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ABSTRACT 
A case study is presented in which a destructive 

metallurgical analysis was performed on three GE Frame 
7FA+e stage 1 buckets which had each been repaired using 
different approaches.  The metallurgical condition and extent of 
the prior repairs are presented for each of the buckets following 
one additional service interval.  The analyses included 
evaluation of the macroscopic condition, base alloy 
microstructure, stress rupture properties, internal and external 
surface coating conditions and the tip integrity.   

The first bucket had not been dimensionally restored at the 
tip during repair (i.e. the tip was still comprised of the original 
casting).  The bucket exhibited moderate oxidation and loss of 
tip material.  Base alloy degradation was observed at the mid 
airfoil height in the form of coarsening, rounding and 
agglomeration of the primary gamma prime precipitates.  
Secondary gamma prime precipitates remained in some of these 
regions, indicative that the alloy microstructure had not been 
rejuvenated by full solution treatment during repair.  The 
second bucket had been weld repaired at the tip using a solid 
solution strengthened weld filler alloy.  Following service, the 
tip exhibited significant oxidation and approximately 6mm of 
material loss at the mid-chord and trailing edge tip.  Within the 
tip repair material, micro-cracks and creep voids were 
observed.  The base alloy condition appeared similar to the first 
bucket.  The third bucket had been tip weld repaired using a 
precipitation hardened weld filler alloy and rejuvenated with a 
full solution treatment.  Following service, the bucket exhibited 
negligible oxidation and material loss at the tip.  Overall, 
microstructural base alloy degradation was found to be minor. 

 
INTRODUCTION 
 The difficulty associated with repair design and execution 
of heavy-duty gas turbine components can vary significantly 

with engine design.  The high efficiency, advanced technology 
GE Frame 7FA+e engine presents demanding repair 
requirements.  The first stage bucket employs a hollow design 
with serpentine cooling passages, showerhead cooling along 
the leading edge, a tip cover plate and welded and brazed 
details within the cooling passages.  These enhanced design 
features lead to more challenging repairs with narrower 
tolerances and therefore less room for error.  This has resulted 
in an increased reliance on metallurgical analysis for evaluating 
component condition, repair requirements and, ultimately, 
qualifying the results of repairs.  Destructive metallurgical 
analysis of three different repair approaches for Frame 7FA+e 
stage 1 buckets are presented.   
   
BACKGROUND 
 Two of the assessed buckets, designated Bucket A and 
Bucket B, operated in the same GE Frame 7FA+e engine 
following repair by two different repair vendors.  Buckets A 
and B operated in a cyclic loaded, natural gas fired engine and 
were reported to have been in service for approximately 500 
starts (24,000 EOH) following repair.  Incoming inspection 
deemed the analyzed buckets irreparable due to platform 
cracking.  The buckets were considered representative of the 
bucket set, from which ~90% were found irreparable for the 
same reason.  

The other destructively examined bucket, designated 
Bucket C operated in a base loaded, natural gas fired GE Frame 
7FA+e engine. The bucket had been repaired twice previously; 
after ~24,000 hours since new by one repair vendor and after 
~48,000 hours since new by another.  The repair following 
48,000 hours was reported to consist of tip weld repair using a 
precipitation hardened weld filler alloy and rejuvenation with a 
full solution heat treatment.  The analysis was conducted after 
an additional ~24,000 hours of service following repair 
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(~72,000 hours since new).  Only Bucket C was received for 
analysis, and therefore could not be compared with the balance 
of the set. 

The methods of destructive metallurgical analysis of gas 
turbine components are presented in Lowden [1].  Each of the 
examined buckets was sectioned according to the schematic in 
Figure 1. 

 

 
Figure 1 – Sectioning plan schematic 

 
Sections were removed from the upper, mid and lower 

airfoil of each bucket for optical microscopic examination of 
the internal surfaces, external surfaces and base alloy condition 
at each height.  The gamma prime morphology was examined 
by scanning election microscopy at the mid airfoil height and 
root.  Since the root is remote from the hot gas path, its 
operating temperature is below that at which base alloy 
degradation would occur.  Therefore, the root structure is 
representative of the material’s pre-service condition and is 

used as a benchmark to compare with hotter, deteriorated 
regions of the bucket.   

