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Abstract The purpose of this paper is to evaluate high-
pressure turbine blades after a long-term thermal exposure
in a land-based gas turbine. Emphasis is placed upon
structure and composition of the various layers evolving,
on the one hand, due to hot oxidation/corrosion attacks and,
on the other hand, because of interdiffusion phenomena
between the substrates and their protective coatings. This
work therefore discusses the influence of 7'-Niz (Al, Ti)
precipitates coarsening, needle o-phase nucleation, and
M,;Cs-Carbides formation on the hardness properties of
blades. In addition, this assessment attempts to evaluate the
influence of y-Ni3 (Al, Ti) orientation changes and crys-
tallites size growth on the intrinsic degradation of GTD-
111 and IN738LC substrates.

Keywords (CC) GTD-111 superalloy -
(CC) IN738LC superalloy - NiPtAl coating - VPS coating -
Needle o-phase - Hot corrosion/oxidation

Introduction

Various industrial gas turbine blades made of convention-
ally cast (CC) GTD-111, and (CC) IN738LC nickel-based
superalloys are now approaching or have reached their
design lifetime [1-8]. Hence, huge attention has been paid
to the blade’s microstructural changes during service
because of combined effects of high temperatures and
stresses, which can change the whole substrate behavior
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and affect the life span [9, 10]. In addition, the strength of
high-pressure IN738LC blades coated via Pt-modified
aluminide was based on the internal variables: the FCC 7'-
Niz (Al, Ti) precipitates coarsening, needle o-phase
nucleation, and MC-Carbide particles degeneration in 7-
matrix to form a continuous linear network of Cr-rich
M,5C¢ at the grain boundaries [11-13]. Rafiee et al. [14]
and El-Bagoury et al. [15] have demonstrated that inter-
diffusion phenomenon took place between the substrate
and the NiPtAl coating leading to the formation of a fragile
y/y'/o microstructure under interdiffusion zone (IDZ). In a
recent paper by Golezani et al. [16], this fragile zone
seriously influences the Inconel 738LC substrate hardness
and mechanical properties. Moreover, M;,3C¢-Carbides
contribution to the grain boundary sliding could not be
neglected. Previous results have documented that the out-
standing creep strength of these superalloys is attributed to
bimodal distribution of y’-Nisz (Al, Ti) particles [17-19]. In
this context, the y’-Nis(Al, Ti) coarsening within equiaxed
GTD-111 superalloys of creeping turbine blades were
discussed by many investigators [20, 21]. Thereby, it is
adequate to link the degradation of blades superalloys to
the 7'-Nis(Al, Ti) particles growth [22, 23]. Lifschitz—
Slozov—Wagner’s theory is the preferred technique to
determine the extent of degradation based on the mean size
of 1’-Niz(Al, Ti) particles [24]. Mastromatteo et al. [25] and
Dadkhah et al. [26] indicate that tracking the y’-Nis (Al, Ti)
mean size is the key to accurately estimating the consumed
creep life of blades. In-service degeneration of MC-carbide
particles within y-matrix and precipitation of M,3C¢-car-
bide phases along grain boundaries were discussed in the
previous work [27], indicating these mechanisms worsen
the degradation in blade mechanical properties. The con-
dition of plasma spray coating in a corrosive environment
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has been gaining interest from the operators in decision
making about the refurbishment or returning the blades to
service for another overhaul period [28, 29]. Likewise,
NiPtAl diffusion coating transformation due to hot corro-
sion/oxidation attacks has been identified as another
mechanism of importance in recent years [30]. Contem-
porary studies focus on the complex relationships linking
the interdiffusion phenomenon and the mechanical behav-
ior of the different IN738LC/NiPtAl strata [31]. In the
literature, a variety of theories and results has been pub-
lished to explain the S-(Ni, Pt) Al transformation and
decomposition [32]. Caron et al. [33] and Walston et al.
[34] have documented the NiPtAl coating degradation
mechanisms during service at high temperature. The

Table 1 The degraded blades history

NiPtAI/IN738LC (CC) blade VPS coating/GTD-111 (CC) blade

800 °C 820 °C

10 MW 10 MW

48,000 h (of base load service) 48,000 h (of base load service)
7000 RPM 5100 RPM

