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Abstract: Co-based superalloys such as FSX-414 have been recently used in gas turbine first stage nozzles. During service, nozzles
are exposed to low cycle fatigue, which can lead to cracking of these components. The cracks on these nozzles are usually welded
with tungsten arc welding (TIG) using Co-based filler metals. In this paper, the effect of TIG on the tensile and low cycle fatigue
properties of Co-based superalloy FSX-414 was studied at 950 °C. The experimental results show that the yield and ultimate tensile
stresses of welded and unwelded specimens are comparable to each other. But toughness of welded specimens is lower than that of
unwelded ones. The low cycle fatigue properties of FSX-414 were studied at a strain rate of 3.3x107* s7!, strain ratio R=—1
(R=emin/emax) and Ag, (total strain change) from 0.8% to 2%. In welded specimens, at high strain cycling, the nucleation and growth of
cracks occur in the welded zone. But at Ag=0.8%, fracture occurs in the same zones of unwelded specimens. The results show that
the total fatigue lives of the welded specimens are shorter than those of unwelded ones. In all of the low cycle fatigue tests, softening

phenomena are observed.
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1 Introduction

Gas turbine hot path components, in particular the
first stage nozzles, undergo complex thermal and
mechanical stresses during start-up and shut down.
Co-based superalloy such as FSX-414 is the best choice
to utilize in the first stage nozzle due to good
stress-rupture, excellent hot corrosion and oxidation
properties, good weldability and high structure
stability [1-5]. However, extensive cracking has been
observed especially around the leading, training edges
and between the airfoils [5,6]. To extend lifetime of these
nozzles, the large and deep cracks are welded and
repaired. Several welding technologies can be used for
repairing, including gas tungsten arc welding (TIQG),
electron beam welding (EBW), activated diffusion
healing (ADH), liquid phase diffusion sintering (LPDS),
transient liquid phase (TLP) and laser beam welding
(LBW) [7—14]. TIG welding is a process that is well
suited for the repair of thin sections of nozzles because
the heat input is highly localized and controllable. The
localized heat used to join materials is produced by

passing an electric current through a non-consumable
electrode made of tungsten or tungsten alloy, into the
work piece [7]. EBW process was chosen because it
produces a weld cross-section with a high depth-to-width
ratio, which means that full penetration welds in thick
sections could be made in a single pass and with minimal
heat input. In most cases filler alloys are not required,
which simplifies the metallurgical
interactions between the weldment and base alloy [8].
ADH was originally developed by GE’s Aircraft Engine
Group for vane (nozzle) repair. GE Power Systems’
Inspection and Repair Services (I&RS) has modified the
process for use with heavy duty industrial gas turbine
alloys. The ADH process uses a mixture of superalloy
powders and an organic binder tailored to meet the part’s
specific design requirements [9,10]. LPDS wuses a
combination of a high melting point powder (typically a
composition similar to the superalloy being joined) and a
low melting point powder (typically a braze with boron
as the melting point depressant). The powders are
applied to the area to be repaired in the form of a paste,
putty, or sintered perform. The repair is subsequently
sintered in vacuum furnace below the melting point of
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the base metal substrate. LPDS process was used to
restore wall thickness on the concave and convex
surfaces of the airfoil, repair cracks, pits dents and build
up the hook fit areas as a result of downstream deflection
of the inner buttress seal areas, as a result axial
creep [10]. TLP bonding is a relatively new bonding
process that joins materials using an interlayer. On
heating, the interlayer melts and the interlayer element
(or a constituent of an alloy interlayer) diffuse into the
substrate materials, causing isothermal solidification.
The result of this process is a bond that has a higher
melting point than the bonding temperature. This
bonding process has found many applications, most
notably the joining and repair of Co-based superalloy
components [11—13]. LBW uses a concentrated and
columnar beam of light to produce heat in the weld joint.
The light beam consists of a stream of photons which are
focused by lenses and mirrors to small spot sizes in order
to create the high power density required. The condition
of the surface of the work piece, especially reflectivity,
has a significant effect on the weldability because LBW
relies on light beams for heating. The small spot size of
LBW makes it generally unsuitable for wide gap [13].
Among the welding techniques, the gas tungsten arc
welding (GTAW or TIG) process is widely used for
surface crack repair of the nozzles, due to its lower
facility cost [8,12,15,16]. Commercial filler alloy L-605
is selected for TIG welding FSX-414 [8]. One of the
limitations of this welding technique is incomplete or
insufficient penetration of melts in the root of V-type
cracks [15]. Therefore, V-type cracks must be converted
to U-type ones, welding parameter should be improved
and/or the welding technique should be changed. In this
work, the effect of insufficient penetration of melts on
the low cycle fatigue of Co-based superalloy was
studied.

