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SUMMARY

A primary purpose of thls program was to Investinate the infjuence of
envlronment and an aluminide coatling (PWA 45) on the par.ltloned strainrange
fatligue behavior of a cobalt-base MAR-M=302 alloy. To accomplish thls, com~
parative fatigue tests were conducted on coated and uncoated samples with the
four baslic types of thermal=mechanlical straln cycles (wave shapes) defined by
the method of stralnragne partitioning. All tests were conducted in an ultra-
high vacuum to eliminate the confounding effects of environmental interactions
on elevated temperature behavior. Maximum test temperature was 1000°C (1832°F).

Results of these tests Indicated no significant influence of the
aluminide coating on MAR-M-302 fatigue life for ep,, €g and e,y types of
cycling. Indirect evidence indicated that this concluslon coulg be extended
to the epe type of cycle as well.

The test results showed a significant dependence of fatique 11fe on
the type of thermal-mechanical cycle (wave shape) applied. Fatlgue 1ife was
greatest with the €p cycle, an¢ was reduced by about 1/2 to 1 order of
magnitude by . cyc?lng. Appilcation of the ecpn cycle caused a life reduc-
tion of becween 1-1/2 and 2 orders of magnltude while the e,. 1ife appeared
to be comparable to the e.. life. The occurrence of fatigue life variations
with these different types of thermal-mechanical fatlgue cycles in the absence
of environmental Interactions served to emphaslze the Importance of creep-
fatligue Interactions in elevated temperature fatigue behavior. The concept
of stralnrange partitioning appears to offer an appropriate framework around
which this behavior can be characterized.
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! [NTRODUCT1QH

Aluminide coatings are widely used in alfrbreathing turbine engines
for Improvement of oxldatlon and hot corrosion reslistance of critical hot
sectjon components. While satisfactory for this purpose, such coatings
nay degrade the mechanical propertles of coated hardware. Of partleular
concern Is a reduction of fatigue resistance in complex geometry hot section
structures such as turbine blades and vanes which experience severe thermal-
mechanical strain cycling during engine service.

To study this problem a program was undertaken to simulate the thermal-
mechanical fatigue behavior of a cobalt-base superalloy {MAR-M-302)} in the
coated (PWA 45) and uncoated condition. This program involved closed=loop,
servo-controlled fatigue testing with synchronized, Independently programmed
temperature and straln cycling to develop baseline data for analysis of
thermal fxtlgue behavior by the method of strainrange partioning (1).

Tests were performed In air and in vacuum to separate the effects of environ-
mental interactions from mechanical effects of the coating en fatigue behavior.
The program was a cooperative effort between the Materials Technology Laboratory
of TRW Inc. and the Materlals and Structures Division of the HASA Lewis Research
Center, with vacuum tests being performed at TRW and air testing at HASA. This
report presents the results of the vacuum fatigue tests performed at TRW.

Experimental Detalls

Equipment and procedures used for vacuum thermal fatligue tests on
this program have been described in detall in previous reports (2,3).
Briefly, tests were conducted on coated and uncoated tubular hourglass
specimens provided by the sponsor (Figure 1) with closed-loop diametral
straln control In an ultrahigh vacuum chamber at pressures below 1 x 107
torr. Synchronized thermal cycling was accomplished by direct resistance
heating using a programmable thyratron controlled 50 KVA power source. The
measured specimen diameter was compensated electronically for thermal expan-
slon so that net mechanical strain was controlled directly. load, diameter
and temperature were recorded continuously, with load-diameter hysteresis
loops being obtained at periodic intervals during each test. Faliure was
defined as separation of the specimen into two pieces.