Two stress rupture samples were removed from the lower 
to mid airfoil height of each bucket – one from the pressure 
side and one from the suction side near the leading edge.  The 
bars were taken from this location based on its relatively high 
temperature and stress, as well as for physical limitations in 
order to facilitate the remainder of the analysis.  The tests were 
carried out in accordance with ASTM specification E139.  The 
conditions of the tests were 27,500 psi (190 MPa) at 1800°F 
(982°C).  The gauge length and diameter of the test bars was 
16.9mm (0.665") and 4.06mm (0.160") respectively. 
 
ANALYSIS OF BUCKET A 
 
Visual Examination 

The as-received condition of Bucket A is displayed in 
Figure 2.   The bucket had a ‘D’ shaped heat pattern along the 
leading edge, centered about the mid airfoil.  Thick deposit 
build-ups were observed on the pressure side airfoil.  The 
bucket contained an approximately 25mm long, through- 
going, thermal mechanical fatigue (TMF) crack on the trailing 
edge platform, Figure 3.  Additionally, the tip had sustained 
moderate oxidation damage and cracking, Figure 4.   
 

 

 
Figure 2 – Bucket A: As received condition, platform crack 

indicated by arrow 
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Figure 3 – Bucket A: TE platform through going TMF crack 

 

 
 

 
 
 

Figure 4 – Bucket A: tip condition, arrows indicate cracks 
 
Tip Condition 

The tip was found to be comprised of the original casting 
(i.e. the tip had not been dimensionally restored during repair), 
Figure 5.  Base alloy damage and material loss were minor at 
the leading and trailing edges.  Pores were observed in the tip 
cover plate weld, Figure 6.   
 

 
Figure 5 – Bucket A: LE tip.   

 

The most severe oxidation damage and material loss was 
observed at the mid chord/trailing edge tip where ~1.5mm of 
material had been lost and an additional ~300µm thick layer of 
damaged base alloy was observed, Figure 7.    
 

Trailing 
edge 

 Oxidation / material 
loss Figure 6 – Bucket A: LE tip.  Pores (indicated by arrows) were 

observed in the tip cover plate weld. 
 

 
Figure 7 – Bucket A: MC/TE tip. 

 
Internal Surface Condition 

The surfaces of the internal cooling passages as identified 
in Figure 8, were examined at the mid, upper and lower airfoil.  
It was found that all passages were partially aluminide coated 
to varying degrees, Figure 9.  The extent of base alloy damage 
(oxidation and alloy depletion) and coating coverage in each 
passage is summarized in Table 1.  Base alloy damage was 
deepest at the leading and trailing edges (passages 1, 2 and 7). 
 

 
Figure 8 – Internal cooling passage identification.   

Cover plate Original 
cast 
base 
alloy 

Weld 

Fig. 6 
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Table 1 - Bucket A: Internal surface condition summary 

Height Passage   % Coated 
(approx)  

Deepest base alloy 
damage (µm)  

UAF 

1 50 200 
2 5 200 
3 10 25 
4 5 25 
5 10 40 
6 100 0 
7 50 200 

MAF 

1 20 175 
2 80 125 
3 50 50 
4 10 50 
5 30 25 
6 20 25 
7 20 150 

LAF 

1 10 50 
2 70 50 
3 40 25 
4 100 0 
5 95 0 
6 100 0 
7 5 50 

 
External Surface Condition 

The airfoil was coated with an MCrAlY bond coating 
ranging in thickness from ~250 to 400µm thick with a 
vertically cracked high density thermal barrier coating (TBC) 
top layer ranging in thickness from ~175 to 800µm thick, 
Figure 10.  The coating had provided adequate environmental 
protection for the service interval as no base alloy damage was 
observed on the external airfoil surfaces. 
 

 

Aluminide 
coating islands 

Base alloy damage 

Figure 9 – Bucket A: Internal surface UAF passage 1. 
 