1000 start/stop 1000 start/stop

Corroded trailing
edge zone

s

(CC) GTD-111 blade

Fig. 1 Degraded GTD-111 blade
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finding was that initial -(Ni, Pt) Al single-phase trans-
forms progressively into a 7’-Ni;Al phase with the
aluminum content reduction in the coating due to oxida-
tion. Inward diffusion of (Al, Pt), and outward diffusion of
Co, Cr, or Ti from substrate, tend to increase the f-phase
morphology and composition changes. As reported by
Narita [35], the f-phase loses its protective characteristics
once changed to biphasic structure  + 7'. Finally, only y-
phase remains, while NiPtAl coating is fully consumed.
These transformations decrease the NiPtAl coating strength
thus leading to cracks initiation and propagation.

This article focuses on the transformation of NiPtAl
coating due to hot corrosion and the interdiffusion with
IN738LC substrate. The microstructure of degraded GTD-
111 blade material with vacuum plasma spray (VPS)
coating was investigated as well. The impacts of y’-Ni; (Al,
Ti) coarsening, needle o-phase nucleation, and M,3Cg-
carbides precipitation on blades hardness properties were
analyzed and discussed. Based on the metallurgical
examinations, the GTD-111 substrate shows superior

Cross-secion

~ 800 °C

(€ C) IN738L C blade

Fig. 2 Degraded IN738LC blade
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Oxidized VPS
coating

(b)

"

Corroded leading-
edge tip

- v~

Fig. 3 Optical photomicrographs showing the grains structure of
GTD-111 superalloy at the airfoil trailing-edge corroded region. (a)
Oxidized VPS coating. (b) Corroded leading-edge tip. (¢) Magnified
view of grains structure

hardness properties in comparison with IN738LC substrate.
This is attributed to the absence of the needle ¢ phase and
the slow growth of y’-Nis(Al, Ti) precipitates. The vacuum

Oxidized/Corroded
VPS coating

Fig. 4 Microstructure of the corroded/oxidized trailing-edge zone.
(a) Optical photomicrograph of the trailing-edge tip. (b) Magnified
SEM photomicrograph of the trailing-edge tip

plasma spray (VPS) coating also presents superior hot
corrosion resistance compared to the NiPtAl coating.

Preparatory Procedures
Turbine Blades Operating History

The turbine blades operational history is shown in Table 1.
Using a PRESI MECATOME T300 machine a variety of
samples were sectioned from the leading-edge and trailing
edge of degraded turbine blades. The less degraded areas
(shank) were examined to establish a pre-service
microstructure/material benchmark. After samples mount-
ing, surface polishing, and ultrasonic cleaning, the
IN738LC/NiPtAl samples were etched with a Murakami’s
reagent of the following composition: 10 g KsFe (CN)g,
10 g KOH, and 100 mL water, mixed fresh then heated for
few seconds at 80 °C. In parallel, the VPS/GTD-111
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Fig. 5 Representative EDS spectra illustrating the elementary composition of: (1) the non-oxidized VPS coating. (2) The MC-carbide particles.
(3) The M»5Cg¢ carbides

samples were immersed in a Marble’s reagent of the fol-  Optical Microscopy
lowing composition: 10 g CuSO,, 50 ml HCL, and 50 ml
H,O0. Prepared (etched) surfaces of the samples initially were

analyzed by means of NIKON ECLIPSE LV100ND optical
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Fig. 6 Line profiles taken on
VPS/GTD-111 strata of the
oxidized trailing-edge region

microscope to observe on the one hand, the grains pattern,
on the other hand, the coatings corrosion/oxidation extent.

Electron Microscopy

Characterizing and identifying the chemical composition of
the blade strata was achieved using a ZEISS Gemini SEM-
300 coupled with energy-dispersive x-ray spectroscopy.
The 7' Precipitates Mean Size

To evaluate the thermally degraded blade zones, the mean
size and volume fraction of 7'-Niz (Al, Ti) precipitates
were quantified using ImagelJ software.

