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Abstract

The efficacy of ceramic thermal barrier coatings (TBCs) used to protect and insulate metal components in engines increases with the
thickness of the TBCs. However, the durabilities of thick TBCs deposited using conventional ceramics-coating deposition methods have
not been adequate. Here, we demonstrate the feasibility of depositing highly durable, 4 mm thick TBCs-Gfifr@ Y,O3 (7YSZ) on
bond-coated superalloy substrates using the solution-precursor plasma spray (SPPS) method. It was found that the average thermal cycling life
of the 4 mm thick SPPS TBCs is 820 cycles. While most of the conventional air plasma-sprayed (APS) coatings of the same composition and
thickness deposited on identical bond-coated superalloy substrates were found to be detached partially from the substrates in the as-spraye
condition, the APS TBC that was intact failed after 40 thermal cycles. The dramatic improvement in the thermal cycling life in the SPPS TBCs
can be attributed to: (i) the significantly higher in-plane indentation-fracture toughness (over five-fold) in the SPPS TBCs over APS TBCs and
(i) the presence of the vertical cracks in SPPS TBCs resulting in a high degree of strain tolerance. The large thickness of the SPPS coatings
also allowed us to characterize the mechanical properties of the ceramic top-coat in some detail. To that end, we report here the results from
indentation-toughness tests and uniaxial-compression tests on the SPPS TBCs and the reference APS TBCs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction characterized by 15-25% porosity and large “splat” bound-
aries/cracks{100um)that are parallel to the metal-ceramic
Thermal barrier coatings (TBCs) made of low thermal- interface. Although the “splat” boundaries/cracks result in
conductivity zirconia ceramics (Z#37wt.% YOz or reduced thermal conductivities in APS TB(Y, they are
7YSZ) are routinely used to provide thermal insulation and the source of weakness in the TBCs and are responsible for
protection to metallic turbine-engine components from the the ultimate spallation failure of APS TB(S,6].
hot gas stream (see, e.g. reviejds3]). The use of TBCs In this context, a new, potentially low-cost plasma
(125-50Qum in thickness), along with internal cooling of  spray deposition process was developed—solution-precursor
the underlying metallic component, provides significanttem- plasma spray (SPP$J—9]—which offers the prospect of
perature reductions (100-200) at the metal-ceramicinter-  depositing highly durable TBCs that have low thermal con-
face. The air plasma spray (APS) process is used to depositductivities. In the SPPS process, instead of the ceramic
TBCs on metallic components in less critical areas within powder feedstock, which is used in conventional APS pro-
gas-turbine engines. The microstructure of APS TBCs is cess, liquid-precursor solutions are injected directly into the
plasma jet. Since the SPPS coatings deposition mechanisms
mponding author. Tel.: +1 614 247 8114 fax: +1 614 292 1537. e f_undamentally different from those iT‘VO'Ved in the con-
E-mail addresspadture.1@osu.edu (N.P. Pad’ture). ventional APS proceq40,11], SPPS coatings possess some
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A typical SPPS TBC is 300-5Q0m in thickness, with stock used was an agueous precursor solution of zirconium
the following key microstructural featurg9-11] (i) con- and yttrium salts, to result in a solid solution of 93 wt.% 2rO
trolled porosity, (ii) through-thickness vertical cracks and (iii) and 7wt.% Y%O3 (7YSZ) in the coating (Inframat Corp.,

a lack of large-scale “splat” boundaries that are omnipresentFarmington, CT). The APS coatings of similar composi-

in APS TBCs. The porosity and the through-thickness cracks tion were deposited using a powder feedstock (Metco 204N,
impart strain tolerance to the TBC, while the porosity also Sulzer Metco, Westbury, NY). Coatings of thicknesses 3.4
helps reduce the thermal conductivity. The lack of large- or 4 mm were obtained using both the methods. Most of the
scale “splat” boundaries are thought to effectively toughen APS coatings were found to be detached partially from the
the ceramic, making SSPS TBCs highly durable relative to substrates during deposition.