While no major difficulties were encountered in changing from the
original solid hourglass specimen deslign {2) to the tubular specimen, one
minor problem was encountered which involved a tendency for the servo-
control system to become unstable at fracture. This instability resulted
in the application of large, uncontrolled compressive stralns at fallure,
which rewelded the specimen and caused the hollow tube to essentially
collapse under the relatively light spring pressure of the diametral exten-
someter (Flgure 2). While causing no major problem in generation of the
required test data, this behavior was annoying because It eliminated the
possibility for meaningful Interpretation of microstructural damage in a
number of the tested specimens.
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Figure 2. Photograph of Specimen Which Underwent Uncontrolled Compressive
Loaaing at Failure as a Result of Dynamic Control Instability
Accompanying Fracture,



The test program Involved both isothermal and thermal-mechanlical
straln cycling to measure the four basic types of creep-fatigue 11fe rela-
tlonships defined by the strainrange partitioning analysls (Reference 1),

The Ep and ec. curves were obtained from 1000°C {1832°F) Isothermal tests
conducged at 0.65 and 0,0065 Hz, respectively, while Ecp and e, curves

were determined using a test cycle where temperature and strain were varied
sequentially so that both tensile and compressive deformation occurred Iso-
thermally but at different temperatures (Flgure 3). In all cases, the dia-
metral straln was varied linearly with time. The TCIPS* cycle was used to
determine fatigue life for €., type deformation, while ¢ ¢ behavior was
evaluated using the TCOPS¥* type of cycle (1,3}, Specif?c conditions of
temperature and frequency are indlcated In Table ! for each test together

with the Inelastlic and total longitudinal stralnranges applied. In

addition to these basic cycle types, a special series of tests were per-
formed to determine the percentage of time-dependent (creep) deformation
associated with each of the Inelastic strain ranges Investigated., The
purpose of these tests was to conflrm that the majority of the reversed
Inelastic strain Imposed at 1000°C (1832°F) and 0.0065 Hz was indeed thermally
activated as assumed In the use of this temperature and frequency for defini-
tion of the ec., ecp and €p lines. Detalls of the procedures and results
from these tests are given Tn Appendix A.

Because the data presented In this report represent one-half of a
test program to be completed on different test equipment, it was consldered
desirable to conduct supplementary tests in air on the TRY equipment for
direct comparison with tests conducted on the NASA system used for genera-
tfon of the air data, Because of a shortage of MAR-M-302 test mrterial,
Isothermal tests were conducted on 316 stainless steel specimens at a
temperature and frequency of 705°C (1300°F) and 0.0167 Hz for comparison
with previous data generated on the Lewis test equipment.

* Thermal Cycle In-~Phase with Strain
#% Thermal Cycle Out-of=-Phase with Strain
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1 RESULTS AND DISCUSSION

1. Cycllc Stress=Straln Behavior

Dynamic stress=-stra:n response (hysteresis loops) and stress versus
cycle curves are presented in Appendices B and €. The stress-cycle indicated
a general trend for cyclle strain hardening, although the data were not
entirely consistent from test to test. For example, for uncoated materlial
cycled lsothermally at 1000°C (1832°F) and C.0065 Hz, the specimen tested
at 0.00671 total longitudinal straln range {Figure C~2) exhlbited a definite
hardening behavior, while tests at straln ranges of 0,00301 and 0,01388 did
‘not (Flgures C-1 and C-%). Thls Inconsistency In hardening behavior dlid not
appear to correlate uniquely with any of the applied test parameters {strain,
frequency or thermal cycle type) and was reflected in pronounced varfability
of the saturation stresses noted In Table |, Because of this varlablillity in
hardening behavior, It was not possible In some cases to measure specimen 11fe
ir terms of 5 and 50% load drop, as specified in the Work Statement, so that
life 1s noted only In terms of cycles to complete separation of the specimen
(Table 1). The load drops refer to the situation wherein the plots of stress
versus number of cycles will show a decrease after reaching stabllization or
linearity earlier in the test. This behavior also precluded presentation of
hysteresls loops at 1/2 of the 11fe to 5% load drop, as required in the Work
S=atement, so that Instead hysteresis loops have been presented which represent
the cyclic stress-strain behavior during what was judged to represent the
stabliized portion of each test.

2. Influence of Cycle Parameters on Fatigue Life

Fatigie 11fe of the coated and unccated HAR-M-302 is plotted as a
function of inslastic and total longltudinal straln range In Figure 4 for
the TCIPS and the two isothermal cycle types {egps €ce and ep, deformation).
Only test No. 55 was plotted from TCOPS results (epc deformation), as the
remaining three specimens tested with thls cycle broke outside the gage
sectlion.

