oxidation by high tem-
perature LCF testing, did not appear near the surface. As y’
phase is main strengthening precipitates of nickel-base
superalloys, its diminution leads to surface failing and by
cyclic stress, crack nucleated and propagated.*> However,
it seems that at elevated temperature besides DBTT effect,
the positive influence of Pt—Al coating on the oxidation
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Figure 19. SEM longitudinal sectional view of the Pt-Al specimens (6um Pt/LTH-
Rene®80) after LCF test at different temperatures (As; = 0.8%, R=0) (a) 800 °C
(b) 871 °C (c) 932 °C and (d) 982 °C.***

Table 2. Main Results of Review on the Pt-Al Coatings Studies

Field of investigation Result References

Microstructure of Pt-Al 13-15, 17, 50, 62—-64, 67-70, 76, 77, 79-81
coatings

The effect of Pt—Al coating on

Single phased, bi phased, bi-phased
structure with a continuous PtAl, layer

Improve the cyclic oxidation resistance 10, 16, 18-25, 40, 65, 73, 79, 85-87, 90, 92-94

the cyclic oxidation

The effect of Pt—Al coating on

the Mechanical properties reduction)

Depends on DBTT (Improvement or

26-52, 78, 96, 97

resistance of nickel-based superalloys has an important role
in the improvement of LCF life.

The outcomes of this review article show that a minimum
percentage of Pt (approximately 6mm thickness of the
initial Pt layer) in the Pt—Aluminide coating is necessary in
order to reveal its beneficial effect on the enhancement of
oxidation resistance of the nickel-based superalloys.'” On
the other hand, selected aluminizing methods (HTLA or

3098

LTHA) play an effective role in the oxidation resistance of
the coated nickel-based superalloys. In a recent review has
been reported that the Pt—Al coating which was produced
by LTHA method (outward type) shows better oxidation
resistance than the coating which was manufactured by
HTLA method (inward type).*” Also, the results of
reviewed investigations showed that Pt—Al coating could
have a beneficial effect on the LCF of nickel-based
superalloy when the experimental temperature is much
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higher than the DBTT (above 930 °C).**™** Whereas LCF
is the main failure mode in the rotating turbine blades,
therefore, it may not be wrong to say that at high tem-
perature (above DBTT) Pt—Al coatings have a beneficial
effect on the life service of coated turbine blades.

Conclusions

The effect of Pt—Al coatings on the cyclic oxidation and
mechanical properties of nickel-based superalloys has been
reviewed. The main results of these studies are shown in
Table 2.

Finally, the following main conclusions from this tutorial
review may be drawn:

Based on the studies reported so far, the high temperature
cyclic oxidation resistance of nickel-based syperalloys was
improved by the application of Pt—Al coatings. The oxi-
dation resistance of Pt—Al coating reported to be higher in
LTHA method as compared to HTLA.

Although the application of the platinum-aluminide coat-
ings under either of the aluminizing conditions (LTHA/
HTLA) and different thicknesses of platinum lead to a
decrease in creep rupture life of Pt—Al-coated superalloys
at different temperatures, by increasing the temperature,
above the DBTT, LCF life of coated superalloys will be
improved as compared to the uncoated one.

According to the obtained information from this review
paper, it can be concluded that, when the working regime
of turbine blades or vanes is much higher than the DBTT,
Pt—Al coating with an initial platinum layer thickness of
6um which is aluminized by LTHA method has a benefi-
cial effect on the nickel-based superalloys, in order to
support the mechanical properties, especially LCF life, and
resistance to oxidation, simultaneously. However, the total
thickness of Pt—Al coating play an important role and it is
recommended between S0pum and 60pum.
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