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October 31, 1986

Dr. W.E. Schneider/7-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H636356, '"Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" from the contract gstarting date to October 31,
1986.

As you know, the MAR-M 246 specimens have not yet been
received from Allison by this date due to problems with micro-
porosity in the castings. In spite of these difficulties with
specimen manufacture, the research team at Georgia Tech has been
fully organized to begin the testing program. A Ph.D. level
research engineer has been assigrned to the project at 1/3 time
and is aiding in planning; supervision and timely completion of
the overall experimental program in addition to data analysis.
In addition, an M.5. student, supported by matching funds from
Georgia Tech, is engaged in the fatigue component of the
experimental program. A third student, supported by funds from
the State of Georgias has worked on the creep component of the
experimental program of this project 1in addition to another
project. It should be noted that no direct charges were made to
this project prior to September 13, 1986.

A November 1, 1986 starting date for testing was reguested
and granted in the Georgia Tech Fracture and Fatigue Research
Laboratory (FFRL). Delay 1in specimen manufactures however, has
postponed this starting date. I would again like to stress that
timely acquistion of the specimens 1is important, since the FFRL
has a heavy scheduling demand and too lengthy a delay may result
in a corresponding 1-3 month delay in test starting date.

The following tasks have been accomplished in the program to
date:

(1) A Ph.D. research engineer and 1-2 graduate students have
been brought into the program.

(2) The students are engaged in reading the literature
concerning damage rate approaches, creep—fatigue

interaction, and behavior of Ni-base alloys including MAR-M
246.




(3)

(3)

We are engaged in modification of an existing creep frame
in the FFRL for testing the button-end specimens, and
pursuing data acquisition and control algorithms for long-
range use 1n this project.

The research engineer has spent a significant amount of
time organizing the test matrix and scheduling laboratory
use. Initial testing will be confined to the baseline test
matrix in the original proposal and will consist of the
high temperature creep tests, step—-stress creep tests,
monotonic tests, and some of the fatigue tests at two
strain rates in air. '

I will continue to contact vyou regarding the status of the

specimens.

Sincere
Fa ly»

David L. McDowell
Principal Investigator
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November 30, 1986

Dr. W.E. Schneider/T7T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H636356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period November 1, 1986 to November 30,
1986.

The MAR-M 246 specimens have not yet been received from
Allison. The team of graduate students have been working on
experimental methodologys design of the creep grip adaptor,
developing an induction coil with a uniform temperature
distribution for this specimen geometry, and reading the
literature on the effects of environmental fatigue in Ni-base
superalloys. We have machined several stainless steel specimens
with the same design as the MAR-M 246 specimens we will receive
from GM to develop consistent baseline test matrix procedures
amang the students involved and to proceed with induction coil
development.

Sipcerely, ~
LS T e T -~
/bavid L. McDowell

Principal Investigator
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February 10, 1987

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 4é&241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H636356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys"” for the period December 1, 19846 to January 29,
1987.

A total of 19 MAR-M . 2446 specimens were received in January
1987 along with a 2" diameter cast billet for machining adaptors
for the creep machine grips. Currently, we are electro-polishing
the specimens to achieve a surface finish appropriate for fatigue
testing. A drawing of the creep grip adaptor has been sent out
for a quote; we have fabricated an identical type 304 stainless
steel adaptor in our shop, but do not have the equipment in-house
to machine the MAR-M 246.

We have constructed an induction coil that we think will
result in a suitably uniform temperature field within the
specimens. As soon as the polishing is completeds; we will begin
high temperature baseline fatigue tests in air at two different
strain rates in addition to several monotonic tests at different
strain rates. We propose that the higher isothermal test
temperature be 1652°F (900°C) to permit comparison with existing
data at that temperature®, but would appreciate your feedback
regarding rationale for any other temperature at this time. The
strain rates will be in the range of 102 - 10~= sec™—?t.

Sincersly; A~ 4,

A\

David L. McDowell
Principal Investigator

* Harrison, G6.F., Tilly, G.P., "The Static and Cyclic Creep
Properties of Three Forms of a Cast Nickel Alloy,;" Proc. Int.

Conf. on Creep and_ Fatigue in Elevated Temperature Applications,
ASME, Philadelphia, PA, Vol. 1, 19735.