 
Figure 10 – Bucket A: External coating MAF, mid-chord 

suction side 
Base Alloy Condition 

The gamma prime (γ’) morphology was compared at the 
root and mid airfoil.  The root microstructure exhibited mostly 
rounded, aged appearing primary γ’ precipitates with a high 
area percent of fine secondary γ’ precipitates, Figure 11.  Base 
alloy degradation was observed at the mid airfoil leading and 
trailing edges in the form of coarsening, rounding and 
agglomeration of the primary gamma prime precipitates, 
Figure 12, 13.  Secondary gamma prime precipitates remained 
at the trailing edge, where coarsening of the primaries was most 
significant, Figure 13.   The rounding of the primary γ’ 
precipitates in the root and the presence of secondary γ’ 
precipitates adjacent grossly aged primary γ’ at the trailing edge 
are indicative that the alloy received a partial solution heat 
treatment during repair, since this type of heat treatment will 
restore the structure of the secondary γ’, but not the primary γ’. 
The stress rupture test results are displayed in Table 2.   
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Figure 11 – Bucket A: Root 10,000x. 

 
Figure 12 – Bucket A: MAF LE 10,000x. 

 
Figure 13 – Bucket A: MAF TE 10,000x. 

 
Table 2 - Stress rupture test results 
Bucket Location Time to 

rupture 
(hrs) 

Reductio
n of area 

(%) 

Elongatio
n (%) 

A M/LAF PS  18.3 27.9 22.1 
A M/LAF SS 11.8 26.8 20.6 
B M/LAF PS  17.8 38.6 17.7 
B M/LAF SS 12.3 33.5 16.2 
C M/LAF PS  99.3 26.7 14.0 
C M/LAF SS 113.5 13.2 7.8 

D* M/LAF PS  17.1 38.2 15.6 
D* M/LAF SS 17.3 30.2 15.1 

* Bucket from same set as bucket C, analyzed prior to repair following ~48,000 
hours since new, same test conditions and test bar locations as buckets A, B and 
C [2] 
 

ANALYSIS OF BUCKET B 
 
Visual Examination 

The as-received condition of Bucket B is displayed in 
Figure 14.   As the two buckets had operated in the same 
engine, Bucket B appeared visually similar to Bucket A with a 
‘D’ shaped heat pattern along the leading edge, thick deposit 
build-ups on the pressure side airfoil and a through going, 
thermal mechanical fatigue (TMF) crack on the trailing edge 
platform, Figure 15.  Significant ‘burn-back’ (material loss) 
and oxidation damage were observed at the tip from the mid 
chord through to the trailing edge, Figure 16.  Additionally, 
squealer wall and cover plate cracking were observed. 
 

 
Secondary γ′ 

Primary γ′ 

 
Figure 14 – Bucket B: As received condition 

 

Trailing 
edge 

 
Figure 15 – Bucket B: TE platform through going TMF crack 
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Oxidation / material 
loss Lost 

material

 
 Weld 

Figure 16 – Bucket B: tip condition, arrows indicate cracks 
 

Base alloy Tip Condition 
The tip was observed to have been weld repaired.  The 

weld material had sustained significant damage; exhibiting 
cracking, voiding and oxidation which had resulted in up to 
6mm of lost material, Figure 17, 18.  The directionality and 
size of the voids at the trailing edge tip were indicative of 
creep, Figure 18.  The weld alloy was analyzed using Energy 
Dispersive Spectroscopy (EDS) and was found to be a solid 
solution strengthened weld filler alloy such as Haynes 230 or 
similar, Figure 19.  
 

 
Figure 17 – Bucket B: mid chord tip.   

 
Internal Surface Condition 

The internal cooling passage surfaces were uncoated with 
the exception of aluminide coating observed in passages 2 and 
6, Table 3.  Base alloy damage was deepest at the leading and 
trailing edges of the upper airfoil ranging up to ~250µm, 
Figure 20. 
 

 

 
Figure 18 – Bucket B:  TE tip.  Creep voiding was observed 

within the weld deposit. 
 

 

Cracking, 
oxidation 

Figure 19 – Bucket B:  EDS spectrum of tip weld material 
 
External Surface Condition 

The airfoil coating system was comprised of an HVOF 
MCrAlY base coat ranging in thickness from ~50 to 250µm 
thick, an APS MCrAlY bond coat ranging in thickness from 
~25 to 75µm thick and a TBC top coat layer ranging in 
thickness from ~25 to 250µm thick, Figure 21.  The coating 
was considered thin in regions, however, no base alloy damage 
was observed on the external airfoil surfaces.  A layer 
containing acicular phases formed at the coating interface 
measuring up to ~50µm thick.  The layer forms as the result of 
inter-diffusion between the coating and base alloy. 