Two significant concluslons may be drawn from examination of these
data. First, in the absence of environmental Interactions, there is little,
If any, influence of the aluminide coating on fatigue 1ife of the MAR-M-302
alloy for ecer Epp and ecp types of cycling. While a direct comparison was
not possible for the gpc cycle because of fallure outside the gage section,
comparison of results from tests 57 and 72 (Table |}, which were conducted
at comparable (although not identical) straln ranges, and failed at the same
location, Indlcated that this conclusion extended to the epc type cycle as
well,
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The second major conclusion to be drawn from the data presented In
Flgure 4 is that there is a slgnificant Influence of both frequency and com-
blned thermal~mechanical cycling (wave shape) on the fatligue 1ife of the MAR-
M-302 altloy. The role of the cycle parameters, frequency and wave shape, Is
to Influence the amount of creep straln and Its location (tenslon or compres-
sion) within the cycle. A low frequency of 0.0065 Hz for the Isothermal
continuous strain cycle produces a hystereslis loop with a signiflcact amount
of creep strain in both the tensile and compressive halves of the ¢y«le (ece) .
The effect of the in-phase thermal-mechanical straln cycle Is to Introduce
significant crevcp Into only the tenslle half of the hysteresis loop (ccp).
Similarly, the out-of-phase thermal-mechanical straln cycle produces creep
strain In only the compressive half of the hysteresis loop (apc). The
Isothermal data show a separation of about 1/2 order of magnitude between
the ece and epp lines when correlated en the basis of elther total or In-
elastic stralnrange, indlcating significant Influence of reversed creecp
deformation on fatligue life. The data show an even further |ife reduction
below Epps ranging between 1-1/2 and 2 orders of magnitude, depending on
whether the inelastic or total stralnrange correlation {5 examined, for the
case of tensile creep deformation reversed by compressive plastic deformation#
(ecp cyeling), While a definitive concluslon regarding the effect of €pe
cyc?ing was not posslible because of the fracture locatlon on the TCOPS
specimens, a comparison of the single va.ld ep. data point with the remalining
data Indicated that the fatigue life with ey cycling was comparable to or
slightly greater than fsothermal 1ife at the same frequency and at the peak
temperature of the thermal cycle. (Again depending on whether the comparison
t- made on the basis of Inelastic or total stralinrange.)

1. Observations on Fracture Behaviar

Figure 5 shows the typical fracture location for the e,. cycie, which
was outside the hourglass area and near the end of the straight-sided portion
of the reducea section. Fracture occurred at this sjte because of a dis~
proportionately greater reduction of cross sectional area In this reglon
of the specimen with respect to the origlnal minimum diameter. This behavior
has been observed previously with epc cycling of solid hourglass tantalum and
304 stainless steel specimens In this laboratory (2,3) and on copper by
Conway et al (4). No explanation Is presently avallable for this phenocinenon
which timits the ability to measure intrinsic fatTgue resistance with €y
cycling In materials where It occurs.

- e e e Em o o M e e W N B

% Following the convention estabiished by Manson (1), the term Inelastic
Is used in this report for any deformation which Is not elastic, while
the term plastic has been reserved for Inelastic deformation which does
not occur by time~dependant deformation mechanisms., The term creep is
used In a very broad sense to indicate time-dependent deformation.



Examination of tested specimens revealed gross physical coatlng damage
where tensile loading was applled at low temperature (e,. cycle). This damage
was characterfized by flne coating cracks oriented perpendicular to the tensile
axls and was greatest In the area where the specimen falled (Figure 5).
SImilar, althcugh less severe damage was observed on the high strainrange €.,
specimen (Ho. 12) in the hourglass sectlon where this specimen falled (Flgure
6?. This type of damage aprarently had tittle influence on fatigue life, as
evidencad by the good correlatiun of the results from Specimen 12 with other
€cc cycle data (Figure 4).