Micro-hardness Tests

The micro-hardness tests were performed on the prepared

surfaces at room temperature using a BUEHLER WILSON
VH3300 Tester, under 3 N loads with a vickers indenter.
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XRD Analysis

BRUKER DSDISCOVER x-ray diffractometer was uti-
lized to identify the major phases within IN738LC blade.
The source generated incident CuKa x-rays having a
wavelength 2 = 1.5418 A°. The diffraction patterns were
detected over the 20 range from 2 0° to 100°, with a
scanning rate of 1°/min. XRD patterns were plotted and
analyzed using OriginLab and High Score Plus software.

Results
Visual Inspection

The degraded blades exhibit a hollow interior as shown in
Figs. 1 and 2. In the as-received condition, the (CC) GTD-
111 blade displayed severe hot corrosion attacks at the
airfoil hot section (blue and white circles). Furthermore,
the airfoil region is black in color with a bit of brownish-
red color. The shank zone did not show any discoloration
or deformation (unaffected). The blade coating was cor-
roded and stripped off the airfoil in some areas due to the

@ Springer
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combined hot corrosion/erosion effects. The (CC)
IN738LC blade presented in Fig. 2 also displays the pres-
ence of dark-brown color at the airfoil hot section. The
shank zone was free of degradation.

Characterization of GTD-111 Blade

The corroded/oxidized trailing-edge zone (blue circle)
shown in Fig. 1 was at first inspected using optical
microscopy. The optical photomicrographs in Fig. 3 exhi-
bit the conventionally cast (CC) structure of the GTD-111
nickel-based superalloy with its oxidized vacuum plasma
spray (VPS) coating. The VPS coating deposited on GTD-
111 substrate had sustained a severe hot corrosion in
operation, as shown in Fig. 3a. Even worse, the corroded
VPS coating had stripped off at the trailing-edge tip. Fig-
ure 3b shows the presence of a variety of MC-carbide
particles in interior grain, and M,3C¢-carbide lines at grain
boundaries. According to Fig. 3c, the grains mean size in
this degraded region is around ~ 120 pm. Figure 4a
shows the conventionally cast structure of the corroded
trailing-edge zone. In this cast, GTD-111 substrate two-
grain structures were developed: columnar grains at the
mold walls, and equiaxed grains at the center. As presented
in Fig. 4b, the degraded trailing-edge microstructure
reveals the presence of Cr-rich M,;Cg-lines network at
grain boundaries and elongated/globular MC-carbides
within the grains. Additionally, the VPS coating had
endured a high level of corrosion/oxidation attacks. Fig-
ure 5 displays the representative EDS spectra performed at
the points 1, 2, and 3 mentioned in Fig. 4b. According to
EDS spectrum (1), the non-oxidized VPS layer was found
to have the following composition: 72.97Ni 16.08Co 5.9Cr
2.88Mo 1.77A1 0.24Si 0.16Ti (wt.%). Based on the spec-
trum (2), the MC-carbide particles precipitated within
GTD-111 grains interior are rich in Mo, and Ti elements.
EDS spectrum (3) confirms the precipitation of Cr-rich
M,;5Cq-lines network at the grain boundaries of the
degraded GTD-111 substrate. In addition, the EDS line
scan results presented in Fig. 6 confirm the outward dif-
fusion of (Al, Cr) coating elements due to high-temperature
oxidation. The latter explains the formation of (Cr, Al),O3
oxide scales. Small traces of Ti, Mo, Fe, and Co oxides
were generated in the outer surface. At the non-oxidized
zones of VPS coating, the element concentrations return to
their near steady state.

Moreover, the microstructure of the oxidized leading-
edge zone is presented in the SEM micrographs of Fig. 7.
This degraded region also contains a variety of MC-carbide
particles and continuous lines network of Cr-rich M»3Ce¢-
carbides, as shown in Fig. 7a. According to Fig. 7b, the
VPS coating of the leading-edge corroded/eroded zone was
stripped off (the white circle shown in Fig. 1). However,
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there is a diffusion band at the outer surface of GTD-111
substrate containing blocky Al,O; oxides. The EDS line
scan results presented in Fig. 8 show the stability in ele-
ments concentrations across the strata (non-oxidized VPS
coating/GTD-111 substrate).