APS TBCs[9,12]. However, the mechanical properties of In order to obtain fully free-standing coatings, the as-
SPPS coatings have not been characterized in any detail. sprayed SPPS and APS specimens (stainless steel substrates

While thin SPPS TBCs (300-5@0n) have shown great  only) were dipped in a 40% HNgXolution for 2 h, where the
promise, the exceptional strain tolerance of SPPS coatingsacid attacked selectively the partially attached metal-ceramic
due to the presence of the through-thickness vertical cracksinterfaces. The free-standing coatings were cleaned thor-
makes the SPPS process ideally suited for depositing thickoughly and dried before further preparation.

TBCs (up to 4 mm thickness). This is in the context of a The densities of the free-standing SPPS and APS coatings
need for thick TBCs in gas-turbine engine, diesel engine and were measured using the Archimedes principle, with deion-
other applications, as thicker coatings are likely to result in ized water as the immersion medium.

unprecedented levels of temperature reductions across TBCs. In order to study the effects of heat-treatment on the
Although conventional APS method has been used to depositmechanical properties, some of the free-standing SPPS coat-
thick TBCs, either the durabilities of those TBCs have been ings were heat-treated at 1100 for 2 h in air using a box
inadequate or they require complex and expensive gradedfurnace (Thermolyne, Dubuque, IA).

metal-ceramic interfacg$4,15]

In this study, we demonstrate, for the first time, the feasi- 2 2 Fracture toughness measurements
bility of depositing well-adherent 7YSZ TBCs of thickness
~4 mm on bond-coated superalloy substrates using the SPPS  crgss-sections of the SPPS and the APS coatings were
method. We have also determined the thermal cycling dura- pojished to a Jum finish using routine ceramics polish-
bility performance of these ultra-thick TBCs. While the APS  jng techniques. These polished cross-sections were indented
coatings ok~4 mm thickness spalled either spontaneously or ysing Vickers diamond pyramid with a contact lod®) of
prematurely (40 cycles), the average thermal cycling dura- 49 N (five indentations per material). Care was taken to align
bility of SPPS TBCs of the same thickness was found to be the diagonals of the square Vickers impression as shown in
820 cycles. Fig. 1A. Radial cracks, emanating from the indentation cor-

The large thickness of the SPPS coatings also allowedners, running parallel to the deposition surface are referred
us to characterize the mechanical properties of the ceramiciy a5 “in-plane,” while those perpendicular to that surface
top-coat in some detail. To that end, we have character- gre referred to as “out-of-plane.” The sizes of the hard-
ized and compared the indentation-toughness and uniaxial-ness impressionsaf and sizes of the in-plane and out-of-
compression properties of the SPPS TBCs, along with the pjane cracksd) were measured using a scanning electron
reference APS TBCs. microscope (SEM) (ESEM 2020, Philips Electron Optics,

The Netherlands). The hardne$$) vas determined using
) the equationH = P/2a? [16]. The formulation due to Lawn
2. Experimental [16] was used to determine the in-plane and the out-of-

_ _ plane toughness valud§ic = 0.016 /H)%-°Pc~1-5, The elas-
2.1. Coatings preparation

The SPPS and APS coatings were deposited using (A) (B)
the direct current (dc) 9 MB plasma torch (Sulzer Metco, i
Westbury, NY), which was attached to a six-axis robotic e _U_

arm. A set of APS and SPPS coatings were deposited
on the grit-blasted, plasma-preheated (preheating temper-
ature~ 200°C) 304 stainless steel coupons, which were
either disks (diameter 25.4 mm, thickness 4 mm) or plates
(50 mmx 70 mmx 4 mm). Another set of APS and SPPS
coatings were deposited on bond-coated superalloy substrates
(disks: diameter 25.4 mm, thickness 4 mm) obtained from a
commercial source. Only one surface (circular or rectangular) rig. 1. Schematicillustration showing in-plane and out-of-plane orientations
of each specimen was coated. For SPPS coatings, the feedfer: (A) indentation test and (B) uniaxial-compression test.
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tic modulus E) was measured using uniaxial-compression 3. Results and discussion
testing.