Weld 

Base alloy 

 

 

Base alloy damage 

Figure 20 – Bucket B: Internal surface, UAF passage 2. 
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Figure 21 – Bucket B: External coating MAF LE 

 
Table 3 - Bucket B: Internal surface condition summary 

Height Passage   % Coated 
(approx)  

Deepest base alloy 
damage (µm)  

UAF 

1 0 200 
2 0 250 
3 0 0 
4 0 0 
5 0 0 
6 0 25 
7 0 150 

MAF 

1 0 100 
2 0 65 
3 0 100 
4 0 25 
5 0 25 
6 100 0 
7 0 25 

LAF 

1 0 35 
2 100 0 
3 n/a* n/a* 
4 0 0 
5 0 0 
6 100 0 
7 0 0 

* Region damaged during sectioning 
 
Base Alloy Condition 

The root microstructure exhibited mostly rounded, aged 
appearing primary γ’ precipitates with a high area percent of 
fine secondary γ’ precipitates, Figure 22.  Like Bucket A, 
ageing was observed at the mid airfoil leading and trailing 

edges in the form of coarsening, rounding and agglomeration 
of the primary γ’ precipitates, Figure 23, 24.  Secondary 
gamma prime precipitates remained at the trailing edge.  Again, 
the rounding of the primary γ’ precipitates in the root and the 
presence of secondary γ’ precipitates adjacent aged primary γ’ 
at the trailing edge are indicative that the alloy received a 
partial solution heat treatment during repair.   The stress rupture 
test results are displayed in Table 2.   

 

 
Figure 22 – Bucket B: Root 10,000x. 

 
Figure 23 – Bucket B: MAF LE 10,000x. 

 
Figure 24 – Bucket B: MAF TE 10,000x. 

 
ANALYSIS OF BUCKET C 
 
Visual Examination 

The as-received condition of Bucket C is displayed in 
Figure 25.   The external coating had been removed prior to 
receipt for analysis. As well, the airfoil appeared to have been 
etched, potentially caused by the coating removal process.  As a 

Primary γ′ 

Secondary γ′ 

 7 Copyright © 2012 by ASME 



result, the service run appearance of the airfoil could not be 
assessed.  Burn-back (material loss) of the weld repaired tip 
was negligible, Figure 26.  Cracks were observed emanating 
from the tip cooling holes at the trailing edge.  Cracking and 
thinning of the tip cover plate was also noted.  No platform 
cracking was observed (more common for cyclic service 
engines). 
 

 

 
Figure 25 – Bucket C: As received condition 

 

 
 
 

Figure 26 – Bucket C: tip condition, arrows indicate cracks 
 
Tip Condition 

The tip squealer wall had been weld restored during repair 
with a proprietary precipitation hardened weld filler alloy.  The 
welded tip wall appeared in generally good condition, with no 
measurable oxidation or loss of material at the tip surface, 

Figure 27, 28.  The orientation and location of the radial cracks 
in the tip suggested the cracks likely initiated by a thermal 
mechanical fatigue (TMF) mechanism.  Thinning, oxidation 
and cracking were observed in the tip cover plate, Figure 27. 
 

 

Weld 

Oxidized, thinning 
cover plate

Base alloy 

Figure 27 – Bucket C: mid chord tip.   
 

 

Weld 

Figure 28 – Bucket C:  TE tip.   
 
Internal Surface Condition 

The internal cooling passage surfaces were observed to be 
either fully or partially aluminide coated as summarized in 
Table 4.  Base alloy damage was deepest at the leading edge of 
the upper airfoil ranging up to 175µm deep, Figure 29. 
 
External Surface Condition 

The external coating condition could not be assessed as it 
had been removed prior to receipt of the bucket for analysis.  
No base alloy damage was observed on the external airfoil 

Base alloy 

Cooling 
hole 
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surfaces, suggesting that the coating had been protective, 
Figure 30. 
 
Table 4 - Bucket C: Internal surface condition summary 

Height Passage   % Coated 
(approx)  

Deepest base alloy 
damage (µm)  

UAF 

1 60 100 
2 40 175 
3 100 0 
4 100 0 
5 100 0 
6 100 0 
7 95 0 

MAF 

1 90 100 
2 75 15 
3 100 0 
4 100 0 
5 100 0 
6 100 0 
7 95 0 

LAF 

1 75 15 
2 90 0 
3 100 0 
4 100 0 
5 100 0 
6 100 0 
7 95 0 

 

 
Figure 29 – Bucket C: Internal surface, UAF passage 2. 