The fabric and repaired nozzles were exposed to
cyclic loading at high temperatures. This problem is
often simulated in laboratory as LCF. There have been a
few reports on LCF of Co-based superalloy FSX-414
[17—24]. However, there are few references in the field
of influence of welding on the mechanical properties of
FSX-414.

2 Experimental
An investment air casting method was used so that

adequate amount of round bars (50 bars) can be obtained.
The chemical composition of the material, FSX-414,

which was determined by WAS Foundry-Master
spectrometer is given in Table 1. A number of the round
bars (24 bars) were solution-treated at 1150 °C for 4 h,
machined and age-treated at 980 °C for 4 h [§,12,25].
Other specimens were solution-treated (pre-weld heat
treatment), machined, grooved in the center of gauge
length (V-type with 60°) and welded by TIG. The filler
metal used for welding was L-605. The largest width of
cracks found on nozzles was about 1.5 mm [26].
Therefore, for the process qualification, the mechanical
properties tests (tensile and LCF) were undertaken on
specimens with a joint gap of 1.5 mm. After welding, the
specimens were solution-treated. After solution treatment,
cylindrical test specimens were aged and machined out
to bring them as instructed by ASTM-E 8 and
ASTM-E 606, as shown in Fig. 1. To make sure that
there are no cracks, all specimens were inspected by dye
penetration test. The chemical weld metal is shown in
Table 1. Tensile tests for unwelded and welded
specimens were performed at 950 °C and constant strain
rate of 83x10* s'. All of the tensile tests were
performed according to standard ASTM-E 21. The LCF
tests were performed on both the unwelded and welded
specimens under triangular wave form cyclic strain,
R=¢pin/emax="1; Ag, values of 0.8%, 1.2%, 1.6%, 2%,
950 °C and strain rate of 3.3x10* s™'. In order to
minimize the effect of surface roughness on LCF results,
the surfaces of all the specimens were polished according
to ASTM-E 606 after aging heat treatment. The
specimens were gripped by threaded jaws to the
modified electromechanical testing machine (Instron
model 6027). The specimens were brought to testing
temperature in a cylindrical electric resistance Instron
furnace (model SF375) with an accuracy of =1 °C. To
control the temperature, a R-type thermocouple was
attached on the specimen within the gauge length region.
To record the magnitudes and variations of the cyclic
strains applied on linear variable
differential transformer (LVDT) leg type extensometer
was used. Figure 1 illustrates the specimen dimension
and the extensometer position on a specimen. The
microstructures of specimens were studied by SEM
(model Vega Tscan Philips).

specimens, a

3 Results and discussion

The microstructures of unwelded and welded
specimens are shown in Figs. 2 and 3, respectively.
The microstructure of FSX-414 consists of a-Co phase

Table 1 Chemical compositions of FSX-414 and filler metal L-605 (mass fraction, %)

Specimen Cr Ni W Fe Si Mn C B Co
FSX-414 29.64 10.37 7.04 0.92 0.72 0.689 0.274 0.007 Bal.
L-605 24.5 11.42 11.8 1.5 1 1.7 0.1 - Bal.
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high temperatures, secondary carbides, usually M,;Cg