Except for the crazing noted above, the coating appeared to behave
7 a d. tile fashlon (to be expected where loading Is applied at 1000°C
(1832°F)), as evidenced by the abillty of the coating to confarm to the
surface upheaval developed by reversed plastic deformation of the substrate
(Figure 7). This upheaval of the coating was apparent even In the case where
severe crazing was also observed (Figure 5) and was attributed to cooperative
compressive Inelastic deformation of the coating-substrate system during high
temperature deformation,

§, Results of Tests on 316 Stainless $teel

Results of two tests conducted on 316 stainless steei are presented
in Table |] and are compared with previous results gonerated at HASA In
Figure 8. These data indicate that, within the range of reasonable ex-
parimental scatter, results from the two tesl systems are comparabie.

10



Figure 5. Coating Damage in Specimen No. 72 Tested with TCOPS (epc)
Cycling at 0.0065 Hz, 1000/500°C (1832/932°F), Total
Longitudinal Strainrange .00671.
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Figure 6. Coating Damage in Specimen No. 12 Tested |sothermally at
1000°C (1832°F), .0065 Hz (e Cycle), Total Longitudinal
Strainiange .01005.

12



Figure 7. Surface Upheaval in Coated Specimen No. 59 Tested with TCIPS
(:Cp) Cycling at 0.0065 Hz, 1000/500°C (1832/932°F), Total
Longitudinal Strainrange .004b4k4,

13



Table |1

Summary of Low Cycle Fatlgue Test Results for 316 Stainless
Steel Tested In Alr at 705°C (1300°F), .0167 Hz (10 cpm)

Longitudinal Straln Range Stress Range Cycles to
Test No. inelastlic Total ps | MN/mé Fallure
AYY 255 01470 02018 115,0 792 298
AYY 256 ,00283 . 00650 76.3 507 2297
L]



Table |1
Summary of Low Cycle Fatigue Test Results for 316 Stainless
Steel Tested In Alr at 735'5 [T300°F), .016J Hz {10 cpm)

Longitudinal Strain Range Stress Range Cycles to
Test No. Inelastic Tota gs' ﬂlam! Failure

AYY 255 .01470 .02018 115.0 792 298

AYY 256 .00283 . 00650 76.3 507 2297

14
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11 CONCLUSIONS

Results of vacuum fatigue tests conducted on uncoated and PWA 45
coated MAR-M-302 cobalt-~base alloy indlcated that in the absence of en-
vironmental efi, .cs there 1s no slgnlficant Influence of the aluminide
coating on the elevated temperature fatlgue 11fe of this alloy for egc,

Epp and ec, types of reversed inelastic straln cycling. (ndlrect evidence
Indicated that this conclusion could be extended to the case of epe type

of cycling as well. Examination of tested speclmens Indicated that fatigue
11fe In vacuum was not Influenced by the development of coating cracks
oriented perpendicular to the tensile axlis.

The resulte also indicated significant differences In the fatigue
life of this alloy with each of these four types of thermal-mechanical cycles,
Life was greatest with the Epp type cycle, and was reduced by about 1/2 to 1
order of magnitude by e, type cycling. ecn type cycling caused further life
reductions ranging from 1-1/2 to 2 orders o% magnitude below the epy 11ves,
while Tt appeared that spc type cycling procided about the same '1fe as the
Ece type of cycle.

The concept of stralnrange partitioning appears to offer an appropriate
framework around which to characterize the effects of =reep on high-temperature,
low-cycle fatigue.

16
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T i g e .

TETVORS.

STRAINRANGE PARTITIONING TESTS

The purpose of this appendix Is to describe procedures and results for
a supplementary series of tests conducted to deflne the percentage of reversed
inelastlc straln occurring hy creep, l.e., time-dependent, thermally-actlivated
deformation mechanlsms, at 1000°C (1B832°F) and 0.0065 Hz. These procedures
were employed at the suggestlon of the Project Manager and follow the concept
first described in Reference 5. Addltional detalls are to appear In a forth-
coming NASA Technlcal Note by S. S. Manson and G. R. llalford (Reference 6).
To determine the percentage of creep strain, tests were conducted In load con-
trol with Incremental cycling so that the time-at-load for cach part of the
cycle approximated the Integrated load-time history In the same part of the
continuous strain~controlled cycle to be partitioned, This technique Is i1-
lustrated in Figure A-1 which shows an Incremental load-time command cycle
superimposed on a load-time (strain) cycle developed In continuous strain
cycling. The load levels to be applied In the incremental loop were obtained
from the contlinuous loop by arbitrarily dividing the continuous loop Into eight
time divisions and noting the average load achlieved [n the continuous loop during
each time increment. The partitloning test was then conducted by manually sisp-
ping the system through the load-time loop 50 developed. The division of the
loop Into eight Increments represented a compromise between approximation of the
continuous load-time curve and the ablillity to accurately control the level and
duration of the load steps In manual cycling.