 
Base Alloy Condition 

The base alloy had been rejuvenated with a full solution 
rejuvenation heat treatment during repair (FSR® is a registered 

trademark of Liburdi Turbine Services).  The root structure 
exhibited cuboidal primary γ′ precipitates with fine spherical 
secondary γ′ precipitates dispersed throughout, Figure 31.  
Slight degradation was observed at the leading edge as the 
secondary precipitates had dissolved and the primary γ′ had 
rounded, but had not yet coarsened or agglomerated 
appreciably, Figure 32.  Microstructural degradation was 
moderate at the trailing edge as the primary γ′ precipitates had 
spheroidized and begun to coarsen and agglomerate in addition 
to dissolution of the secondary γ′ precipitates, Figure 33.  The 
stress rupture test results following the most recent service 
interval are displayed in Table 2.  Additionally, the stress 
rupture test results taken from another bucket in the same set 
following ~48,000 hours since new, prior to repair are 
displayed in Table 2. 

 

 
Figure 30 – Bucket C: External surface, MAF LE. 

 

 

Secondary γ′ 

Primary γ′ 

Figure 31 – Bucket C: Root 10,000x. 
Base alloy damage  

 
Figure 32 – Bucket C: MAF LE 10,000x. 

 9 Copyright © 2012 by ASME 



 

 10 Copyright © 2012 by ASME 

Figure 33 – Bucket C: MAF TE 10,000x. 
 
DISCUSSION 

Buckets A and B both exhibited TMF cracking at the 
trailing edge platform.  This is typical damage for cyclic loaded 
Frame 7FA+e engines for which modifications have been 
developed [3].   

The differing approaches to tip repair on each of the three 
buckets demonstrates the differing performance of the three 
materials.  Buckets A and B are directly comparable as they 
operated in the same engine, demonstrating the reduction in 
strength and oxidation resistance resulting from the solid 
solution strengthened weld filler alloy used for the repair of 
Bucket B in comparison to the base alloy.  Bucket C, though 
operated in a different engine demonstrated that the 
precipitation hardened weld filler alloy provided excellent 
oxidation and creep resistance for the operating conditions.  

Coating coverage of the assessed buckets varied; with 
Bucket B being mostly uncoated, Bucket C being mostly 
coated and Bucket A falling somewhere between.  Oxidation of 
the internal surfaces of the examined components was within 
serviceable limits as the most severe internal damage 
represented only ~10% of the local wall thickness.  
Reapplication of the internal aluminide coating presents 
significant challenges due both to the complicated serpentine 
geometry and difficulty of coating over inaccessible, oxidized 
surfaces. 

The results also indicate the effectiveness of full solution 
rejuvenation heat treatment for restoring the base alloy.  It has 
been demonstrated that full solution rejuvenation heat treatment 
of GTD111-DS material can improve rupture life over that of 
new material [4].   Though Bucket C is not directly comparable 
to Buckets A and B, the improvement in rupture life of Bucket 
C in comparison to the rupture life prior to repair demonstrates 
the efficacy of the full solution rejuvenation heat treatment 
process. 
 
CONCLUSIONS 

All repairs were considered adequate since the components 
survived the additional service interval.  However, the results 
highlight that certain repair approaches are more durable than 
others.  Component life can be further extended by taking the 

correct repair approach for the intended service length and 
conditions. 

Absent the platform cracks, Buckets A and B would have 
been suitable for continued service following the appropriate 
repairs.  Implementation of platform modifications at the last 
repair may have salvaged the components for continued 
operation.  The significant damage at the tip of Bucket B 
indicates a greater risk associated with this approach to tip 
repair, since breach of the tip cover plate can lead to 
catastrophic failure. 

Bucket C would have been suitable for continued service 
following the appropriate repairs.  The analysis demonstrated 
that the precipitation hardened tip weld repair was effective for 
the service interval and conditions.  The analysis also 
demonstrated the efficacy of full solution rejuvenation heat 
treatment for extending component life. 
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