The main phenomenon occurring in the degraded blades
is the coarsening and coalescence of 7'-Nis (Al, Ti) pre-
cipitates, as shown in Fig. 9. The FCC y' (Ni3, Al) mean
size in the collected images is measured using Imagel
software, as given in Table 2. The newly introduced
degradation index is based on the 7" precipitates mean size
according to the following expression:

%
7

i (Eq 1)
y;: aged gamma prime mean size. y;: initial gamma prime
mean size.

From SEM micrographs (Fig. 9), the y’ precipitates had
changed from a triangular form in the shank zone to
completely rounded shape in the corroded trailing, leading-
edge regions. This evolution reduces the creep resistance of
(CC) GTD-111 blade. The hardness mean values, shown in
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Fig. 7 SEM photomicrographs. (a) Microstructure of the oxidized
leading-edge region. (b) Microstructure of the leading-edge eroded
zone
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Table 3, are in agreement with the 7’ particles mean size in
the different zones of degraded blade.

Characterization of IN738LC Blade

As shown in Fig. 10a, the leading-edge region strata
(NiPtAl 4 IN738LC) shows a significant degradation in
the substrate microstructure, and the formation of Al,O3
oxide scale and corrosion pits at the outer surface of
coating. The p-(Ni, Pt)Al backbone layer of around
~ 45 pum provides the reservoir surface of elements that
will form a very protective oxide layer. A mixture of (Ti,
Ta)Nb carbides, TaW particles, and (Ni, Co)Cr-rich elon-
gated phases were precipitated in the interdiffusion zone
of ~ 39 um thickness. The presence of the needle ¢ phase
rich in (Ni, Co) Cr-W beneath the interdiffusion zone
makes the IN738LC brittle during operation at 980 °C and
reduces the blade creep resistance. The presence of con-
tinuous lines of Cr-rich M,3;Cq carbides at the grain
boundaries was a result of the blocky MC-carbides (rich in
Ta, Ti, and Nb) degeneration within the austenitic y-matrix.
These lines of M,3;Cq have an impact on the IN738LC
substrate hardness properties. Based on Fig. 10b, the blade

trailing-edge zone displays a complete change of the f§
single phase into a y 4+ 7" microstructure. This is the best
moment for coating restitution (stripping and recoat).
Several cracks initiated and propagated through the con-
sumed f layer (changed to y + }’) and the interdiffusion
zone. In addition, the IN738LC substrate under the inter-
diffusion zone was transformed into a fragile ¢ + y +
microstructure. The spectrum (1) of Fig. 11 indicates that
the elongated nodules in the interdiffusion zone (Fig. 10b),
are rich in Cr and Co elements. The spectrum (2) per-
formed on the precipitated needle ¢ phase under the
interdiffusion zone (Fig. 10b) shows high concentrations in
(Ni, Co) Cr-W elements. According to spectrum (3) of
Fig. 11, the white particles designated by (1) in Fig. 10b
are rich in Ti, Ta, and Nb.

The continuous oxidation of f-layer promotes the
interdiffusion of various elements between the aluminide
coating and (CC) IN738LC substrate as shown in Fig. 12a.
This leads to the occurrence of 7' phase within the fragile f3
layer because it depends on the Al, Pt contents. Several
cracks initiated in the B + 7’ layer, may propagate by
thermal-fatigue into the IN738LC substrate. Addition of Zr
has a significant effect on oxidation behavior of the Pt-
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Fig. 8 Line profiles taken on VPS/GTD-111 strata of the oxidized leading-edge region
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Fig. 9 SEM micrographs showing the y + 7’ microstructure in the
different GTD-111 blade regions, (a) the shank, (b) the leading edge,
(c) the trailing edge

modified Ni—Al coating. The Pt also increases the activity
of Al in the coating to generate an adherent Al,O3 scale on
the outer surface. The presence of (Zr, Pt) elements in this
NiPtAl coating (point 1 in Fig. 12a) is confirmed by the
EDS spectrum in Fig. 13. Additionally, precipitates of
C3Aly, and C5Cr were observed in the interdiffusion zone.
Beneath the interdiffusion zone a denuded band rich in Cr,
and Co was formed. Microstructure of the IN738LC sub-
strate presented in Fig. 12b exhibits an equiaxed grain
structure. However, the presence of smooth and tortuous