Four tests were conducted using two coated and two uncoated specimens
to partition the Inelastlic straln range at each of the two total longltudinal
straln ranges Tndicated in Table A~1. Each specimen was precycled In straln
control prior to incremental cycling to stabllize the load range and to obtain
baseline hysteresis loops for determination of the load Increments.

A typlcal load-straln output from one of the incremental loading loops
is illustrated in Figure A-2. In practice, the load was reduced momentarily
at the termination of each load Increment to allow control adjustment as neces-
ssry to achleve the next higher load level desired. In every case this load
decirrement was large enough to establlish a rest load below the level for signi-
ficant thermally-activated deformation. Loading Increments were made rapldly
to minimize the amount of time dependent deformation which could occur during
loading, The time-dependent straln which occurred at each constant load level
was Interpreted as thermally activated (creep) deformation, and the summation
of the isostatic stralin Increments around the loop were divided by the total
observed strain range to determine the percentage of the total inelastic strain
cycle which occurred by creep deformation mechanisms.

Results of each of the four partitioning tests conducted in this program
are summarized In Table A-1. These data Indicate that more than 75% of the re-
versed cyclic deformation observed in the coated and uncoated MAR-M-302 ailloy
at 1000°C (1832°F) and 0.0065 Hz occurred by time dependent (thermally activated)
deformation mechanisms, thereby supporting the choice of these test conditions
for definition of the e.., Ecp and €pc fatigue life curve.
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Figure A=2, Schematlic Comparison of Contlnuous and Incremental Load-
Strain Hysteresis Loops for Specimen No. 87 (Cecated).
Continuous Cycling Conditions 1000°C (1B32°F), 0.0065 Hz,

Total Longitudinal Strainrange 0.004 in/in.
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STRESS VERSUS CYCLE CURVES
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Figure C-4. Specimen No. ] Coated lsothermal 0.0065 Hz 1000°C (1832°F)
Total Longltudinal Strainrange .00530, Cycles te Failure 2239.
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Total Longitudinal Strainrange .01160, Cycles to Failure 201.
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Figure C-7. Specimen No. 61 Uncoated |sothermal 0.0065 Hz 1000°C (1832°F)
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Figure C-B. Specimen No. 7 Uncoated Isothermal 0.0065 Hz 1000°C (1832°F)
Tota) Longitudinal Stralnrange .01090, Cycles to Failure 52.
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Figure C~9. Specimen No. 17 Coated [sothermal 0.0065 Hz 1000°C (1832°F)
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Figure C-10. Specimen No. 12 Coated Isothermal 0.0065 Hz 1000°C (1832°F)
Total Longitudinal Strainrange 0.01005, Cycles to Failure 95.
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Figure C~12. Specimen No. 33 Uncoated TCIPS 0.0065 Hz 1000/500°C (1832/932°F)
Total Longitudinal Strainrange .00895, Cycles to Fatlure 14.
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Figure C-14. Specimen No. 26 Coated TCIPS 0.0065 Hz 1000/500°C (1832/932°F)
Total Longlitudinal Strainrange .00861, Cycles to Fallure 16.
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Figure C-16. Specimen No. 57 Uncoated TCOPS 0.0065 Hz 500/1000°C (932/1832°F)

Total Longitudinal Strainrange .01126, Cycles to Fallure 64,
(Note: Specimen Failed Outside Gage Section)
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Figure C-17. Speclmen No. 76 Uncoated TCOPS 0.0065 Hz 500/1000°F (932/1832°F)
Total Longlitudinal Stralnrange 00410 Cycles to Failure 515,
(Note: Specimen Falled Outside Gage Section)
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