3.1. Microstructures
2.3. Compression testing Fig. 2A shows cross-sectional SEM micrographs of a
thick SPPS coating at low and high magnifications, respec-
tively. These thick SPPS coatings are characterized by
branched vertical cracks, this is in contrast with thin SPPS
coatings (250-30@m), where unbranched vertical cracks
are observed9-11] The vertical cracks are a represen-
tation of separated columns running perpendicular to the
substrate/coating interface. The separated vertical columns
appear as “mudflat” pattern from the top, as seen in the top-
view optical micrograph irFig. 3. As the coating becomes
thicker, columns with larger diameters become more stable,
which manifestsitself as branched vertical cracks in the cross-

The free-standing SPPS and APS coatings were carefully
diced into cubes (3.3 mh using a precision saw (Isomet
1000, Buehler, Lake Bluff, IL) equipped with diamond wafer-
ing blade and all surfaces were polished to ani fin-
ish. The cube specimens were then tested in uniaxial com-
pression using a screw-driven mechanical testing machine
(Model 5869, Instron Corp., Canton, MA) in two different
orientations—in-plane and out-of-plane—as shown schemat-
ically in Fig. 1B. For compression testing, the cube specimen
were sandwiched between two highly polished tungsten car-
bide platens. Full articulation of the platens and appropriate

ositioning fixtures assured alignment of the specimens with section view.
P ng fixt 9 P . The higher magnification SEM micrograph of SPPS coat-
the loading axis. The load was measured using a calibrated.

load cell and the platen displacement was measured usin Ing cross-sectionHig. 2A) shows a lack of horizontal
P P g‘splat" boundaries/cracks. Such horizontal “splat” bound-

precision extensometers mounted between the platens. The™: . ; .
ies/cracks are always present in APS coatings, as seen in

. . r
C(_)ntact between the specimen and the plate_ns was IUbncate%e cross-sectional SEM micrograph of the free-standing APS
with grease. The specimens were tested either in load con-

trol (20 N s~1) mode or displacement control (0.001 mmi}s coating Fig. 2C) and they can be up to 1n long. Long
mode. vertical cracks were not present in the APS coatings.

L . The densities of the SPPS and the APS coatings
Two types of uniaxial-compression tests were conducted. .
. ) " were determined to be 4.73 and 5.16 Mgin respec-
In the first type of test, the specimens were loaded in

. Do ) tively. Assuming that fully dense 7YSZ has a density of
displacement control until failure occurred. This test allowed 3 L o
: : . 6.07 Mg n1 2, the porosity in the SPPS coating#22% and
us to evaluate the compressive elastic moduli and the

! : hat in APS coating is~15%. It is important to note that
average ultimate compression strengths of the SPPS an . . :
; ] he porosity of the SPPS coatings can be tailored between

the APS coatings. At least four specimens were tested per o . e

. . ) 5 and 40% by adjusting the processing conditidfig. 2B
materials and orientation. In the second type of test, the 2 MR .

i i shows that the porosity in the SPPS coating is isotropic
specimens were loaded in load control up to a peak load of

300N and they were fully unloaded, which constituted the and _rand(_)mly distributed. Ir! contrast,_the pores in the APS

. . . coating Fig. 2C) are sheet-like and aligned along the sub-

first cycle. The same specimens were then subjected to a o
) strate/coating interface.

second cycle and a third cycle where the peak loads were The microstructures of APS ceramic coatings have been

600 and 1000 N, respectively. The latter tests allowed us to 9

. o tudied extensively and the mechanisms by which they arise
study the mechanical hysteresis in the SPPS and the APiave been documZnted in the literatfir@ 19])1n the caseyof
coatings. L

SPPS coatings, an understanding of their deposition mecha-

nisms is beginning to emerd@-11,20] It has been shown

2.4. Thermal cycling that the SPPS coatings form by fundamentally different

mechanisms relative to APS coatings, which result in the

Thermal cycling testing of the 4mm thick APS and isotropic porosity and the lack of “splat” boundaries/cracks in

SPPS TBCs on bond-coated superalloy substrates was carthe SPPS coatings. It has also been shown that the formation

ried out using an automated thermal cycling furnace (CM of the vertical cracks in SPPS coatings is due to a combined