@ Springer

Table 2 Mean size of the ) precipitates

Root zone Leading-edge Trailing edge
Turbine GTD- GTD- GTD-
blades 111 IN738LC 111 IN738LC 111 IN738LC

7y’ average 0.40 0.52 0.72 0.84 0.98 1.11
size (Lm)

% area 39.8 3422 4548 37.47 47 39.71
Di=A G 1 1 18 16 245 213
Ao ()

Table 3 Results of the micro-hardness tests

Root zone Leading-edge Trailing edge
Turbine GTD- GTD- GTD-
blades 111 IN738LC 111 [IN738LC 111 IN738LC
Hardness 420 430 467 563 491 619
average
value (Hv)

grain boundaries inhibit the grain boundaries sliding
deformation mechanism during service at ~ 980 °C.
Examination of the internal cooling channel wall revealed
the stripping of the external -(Ni, Pt) Al layer as shown in
Fig. 14a. Several carbide nodules mixed with a needle ¢
phase rich in (Cr, Co) W were also observed within
IN738LC substrate. Form Fig. 14b, the presence of a thick
oxide scales and micro-voids can be seen at the coating
outer surface. Based on EDS spectrum shown in Fig. 15,
the oxidized f-layer (point 1) is mainly composed of (Al,
Cr), Os, Fe,O5 oxides. Various C3Al, precipitates were
also generated in this degraded f-layer. A zone of around
45 pm containing the o-phase was generated beneath the
interdiffusion zone. A variety of MC-carbide particles were
found in the austenitic y matrix of the shank, as shown in
Fig. 16a. Based on EDS spectrum (1) shown in Fig. 17,
these particles are rich in Ti, Ta, and Nb. In parallel, SEM
micrographs of the airfoil hot section (Fig. 16b) show the
presence of a network M,3;Cg-carbide lines at the grain
boundaries. These Cr-rich carbides are identified based on
EDS spectrum (2) displayed in Fig. 17. According to
Fig. 18a, the non-affected shank region reveals two kinds
of FCC y'-(Nis, Al) precipitates: the secondary 7’ precipi-
tates with a mean size of 0.52 um and a 34.22% volume
fraction and the tertiary )’ precipitates with a mean size of
0.1 pm. In airfoil leading-edge region, the secondary )’
precipitates with an oval shape have a 0.84 um mean size
and a 37.47% volume fraction, as shown in Fig. 18b. The
mean size of the tertiary ' particles is 0.2 pm. Figure 18¢
shows that trailing-edge microstructure is for the most part
an irregular and coarse ' (Nis, Al) particles of 1.11 pm
mean size and 39.71% volume occupation. The tertiary }’
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Fig. 10 SEM Micrographs
illustrating the morphology of
IN738LC/NiPtAl strata, (a) in
the leading-edge zone, (b) in the
trailing-edge zone

precipitates of 0.2 pm mean size were dispersed among the
large secondary )’ particles in the grain interior. Values of
the mean size of )’ (Nis, Al) precipitates at different
regions of the degraded turbine blades are summarized in
Table 2. The hardness values outlined in Table 3 provides
evidence of a significant degradation in the blade airfoil
region in comparison to that of the uncoated shank with an
acceptable hardness value of 430 (Hv). As reported by
Shejale et al. [13], tensile test results at the room

temperature performed on specimens cut from the shank
zone were found adequate for the IN738LC blade with
yield stress = 788 N/mm?, ultimate tensile strength = 852
N/mm?, and the elongation equal to 4.80%. The XRD
results shown in Fig. 19, indicated the presence of y'-Nij
(Al, Ti) phases and CsNbTa,Ti, particles in the shank area.
The precipitation of M,3Cq¢ carbides in the degraded airfoil
region was clearly identified from the diffraction peaks.
These M,3Cq-carbides were generated during operation
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Fig. 11 EDS spectra, (1) of the CrCo-rich nodules, (2) of the ¢ phase, (3) of the (Ti, Ta)Nb rich carbide particles
according to the following reaction: CsNbTa,Ti, + 7 — of the ' crystallites was calculated from the XRD data
Ni; (Al Ti) + M,3Cs. The orientation of the 7'-Ni3(Al, Ti) using the Scherrer equation shown below:

precipitates in the degraded airfoil section were changedin =~ ) _ g, /(dcos 0) (Eq 2)
comparison to their orientation in the shank. The mean size
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where D is the crystallite size (nm), K 0.9 (Scherrer con- The mean size of 7' crystallites varied from the
stant), A 1.54060 for CuKa [, d is the FWHM (Full Width at 20.45 nm in the shank to 39.45 nm in the airfoil. Conse-
Half Maximum) and 0 is the peak position (radians). quently, the growth and orientation changes of 7

crystallites are considered as indicators of the plastic
deformation (intrinsic strain).

Resin

Fig. 12 Microstructure of the blade platform. (a) SEM micrograph of
NiPtAI/IN738LC strata. (b) Optical micrograph of NiPtAI/IN738LC Fig. 14 SEM micrographs of the cooling channel internal wall. (a)

strata

Stripping of f-layer. (b) Micro-voids formation within f-layer
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Fig. 13 EDS spectrum of the degraded f-layer
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Fig. 15 EDS spectrum of the oxidized ff-layer

Fig. 16 SEM micrographs, (a) of the (Ti, Ta) Nb carbide particles in
the shank, (b) of the M,3Cg lines in the airfoil hot section

Discussions
The visual examination of GTD-111 blade shows the

presence of a black color at the airfoil section, as shown in
Fig. 1. This color is attributed to the VPS coating oxidation
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during operation at 820 °C. The presence of red deposits in
the platform region is thought to be a result of ingestion of
the mineral debris (dust, sand, and ash) contained in the hot
gases arriving to the gas turbine. The severe corrosion
attacks that took place at the airfoil (the blue and white
circle) was a result of the alkali metal contaminants (such
as Na,So,) deposition at the outer surface. The thermally
unaffected shank zone (~ 300 °C) remains sound. How-
ever, the stage 1 blade shown in Fig. 2 revealed a dark-
brown color at the airfoil section. This is a sign of the high-
temperature oxidation of NiPtAl protective coating at
800 °C. The shank is unaffected (less than 300 °C).

Evaluation of the VPS/GTD-111 strata

It is clear from the optical micrographs of Fig. 3 that the
microstructure of the corroded trailing-edge zone strata has
evolved. The dark band at the outer surface of the VPS
coating shown in Fig. 3a is attributed to the severe oxi-
dation at 820 °C. In general, VPS coatings have good
resistance to cracking and provide good refurbishment
capability for the aged blade. The VPS coating at the
trailing-edge tip was stripped off due to hot corrosion
attacks, as shown in Fig. 3b. In addition, the equiaxed
grains structure shown in Fig. 3c is a characteristic of the
GTD-111 nickel-based superalloy. This grains morphology
did not display any abnormality. From Fig. 4a, the small
equiaxed grains generated at the outer surface of the GTD-
111 substrate were a consequence of the rapid cooling near
the wall at room temperature. These equiaxed grains grow
in the reverse orientation to the heat flow out through the
mold (columnar grains are present in the area with less
undercooling). An intrinsic degradation was observed in
the VPS/GTD-111 strata of the trailing-edge zone as shown
in Fig. 4b. According to the EDS spectrum (1) of Fig. 5,
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Fig. 17 EDS spectra, (1) of MC-carbide particles, (2) of M»3Cg carbides

the VPS coating rich in NiCo elements shows the forma-
tion of (Al, Cr),03 oxides layer at the outer surface. This
internal oxidation and continuous diffusion of O, into the
interior quickly depletes the VPS coating of its available
Al, Cr content. The presence of (Mo, Ti)-rich carbide
particles in grains interior and M;3Cg lines in the grain
boundaries of the GTD-111 substrate was identified using
the EDS spectra 2, and 3 of Fig. 5. Furthermore, the line
profiles taken on VPS/GTD-111 strata as described in
Fig. 6, confirm the diffusion and high concentration of (Cr,
Al) elements at the outer surface of the VPS coating. This
is due to the continuous formation of (Cr, Al),O5; oxide
scales during operation at 820 °C. Small oxide traces of Ti,
Mo, Fe, and Co have been generated at the external surface
of the VPS coating. A high concentration in Ni, and Co
elements was detected in the non-affected coating zone and
base substrate.