(M=Co, Cr, W and Ni), precipitate from primary

162 carbides [3,6]. The carbide network at or near grain

- boundaries prevents grain boundary sliding and provides

- A8t~ 1ld10243 strengthening in the alloy. Carbides also play an

important role in grain boundary oxidation resistance.
Figure 3 shows the microstructures of the specimen after
welding, solution and aging treatment. The weld region
consists of o-Cr matrix. In L-605 weld metal
microstructure, there is no network carbide. The
microstructures of FSX-414 and welded metal consist of
70—80 um and 30—40 pm grain size, respectively. The
grain size was determined by the linear intercept method
according to ASTM-E 112. The average tensile test
results at 950 °C are shown in Table 2. The stress—
elongation curves for comparison of tensile behavior of
welded and unwelded specimens are shown in Fig. 4.

Extensometer
attaclunent position

Fig. 1 Tensile and fatigue specimen dimensions (mm) according
to ASTM-E 8 and ASTM-E 606 (a), grooved specimen (b) and
welded specimens before and after machining (c)

Substrate

Fusion zone

S

abiudes *? : "

f“‘Se&:on dary cj;rbi des Fig. 3 Microstructures of welded specimen (fusion zone grains
i {" l-%éﬁ"m" are oriented essentially perpendicular to substrate-fusion zone
e & k= o interface)
Fig. 2 Microstructure of FSX-414 (unwelded specimen)
consisting of primary and secondary carbides Table 2 Average tensile results for unwelded and welded
FSX-414 at 950 °C
matrix, primary and secondary carbides. The carbides Specimen  ¢/MPa  ¢/MPa  El% Elasticity/MPa
contribute  significantly to strengthening. They Unwelded 119.5 043 57 9450
precipitate at grain boundaries and in interdentritic
Welded 122 95 25 9320

regions. During aging heat treatment or during service at
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Fig. 4 Stress—elongation curves of unwelded and welded

specimens

Experimental tensile results show that the yield and
ultimate stresses of unwelded and welded specimens are
relatively equal. But toughness (the area under the
stress—elongation curve), reductions in area and
elongation of the welded specimen are lower than those
of unwelded specimens. It is assumed that the low
ductility values measured (welded specimen) during this
tensile test are related to microstructure, the presence of
defects and discontinuity (due to insufficient penetration
of melts) in weld joint [8]. The fusion zone grains are
oriented essentially perpendicular to the substrate—fusion
zone interface (Fig. 3). The fracture surfaces of the
unwelded and welded specimens are shown in Figs. 5
and 6, respectively. Comparing Fig. 5 with Fig. 6 shows
that the microvoid number in the unwelded specimen is
more than that in the welded specimen. The fracture
surface of the welded specimen tensed and fractured is
shown in Fig. 6, in which cleavage surfaces due to the
brittle fracture are clearly observed.

The results of LCF tests of unwelded and welded
specimens at Ag, values of 0.8%, 1.2%, 1.6%, 2% are

Fig. 5 Fracture surface of unwelded specimen after tensile test

£ Lo o

Fig. 6 Fracture surface of welded specimen after tensile test

listed in Table 3. Figures 7 and 8 present stress—strain
hysteresis loops and Figs. 9 and 10 show the cyclic stress
response with time respectively. During the fatigue
process in the low cycle fatigue, the stress—strain
hysteresis curves change gradually. The deformation of
the gage length was measured by displacement gage with
leg type extensometer attached. Since the maximum and
the minimum strains were controlled, the peak stresses at
positive and negative loads were changeable. For
example, in the case of Ag=0.8%, the maximum and the
minimum strains of +0.4% were controlled. Fatigue life
decreases with increasing strain amplitude. At R=1, the
cyclic stress amplitude decreases during cyclic
deformation. This phenomenon is called softening. In
stain controlled tests shown in Figs. 9 and 10, softening
phenomenon, steady-state, crack initiation and final
fracture are observed. The investigation results on the
LCF fatigue behavior of other materials indicate that the
softening has been identified with 1) shearing of
precipitates by gliding dislocation, 2) dissolution of
precipitates and 3) disordering of precipitates [22]. The