Inc., Bloomfield, NJ). The thermal cycle consisted of a 5min effect of thermal-expansion-mismatch stresses and stresses

heat-up from room temperature to 11%1, a 45min hold at  arising from the pyrolysis of remnant precursor embedded

that temperature, followed by a 10 min forced-air quench to within the coating during the deposition proc§as].

room temperature. A sample was considered to have failed

when the area fraction of the detached TBC from the substrate3.2. Hardness and fracture toughness

reached~0.5. A total of four SPPS TBC specimens were

tested. Only one reference 4 mm thickness APS TBC speci-  Fig. 4A and B shows SEM micrographs of Vickers inden-

men could be tested because most APS coatings were foundation sites in SPPS and APS coatings, respectively. At the

to be partially detached from the substrate during deposition. same magnification, the hardness impression in the SPPS

Partial detachment of thick APS TBCs during deposition has coating is seen to be smaller than the one in the APS coat-

been observed by others (see, §1F]). ing. The average hardness values of the SPPS and the APS
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4 mm

Fig. 2. (A) Cross-sectional SEM micrograph of a SPPS coating at low and high magnifications. Arrow indicates a vertical crack in the high-magnification
micrograph. (B) Cross-sectional SEM micrograph of APS coating showing “splat” boundaries (arrows).

coatings were determined to be 5.4 GPa (range 6.2—4.1 GPajive times that of APS coating. This is particularly important
and 3.9 GPa (range 4-3.6 GPa), respectively. It is not clearbecause the plane parallel to the metal-ceramic interface (in-
why the hardness of the SPPS coatings is higher than thatplane) within the ceramic top-coat is the primary location of
of the APS coating, despite the higher porosity in the SPPS spallation failure in plasma-sprayed TB{Es6]. The lower
coatings. in-plane toughness in the APS coatings can be attributed to
The in-plane crack in the SPPS coatingigy( 4A) appears the presence of weak, long “splat” boundaries and cracks in
to be significantly shorter than that in the APS coating that orientation. Although “splat” boundaries exist in SPPS
(Fig. 4B). The in-plane crack in the APS coating appears coatings, they are 50-100 times smaller than those found in
to follow the “splat” boundariesHig. 4C). This behavior is ~ APS coatingg11]. This is due to the fundamentally differ-
similar to what has been observed in other studies on crack-ent deposition mechanisms in SPPS that result in “ultra-fine
propagation in APS coatings using micro-mechanical testing splats” that are 1-pm in diameter compared to the “splats”
devices (not indentatior[p2]. The in-plane elastic moduli  in APS coatings that are100pm in diametef11].
for SPPS and APS coatings estimated from the compression The in-plane and the out-of-plane cracks in the SPPS coat-
tests (Sectior3.3) were used in calculating the indentation- ing appear to be similar in length iig. 4A. Thus, the tough-
toughness values reportedHiy. 5. It can be seen clearly that  ness of the SPPS coating is isotropic within 308tg( 5).
the in-plane indentation toughness of SPPS coating is overThis is expected considering the random nature of the SPPS
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Fig. 3. Top-view optical micrograph of a SPPS coating showing the “mud- - %
flat” pattern. - 2
0 o
coating microstructure. In the case of the APS coatings, well- In - Out-of In- Out-of
defined out-of-plane cracks could not be found, precluding Iptane  -Plane | |Plane  -Plane
estimation of the indentation-toughness APS in the out-of- Apa e

plane orientation. Out-of-plane cracks in APS are likely to

Fig. 5. Indentation toughness of the SPPS and APS coatings. The histogram
represents the average readings from five indentations and the error bars
represent the data range. The toughness in the out-of-plane orientation in
the APS coating could not be estimated because well-defined cracks did not
form in that coating.

— be heavily bridgeq by.the “splats” that run perpen(_jicular to
Pl e the cracks, resulting in crack arrest. Thus, the highly tex-
Crack™ 8 . O Ay In-Plane tured microstructures in APS coatings resultin the extremely

e Cracks pronounced toughness anisotropy. Such anisotropy in the
indentation toughness of APS ceramic coatings has been
reported by others (see, €[83,24).