According to Fig. 7a, the microstructure and morphol-
ogy of VPS/GTD-111 strata at the leading-edge region
exhibit a less degradation extent in comparison with the

trailing edge. In-depth examination of the corroded/oxi-
dized leading-edge zone (pointed out by the white circle in
Fig. 1) shows the formation of blocky Al,O5 oxide parti-
cles as shown in Fig. 7b. These Al,O; oxide particles were
the result of the O, diffusion into the GTD-111 substrate
after the stripping off the VPS coating during operation.
Figure 8 indicates the stability in elements concentration at
the leading-edge strata. This steady state in the Ni, Co, Al,
Cr, Fe, Ti, and Si concentrations is a sign of less degra-
dation of leading-edge in comparison to the white circle
region mentioned in Fig. 1. Figure 9a shows the presence
of triangular 7’ particles in the microstructure of the non-
affected shank. In contrast, the 7’ particles within blade
leading-edge and trailing-edge take a spherical form as
shown in Fig. 9b and c. From Table 2, it is clear that the
initial y’ particles of 0.40 um with a 39.8% volume fraction
at the shank had grown up to 0.72 pm (45.48% volume
fraction), and 0.98 um (47% volume fraction) in the
degraded leading-edge and trailing-edge, respectively.
Based on expression (1), the degradation level of GTD-111

@ Springer
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Fig. 18 SEM micrographs showing the y + 7' microstructure in the
different IN738LC blade regions. (a) The shank. (b) The leading
edge. (¢) The trailing edge

substrate (D; = 1, 1.8, up to 2.45) summarized in Table 2 is
closely related to the 7’ precipitates coarsening. From
Table 3, hardness values are in good agreement with the
values of the degradation index. This increase in hardness
values from 420 (Hv) at the non-affected shank area up to
467 and 491 (Hv) in the leading-edge and trailing-edge
corroded regions, respectively, is attributed to coarsening
of the y' precipitates and formation of the M,;Cg-lines
network at grain boundaries.
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Evaluation of the NiPtAl/IN738LC Strata

From the SEM micrograph of Fig. 10a, oxidation/corrosion
of S-NiPtAl coating had provoked elements interdiffusion
between the underlying IN738LC and the NiPtAl coating.
The interdiffusion zone (IDZ) contain an elongated phase
rich in (Ni, Co) Cr together with (Ti, Ta) Nb and (W, Ta)
carbide particles. In addition, a needle ¢ phase was pre-
cipitated in the 7y + 7  microstructure beneath
interdiffusion zone. It is known that this needle ¢ phase
generated during operation have an impact on the creep
resistance of the IN738LC blade [36]. The Al,O3 oxide
scales are the result of the fS-coating reaction with the
exhausted hot gases. The precipitated M,;Ce-lines result
from the degeneration of the irregular blocky MC-carbides
within the y-matrix of the IN738LC substrate. These
M,3C¢-lines are rich in (Al, Cr, Ni, and Ti), while the
isolated MC-carbides are rich in (Ta, Ti, and Nb). The local
change in the composition of f-phase at the corroded/ox-
idized trailing-edge (Fig. 10b) is thought to be a
consequence of aluminum loss, by diffusion in two direc-
tions toward the substrate and the outer surface of the
coating. Oxidation in the f-layer reduces the amount of
aluminum, which becomes lower and lower due the inter-
diffusion. The original -phase had been transforming into
a biphasic 7 + f§ then to ay + 9’ structure until attaining a
lamellar structure. At this point, it becomes necessary to
carry out blade refurbishment. Both inward diffusion of Al,
Pt and outward diffusion of Co, Cr, Ti elements from
IN738LC superalloy contributed to the transformation and
consumption of the NiPtAl coating. EDS spectra (Fig. 11)
obtained for areas marked 1, 2 and 3 in Fig. 10b, confirmed
the nucleation of (Cr, Co) rich elongated nodules at the
interdiffusion zone, and precipitation of needle (Ni, Co)Cr-
W phase mixed with blocky (Ti, Ta)Nb carbides beneath
the interdiffusion zone. Another important feature that
occurred in Zr doped NiPtAl layer at the blade platform is
the presence of thermal fatigue cracks due to the low
strength and near full consumption of the coating, as shown
in Fig. 12a. A multitude of C3Al, precipitates were gen-
erated at the interdiffusion zone. The tortuous grain
boundaries presented in Fig. 12b makes the blade more
resistant to deformation. As shown in Fig. 14a, the con-
tinuous pitting corrosion and erosion attacks within the
blade-cooling channel provoked the stripping of NiPtAl
layer. The variety of micro-voids and C3Aly particles
generated in the f-layer (Fig. 14b) are also thought to be
due to oxidation/corrosion attacks. The EDS spectrum in
Fig. 15 indicate the formation of many (Al, Cr), O3, Fe,O3
oxide scales. A needle o phase rich in (Ni, Co)Cr-W was
precipitated beneath the interdiffusion zone. In addition,
the (Ti, Ta)Nb particles found within the unaffected shank
microstructure as shown in Fig. 16a, are identified using
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Fig. 19 X-ray diffraction
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the EDS spectrum (1) of Fig. 17. These particles had  Conclusions