Table 3 Average LCF results for unwelded and welded
FSX-414 at 950 °C

Omax (at Omin (@t Ao/2 (at
Specimen Ag/% cycle 1)/ cycle 1)/ cycle 1)/ N; N
MPa MPa MPa
0.8 140 —-110 125 513 638
1.2 110 —180 145 144 195
Unwelded
1.6 180 -160 170 81 102
2 170 -200 185 38 50
0.8 160 —180 170 268 346
1.2 170 —180 175 72 89
Welded
1.6 170 —190 180 42 45
2 180 —200 190 20 22

N is number of cycles to crack initiation; Ny is number of cycles to failure
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Fig. 7 Stress—strain hysteresis loops obtained for unwelded specimen under LCF at Ag, values of 0.8%—2%, 950 °C, R=—1 and strain
rate of 3.3x107* 5711 (a) Ag=0.8%; (b) Ae=1.2%; (c) Ae=1.6%; (d) Ae=2%
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Fig. 8 Stress—strain hysteresis loops obtained for welded specimen under LCF at Ag values of 0.8%—2%, 950 °C, R=—1 and strain
rate of 3.3x10* s7': (a) Ae=0.8%; (b) Ae=1.2%; (c) Ae=1.6%; (d) Ae=2%
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Fig. 9 Maximum and minimum stresses versus time (cyclic softening) for unwelded specimen at Ag, values of 0.8%—2%, 950 °C,
R=—1 and strain rate of 3.3x107* s !: (a) Ae=0.8%; (b) Ae=1.2%; (c) Ae=1.6%; (d) Ae=2%
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Fig. 10 Maximum and minimum stresses versus time (cyclic softening) for welded specimen at Ag; values of 0.8%—2%, 950 °C,
R=—1 and strain rate of 3.3x10™* s™": (a) Ae=0.8%; (b) Ae=1.2%; (c) Ae=1.6%; (d) Ae=2%
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cyclic softening may be attributed to the rearrangement
of dislocations, resulting from dislocation unlocking. The
welded specimens are brittle and fail rapidly under
conditions of applied high strain cycling at the joint
interface. In this work, the softening effect was more
likely caused by cracking of the carbides. The fatigue life
diagram between the total strain range and the fatigue
life is shown in Fig. 11. It appears that unwelded
specimens showed slightly better fatigue resistance than
welded specimens, especially at higher strains.
Figures 12—15 show that initiation and nucleation of
cracks generally start from the surface where it is always
deeply oxidized. The surface grain boundary oxidation
and oxide spikes are also considered as further crack
nucleation sites for unwelded and welded specimens.
Also, oxidation layer formed along the grain boundary.
Oxide spike is formed at surface grain boundary.
Depletion of Cr (due to the formation of chromium
carbide phase) in the near grain boundary regions
resulted in the grain boundary oxidation of
Co-superalloys [27]. In welded specimens, at high cyclic
strain, the nucleation and growth of cracks occurred in
welded zone. But at low cyclic strain, Ag=0.8%, despite
insufficient penetration of melts (big void), fracture
occurred in the same zones of unwelded specimens
(Fig. 13). Therefore, in the first stage nozzles, during the
start-stop or shutdown, it is expected that the fatigue
fracture will not be created in the fusion zone, if the
cyclic total strain is less than 0.8%. At a high cyclic
strain (Ae=2%), beach marks were visible on the fracture
surface of welded and unwelded specimens. Initiation of
cracks generally starts from the oxidized surface grain
boundary, internal voids and internal carbide interfaces.
The boundary strength is degraded by oxygen diffusion.
The fracture surfaces of welded and unwelded specimens
at low strain cycling (Ag=0.8%) show that the initiation
of crack generally starts from grain boundary, internal
void and internal carbide interfaces. Oxidation also