LETTER REPORT

"DAMAGE RATE APPROACHES FOR THERMOMECHANICAL FATIGUE
OF SUPERALLOYS"

By David L. McDowell
Principal Investigator
Project # E-25-M13
General Motors PO# H&636356

March 6, 1987

Submitted to Allison Gas Turbine Operations, General Motaors
Corporation

Sponsor Technical Contact:

Dr. W.E. Schneider/7T-10
Allison Gas Turbine Operations
General Motors Corporation
2001 South Tibbs Ave.
Indianapolis, IN 46241
(317) 242-7703

Sponsor Administration and Contractual Matters:

Darrell L. Mackey/U02
Allison Gas Turbine Operations
General Motors Corporation
P.0. Box 420
Indianapolis, IN 46206-0420
(317) 242-6954




March &, 1987

Dr. W.E. Schneider/T-10
Allison Bas Turbine Operations
General Motars Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

. Dear Dr. Schneider:

1 AN W

This report summarizes the activities of our effort on GM
PO#H&636356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys"” for the period January 30, 1987 to February 28,
1987. ‘

A total of 24 MAR-M 2446 specimens were received in January
1987 along with a 2" diameter cast billet for machining adaptors
for the creep machine grips. It should be noted that the last
report for January indicated we received only 19 specimens; some
packages,; though, contained two specimens. The specimens as-—
received had rather severe . circumferential machining/polishing
marks which almost certainly would have significantly degraded
fatigue life. We attempted to electro-polish the specimens,; but
found it extremely difficult to find a current level which would
not preferentially etch either the grain boundaries or the inter-

dendritic regions. Electro-polishing of these specimens may
prove to be a viable way of etching the microstructure for post-
test examinatian of damage. Instead of the electro-polishing
process,; we went to a sequence of mechanical polishing steps,
starting at a somewhat coarse grit (400 grit paper dry, 600 wet,
6 micron diamond paste, 1 micraoan diamand paste) and finishing
with diamond paste. Each specimen requires approximately 1-2
hrs.

In view of the time required for polishing each specimen, I
would like to request that all specimens cast by Allison in the
future be polished there, at least to the & micron diamond paste
stage. We can do the finish polishing, but the condition of the
gage sections aof the first 24 as-received specimens was not
appropriate for fatigue testing. :

As you knows; a quote was obtained on the machining of the
creep grip adaptori; we have fabricated an 1identical type 304

stainless steel adaptor in our shop, and have tried to do the
same with the MAR-M 2446 with little success. Our carbide tip
tools have failed. Hence; we are going to send the adaptor out .

for machining at a caost of $300.
We have initiated the testing program, having just completed
one monotonic and three LCF tests at F00°C at a strain rate of




10-2 gec—*. In these early tests, we have had some problems with
fracture in the fillet region of the specimens, though the
Coffin-Manson behavior is quite consistent with results others
have obtained on DS MAR-M 244 in our lab. Since we did nat
previously polish the fillets to the same extent as the gage
section, we suspect small circumferential scratches in the fillet
region contributed to the fillet cracking. We are taking two
steps to correct the problem. Firstly, we are now polishing the
fillets to the same extent as the gage section (we would reguest
Allison to do the same)j secondly, we have put great effort into
accurate alignment of the machine, and are now in the process of
strain gaging a dummy steel specimen to ensure that all grip
surfaces are flat to within tolerance.

Please note the test matrix for the first 20 specimens shown
in the attached Table. The results of a number of these
experiments will be reported in detail in the next report.

Sincerel
m ~lz,mm /7ﬁ

David L. McDowell
Principal Investigator




S00"C Test Matrix for First Set of Specimens

Environment:

Laboratory Air

Strain-Centreolled:

Test Type é (sec—?) he/2 € man
Monotonic
M1 10—-= .05
Ma 10—-= .10 or failure
M3 10—= .10 or failure
M4 10—« .10 or failure
Fatigue
F1 10—= .01
Fa .008
F3 .006
Fa 004
F3 Sequence: .002 followed by .004
Fé& 10—= .01
F7 .008
F8 . 006
Fe .004
F10 .003
F11 | 10—= .01
Fia .008
F13 .006
Flg . 004
" Creep tests:

Test type Engr. Stress

Constant Load Creep
F15 60 ksi to rupture.
Flé 43.5 ksi to rupture.

Sequence Creep
F17 1/2 rupture time at &0 ksij

switch to 43.5 ksi and hold to

rupture.
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April 8, 1987

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H&636356, '"Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period March 1, 1987 to March 31, 1987.

The MAR-M 246 adaptor for the creep tests is being
machined by an external agency. Completion of this task should
take 2-3 weeks. Concurrently, we are modifying one of the
existing creep frames so we can run some long-term, uninterrupted
creep tests. The creep tests should begin in the next month or
so.