degenerated during operation at ~ 800 °C according to the
following reaction (Ti, Ta) Nb + y = M»3Cg + 7'. The
precipitation of M,3C¢ carbides at the grain boundaries of
IN738LC substrate displayed in Fig. 16b is identified by
EDS spectrum (2) of Fig. 17. The blade shank was found to
consist of an austenitic y matrix strengthened by two kinds
of FCC 7'-(Nis, Al) precipitates (Fig. 18a): 0.52 pm sec-
ondary 7' precipitates with 34.22% volume fraction, and
0.1 pm tertiary 7' precipitates. These particles act as
obstacles during operation against dislocation movement
within superalloy 7 + )" microstructure. The key phe-
nomenon occurring in IN738LC blades is the secondary
oval y particles growth from 0.84 pm with 37.47% volume
fraction at the leading-edge to 1.11 pm with 39.71% vol-
ume fraction at the trailing-edge. From Fig. 18b and c, the
mean size of tertiary 7’ particles in the airfoil region esti-
mated at 0.2 pm. The degradation (D;) values mentioned in
Table 2 show a good agreement between the 7' mean size
and the IN738LC blade degradation level. Based on the
increase in hardness (Table 3) from 430 (Hv) at the shank
up to 619 (Hv) at the airfoil section is attributed to the
formation of needle ¢ phase beneath the interdiffusion
zone, the coarsening of )’ precipitates, and the M,3Cg lines
network formation at the grain boundaries. The growth
(from 20.45 to 39.45 nm) and the orientation changes of 7’
crystallites, as shown in Fig. 19 justify the degradation in
hardness properties of the IN738LC blade.

Based on the metallurgical analysis of the degraded turbine
blades, the following outcomes are outlined:

Examination of the NiPtAlI/IN738LC strata, after long-
term thermal exposure shows the presence of elongated
Cr, Co-rich nodules within the interdiffusion zone, and
fragile o-phase rich in (Ni, Co) Cr-W within the
IN738LC substrate. This transformation to mixed
v 4+ 9 4+ ¢ morphology may have serious conse-
quences on IN738LC blade hardness.

Initiated cracks in the NiPtAl coating can propagates by
thermal fatigue into the IN738LC substrate. Therefore,
the NiPtAl coating could be changed to an overlay
coating that has a good resistance to cracking.

The VPS coating found on GTD-111 blade demon-
strating superior hot corrosion resistance compared to
the NiPtAl coating.

The GTD-111 blade demonstrates superior hardness
properties in comparison with IN738LC blade. This is
attributed to the absence of the needle-like ¢ phase, and
the slow growing of y’-Niz (Al, Ti) precipitates within
GTD-111 substrate.
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