In a recent study, Choi et gJl25] measured the tough-
ness, using conventional methods (single-edge V-notch beam
(SEVNB) and double cantilever beam (DCB)), of free-
standing 8YSZ APS coatings in the in-plane and out-of-
plane orientations. They found the toughness to be isotropic.
This apparent discrepancy can be explained based on the
rising R-curve behavior—initial increase in toughness with
crack length followed by a toughness plat§bél—observed
in APS TBCs due to crack-bridginfp2]. Generally, the
indentation-test samples the short-crack region of Rhe
curve, while the conventional toughness tests (DCB) sample
the long-crack plateau regi¢h6]. Due to the heterogeneous
nature of the APS coatings, it appears thafRkmurve for the
cracks in the in-plane orientation rises slowly with the crack
size, resulting in a low toughness value in the indentation
test but a high plateau toughness. In contrastRdeerve in
the out-of-plane orientation is expected to rise steeply with
crack size due to crack-bridging by “splats”, making it diffi-

. . . . . cult to measure the short-crack toughness using indentation.
Fig. 4. SEM micrographs of \ﬁck_ers |ndentat!on.(49N_ load) sites in: (A) Since micro-mechanisms of APS TBC failure are largely con-
SPPS coating and (B) APS coating. Arrows indicate in-plane and out-of-

plane cracks. (C) High-magnification SEM micrograph showing the in-plane f[m"ed by local, or short-crack, toughng$s6], the in-plang
indentation crack following a “splat” boundary in the APS coating. indentation toughness is the most relevant toughness in the
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Fig. 6. Typical uniaxial-compression stress—strain curves for SPPS and APS
coatings in in-plane and out-of-plane orientations.

context of TBC failure. Although the ultimate spallation fail-
ure of APS TBCs is a long-crack phenomenon, it is the result
of a complex link-up of multiple short-cracKS,6], which

is quite different from the propagation of single, dominant
long-cracks used in conventional toughness tests.

3.3. Compression behavior

Fig. 6 shows typical compression stress—strain responsest

of SPPS and APS coatings tested in in-plane and out-of-plan

orientations. The in-plane stress—strain curves for both mate-

rials are characterized by non-linear deformation behavior,
followed by linear behavior prior to failure. The hysteresis
observed in the stress—strain behavior at low stre§sgsiA

and B;Table 2 further confirms the permanent deformation
in the SPPS and the APS coatings during uniaxial compres-
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Fig. 7. Typical uniaxial-compression stress—strain curves during three cycles
of loading—unloading with successively increasing loads: (A) SPPS coating
and (B) APS coating. The loading and unloading parts of the curves are
marked in (A).
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Table 1
Elastic modulus and compressive strength of SPPS and APS coatings
Coating Orientation Average elastic Average
modulus (range) compression
(GPa) strength (range)
(MPa)
SPPS In-plane 49 (77-44) 540 (722-301)
Out-of-plane 22 (30-9) 258 (306-190)
SPPS In-plane 100 (122-71) 629 (697-504)
(heat-treated)
Out-of-plane 67 (75-58) 368 (424-306)
APS In-plane 40 (47-35) 578 (648-423)
Out-of-plane 38 (41-32) 476 (591-335)

sion. The hysteresis in both coatings is characterized by
an increase in the secant elastic modulus with successive
load—unload cyclesTable 9. The non-linear compression
(uniaxial) behavior in APS coatings has been observed by
others[25-28] and it has been attributed to the sliding of
microcracks in the coating. With increasing compressive
stress, microcracks close-up, resulting in elasticity, charac-
terized by a linear stress—strain response. This is followed by
he failure of the coating. In the case of the SPPS coating, the
non-linear response can be attributed to cracking and sliding
at the pores, followed by compaction; this has been observed
by others in porous cerami§®9,30] The more pronounced
deformation (strain) in the SPPS coating could be due to the
higher porosity in the SPPS coating compared to the APS
coating.