In this report, we present the data from the first monotonic
test of the matrix in Table 1 in addition to five of the fatigue
tests at F00"C. It should be noted that specimen F8 (GM ID 942-
S5) buckled at 118 cycles; this buckling event occurred by virtue
of extensometer instability after the failure crack had formed.
As mentioned in the last report, we have had some problems with
fracture in the fillet or near-fillet region of the specimens in
these early tests. To correct this situation, we have designed
and machined a restraining collar with a teflon bushing for the
servohydraulic ram in the low pressure seal region to maintain
less than one mil lateral deflection under compressive load.
Though such a modification 1is somewhat unusual for routine
fatigue testing, this material has very high strength and low
ductility, and as a result 1is quite unforgiving 1in terms of
misalignment. Hopefully, this procedure will correct problems
with ecracking in the fillet or near—-fillet region.

Attached please find plots of some of the hysteresis loops
acquired at various cycle numbers for each specimen in addition
to a monotonic test run to approximately 5% strain at a rate of
Q0.001 sec™* (specimen Mi). It 1is apparent that the cyclic
stress—-strain response is immediately stable; negligible cyclic
hardening or softening is observed to occur, even for a total
strain range as high as 2%. This result is somewhat surprising
given the very high temperature of these tests. We are not yet
fully able to assess strain rate sensitivity, since these
experiments were conducted predominately at a single strain rate.
Note that the hysteresis loops for specimen F8 indicate a control
instability in the unloading regimes of the loops, which may have
contributed to the eventual buckling problem.

Also attached please find strain—-life and stress-life curves
for the three specimens tested to date at a strain rate of 0.001




sec™t; though two of the specimens broke in the fillet region,
the scatter about a best linear log-log fit 1is gquite small.
Additionally, the slope of the regression fit stress-life curve
is within 74 of published values for conventionally cast MAR-M
246 [11. The lives at the same strain amplitudes are comparable
to those obtaimed by Dr. Antolovich and his students in our lab
on DS MAR-M 2446 at a similar temperature level. Hence, we
suspect that the data may be useful.

It is interesting to note that the transition fatigue life
(ag= = OEP) for this material at this strain rate and temperature
is less than 346 reversalsj; hence, the problem 1s one of
resistance based on strength, i.e. predominately "high cycle"
fatigue. This feature may ultimately lead us to cast the fatigue
damage rate (microcrack initiation/growth? in terms of stresses
rather than strains, as has been done (albeit in a different
framework) by the French for similar materials.

We are also continuously measuring the stress amplitude in
each test with a strip chart recorder. These measurements reveal
that the specimen stiffness does not change appreciably until
very near the end of each test. Hence, propagation of small
cracks across the specimen occurs rapidly and the great majority
of the life 1is spent in the development of short cracks, as
expected for this material.

Sincerely,

David L. McDowell
Principal Investigator

1. Harrison, G.F. and Tilly, G.P.; "The Static and Cyclic Creep
Properties of Three Forms of a Cast Nickel Alloy," Creep and
Fatique in Elevated Temperature Applications, International
Conf. of ASME, Vol. 1, Philadelphia, 1273, Sheffield, 1974,
197S.




00"'C Test Matrix for

TABLE I

First Set of Specimens

Environment:

Laboratory Air

Strain-Controllied:
" ) ‘ i
j Test Type & rate | ae/2 € e e E oo /2 L PNy
| tsecTry o ) _(MPa)
Monotonic ‘
M1™ | 10—-® .0473
Me 1= .10 or failure
M3 10— .10 or failure
M4 1O .10 or failure
Fatigue
Fi® . 10~9 -0G6e7 863 36
Fa* | L0076 725 0
F3 . . 006
Fax | . 004 550 1166
F3* Sequence:0.002 followed 284 144724
by 0.004
Fé& 10— .01
F7 = .008
Fg« . 0063 780 236~
Fo 004
F10 .003
Fii 10~ .01
Fil2a . 008
F13 . 006
Flg . 004
e e - [ ,,,,...__,J_,.‘_._.i,__ﬁ!-.v
Creep tests: !
. B e . i
Test type f Engr. Stress
Constant Load Creep
F15 60 ksi to rupture.
Filé 43.5 ksi to rupture.
Sequence Creep
F17 1/2 rupture time at 60 ksij
switch to 43.35 ksi and hold to
rupture.

* Dencotes completed experiment.
** Buckled after failure crack formed.

. W
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May 31, 1987

.Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 44241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H&636356, "Damage. Rate: Approaches for Thermomechanical Fatique
of Superalloys" for the period April 1, 1987 to May 31, 1987.

In this report, we update the database which has been
previously reported with the remainder of the monotonic tests in
air at ?00°C and fatigue tests at several strain rates.