25

4 — Unwelded
= — Welded

20r =

Strain/%

0 s
10! 10? 10°
Number of cycles to failure

Fig. 11 Strain—fatigue life curves for unwelded and welded
specimens at 950 °C, R=—1 and strain rate of 3.3 10745

S Oxide spike

Grain boundary

.
Fig. 12 SEM images of unwelded FSX-414 specimen after
LCF test at 950 °C, R=—1 and A&=0.8%: (a) Crack initiation
from surface; (b) Crack initiation from oxide spike and grain
boundary; (c) Fracture surface

accelerates fatigue damage both in terms of fatigue crack
initiation and fatigue crack propagation [28]. The studies
show that FSX-414 exhibits higher fatigue crack
initiation and growth resistance than the weld metal,
L-605 [29]. In this work, the lower fatigue life of welded
specimens may be caused by the poor interfacial strength
by the welding process.
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Fusion zone

Internal defects

Fig. 13 SEM images of welded FSX-414 specimen after LCF
test at 950 °C and R=—1 and Ag =0.8%: (a) No cracking in
welded zone; (b) Crack initiation from internal defect;
(c) Fracture surface

4 Conclusions

The microstructure of FSX-414 consists of a-Co
phase matrix, primary and secondary carbides. The weld
region consists of o-Cr matrix. In L-605 weld metal
microstructure, there is not network carbide.
Experimental tensile results show that the yield and
ultimate stresses of unwelded and welded specimens are
relatively equal. But toughness, reduction in area and

Qxide spike

Fig. 14 SEM images of unwelded FSX-414 specimen after
LCF test at 950 °C, R=—1 and A&g=2%: (a, b) Crack initiation
from grain boundary; (c) Crack initiation from oxide spike and

grain boundary; (d) Fracture surface
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Fracture surface
S e e
in fusion zone

[()mde spike

Grain boundary

Fig. 15 SEM images of welded FSX-414 specimen after LCF
test at 950 °C, R=—1 and Ag=2%: (a) Crack initiation from
welded zone; (b) Crack initiation from oxide spike and grain
boundary in fusion zone; (c¢) Fracture surface and weld
discontinuity

elongation of welded specimens are lower than those of
unwelded ones. The cleavage surfaces and big voids of
the fracture surface of welded specimen due to the brittle
fracture are clearly observed. Fatigue life time decreases
with increasing strain amplitude. In all of the LCF tests,

softening phenomena are observed. In welded
specimens, at high strain cycling, the nucleation and
growth of cracks occur in the welded zone. But at
Ae=0.8%, despite the weld discontinuity, fracture occurs
in the same zones of unwelded specimens. The results of
LCF tests show that L-605 alloy, as filer metal, is less
resistant to LCF relative to FSX-414 alloy. Therefore, the
total fatigue lives of the welded specimens are shorter
than those of unwelded ones. The lower fatigue life of
welded specimens may be caused by the poor interfacial
strength.
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# FE: FSX-414 HiEmiR & & O THIEBSIREHL — 205, USIREHUZITRS, L —Zmi b TR
FAPESTIRAS, IXPEIIVE 25 PR M S B PR T 24 3R 1% P B R R P A AR e I BR(TIG) B X g 1 2 4L
HBEAT IR W FC TIG XF FSX-414 5L R & 4 7E 950 °C e e S AR F 9% 55 1E e HO R i o 78 S AR A 3.3%10 7% 57!
MAER R H—1(R=€min/emax)~ b N AEAEAAE Ae, 9 0.8%~2% 1564 T T FSX-414 & &K AR 57 AL . S2ihshf
FH s ARBER R SRR S 00 8 MRS R0 KRR LA, AEARBERE S B LG AR R R B DA o ) T AR e,
FEFNAZAET, BEEX RO BT E. (H25A=0.8%F, 7EAIERARKEMANE XKW, Liksh
RRW, AR RS A K T AR AR I B 07 Frdr . bAh, TERTHET AR B 3 57 S P MR 31 T 4Kk
B .
KR EiEERIR A S PGS KA SRR
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