The in-plane ultimate compressive strengths and the elas-
tic moduli for SPPS and APS coatings are reportethinle 1
The linear portions of the stress—strain curves were used to
estimate the elastic moduli. The compressive strengths and
the elastic moduli for the two coatings are observed to be
comparable. This is probably because the high-stress behav-
ior is dominated by the compacted material in both cases,
where the microstructural differences are less likely to have
an effect. The difference in the microstructures is manifested
in the low-stress behavior, where more pronounced deforma-
tion is observed in the SPPS coating.

The compression stress—strain behavior for APS coatings
in the two orientations is quite similar, with the ultimate
compressive strength in the out-of-plane orientation being

Table 2
Maximum stress and elastic modulus for
loading—unloading of SPPS and APS coatings

repeated compressive

Coating/orientation  Cycle number  Maximum Secant modulus
stress (MPa)  (GPa)
SPPS/in-plane 1 27 3.1
2 55 7.7
3 93 13.6
APS/in-plane 1 32 10.3
2 68 13.4
3 110 17.3
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1000 is bound to contribute to the delay in the spallation failure of
121°C SPPS TBCs. Second, the vertical cracks in the SPPS TBCs
contribute significantly to the strain tolerance of the TBCs
[9,32], thereby, reducing the rate of stress build-up within
the coating that leads to spallation. Detailed failure mecha-
nisms and analysis of thick SPPS TBCs will be the subject
of a separate publication.

800

600

4. Summary

400 The SPPS method has been used to demonstrate the
feasibility of depositing highly durable, thick (4 mm thick-
ness) 7YSZ TBCs on bond-coated superalloy substrates. The
microstructures of these coatings are characterized by verti-
cal cracks, a lack of horizontal “splat” boundaries and cracks
and porosity of~22%. The indentation toughness of the
— SPPS coating was found to be over five times that of the
¢ reference 7YSZ APS coating in the most critical in-plane
APS SPPS orientation. While the indentation toughness of the SPPS
Fig. 8. Thermal cycling durability of APS and SPPS ultra-thick TBCs €Oating is isotropic, the indentation-toughness anisotropy in
(~4 mm thickness) on bond-coated superalloy substrates. Only one APSthe APS coating is highly pronounced. Uniaxial compression
TBC specimen could be tested. The SPPS histogram represents the averagef the SPPS coatings is characterized by an initial non-linear
of four specimens and the error bars represent the data range. stress—strain response and permanent deformation. This is
followed by a linear-elastic response, before ultimate com-
.. . . pressive failure occurs. The ultimate compressive strengths
somewnhat lower. In contrast, the SPPS coating is signifi- of Spps and APS coatings in the in-plane orientation were
cantly more compliant and weaker in the out-of-plane ori- 4nq to be comparable, while the strength of the SPPS coat-
entation. This can be attributed to the vertical cracks in the ing was found to be lower than that of the APS coating in the
SPPS coatings, which are likely to dominate the compres- ot of_plane orientation. Heat-treatment of the SPPS coating
sion behavior at the macro-scale—easy sliding and failure is g jted in a significant increase in the ultimate compressive
I|kfaly to oceur along these vertical cracks in the out-of-plane strength in the in-plane orientation, which is most likely due
orientation. _ . . to the complete pyrolysis of the unpyrolyzed material present
Since the Vickers indentation-toughness test involves i, the as-sprayed SPPS coatings. The average thermal cycling
large local deformations at the microstructural level, the in- |ite of the SPPS TBCs was found to be 820 cycles, while that
plane elastic modulus is _considered to be the most relevantys 5 reference APS TBC deposited on identical bond-coated
in the toughness calculatioftl]. _ _ superalloy substrate was found to be 40 cycles. The dramatic
Upon heat-treatment, the SPPS coatings become stifferimyrovement in the thermal cycling life in the SPPS TBCs
and stronger in both the in-plane and out-of-plane orienta- ¢4, he attributed to: (i) the significantly higher in-plane local
tions (Table 1. This is most likely due to the heat-treatment-  5cture toughness (over five-fold) in the SPPS TBCs over
induced complete pyrolysis of the unpyrolyzed material that Aps TBC and (i) the presence of the vertical cracks in SPPS

is ubiquitously present in the as-sprayed SPPS coatingstgcs resulting in a high degree of strain tolerance.
[11].

Number of 1-h Cycles to Failure

200
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