We have made a concerted effort +to accurately align ocur
machine, including construction of a teflon restraining collar
for the servohydraulic ram near the low pressure seal region to
maintain less than one mil lateral deflection under compressive
and tensile loading. This was done, as discussed previously to
alleviate persistent cracking in the specimen fillet region.

After a cursory dimensional inspection of the first lot of
specimens shipped to us, most of which we have tested, we have
determined that some are significantly out of tolerance with
respect to the parallel button—end surfaces. These surfaces must
be perpendicular to the specimen centerline and all of the four
surfaces (AyB,C and D in the attached drawing) must be parallel
to within 0.001" as specified in the original drawing. This
parallelism is very important since we may associate a bending
strain of approximately 5% of the uniform strain with each 0.001"
out of tolerance. We suspect that some of our problems with
fillet cracking may be related to specimen geometry errors.

Due to the machining tolerance problems, we will re-run at
least a few of the previous experiments to validate the results
with more accurately machined specimens. It should be noted that
the failure cracks occurred seemingly at random in the uniform
section near the top or bottom fillets or in the gage section;
however, the data is consistent in all cases when plotted as lag
strain or stress vs. 1log 1life as seen in the attached plots.
Hence, we have caonfidence at this point that the data is valid.

A second lot of specimens was received the week of May 10-
17. Inspection of several of these specimens using gage blocks
revealed significant deficiencies in machining tolerances; errors
in both the parallelism of the button-end surfaces and the radius
of the button-end fillets were quite in excess of taolerance.

+ SENARI N WU S S



Note the attached memorandum from Roger Oehmkes the research
engineer on the project. Errors in parallelism exceed tolerance
by as much as a factor of four. A number of button-end fillets
were machined with a radius of 0.10" instead of the specified
0.09" and hence will not fit into our grips. One of the
specimens had a severe longitudinal ‘'acrape" down the entire
length of the gage section. The machining job on the most
recently received batch of specimens was noticeably inferior to
that of the initial batch,; even though the gage sections were
more appropriately polished as requested. We greatly appreciate
the polishing job done by your machine shop.

In view of these specimen tolerance problems, the most
recently received batch of specimens require modification prior
to testing. - Hence, as we .discussed in our telephone conversation
on May 22, we will- undertake specimen preparation necessary to
meet the tolerance specifications on the button-end surfaces and
the button-end fillet radii.

Attached please find an updated table of data and plots of
some of the hysteresis loops acquired at various cycle numbers
for each specimen. Note that the monotonic tensile tests at
four strain rates at 900"C reveal significant strain rate
sensitivity. '

Also attached please find updated strain-life and stress-
life curves. '

Sincerely,

A . 2~ O o4

[VV’ - " V4 - ~
David L. McDowell
Principal Investigator




P00°C Test Matrix for First Set of Specimens
Environment: Laboratory Air

Strain-Controlled:

Test Type |€& rate |aese2 Emmne a0 /2 2N,
(sec—1) (MPa)
Monotonic
M1* J10—= 0473 then unload
Ma2* 110—= .072 at failure
M3* 110—® .0315 at failure
- M4 1o - .. . - 043 at. failure
-M3* F1OTAe . el 00 0,009 at-failure
Fatigue
Fi« |io—= . 0097 B63 36
Fa» .0076 725 g0
F3* . 006 710 192
Fa* . . 004 530 1166
F3* Sequence:0.002 followed 284 144724
by 0.004
F&* |10—= .01 1019 48
F7 . 008
FB* . 0063 780 236>
Fo . 004
F10 . 003
Fli=]1Q0—= .01 745 28
Fia* _ .008 732 30
F13= . 004 516 748
Fl4 .004
Creep tests:
Test type Engr. Stress
Constant Load Creep
F15 60 ksi to rupture.
Flé 43.5 ksi to rupture.

Sequence Creep

F17 1/2 rupture time at 60 ksij
switch to 43.5 ksi and hold to
rupture.

* Denotes completed experiment.
** Buckled after failure crack formed.
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MEMORANDUM MAY 18,1987
TO: Dr. Dave McDowell

FROM: Roger Oehmke

SUBJECT: New sbecimens from GM

The most recent batch of specimens received from General Motors are
not suitable for use in our testing machines. Most of them will not
fit into the specimen grips because the button end radius is too
large. Instead of a .050 inch radius it is closer to .100 inches. The
excess material interferes with the specimen holders.

A quick check of the specimens with a machinists square indicates' that
the button ends on most of the specimens are not flat as is absolutely
essential for this type of specimen. If the .001 inch tolerance for
surfaces A, By, C;s and D (see attached drawing) is not met, the
specimen will bend.

Two randomly selected specimens were taken to the GTRI machine shop
for inspection. Neither of the specimens was within specifications.
One of them (#T010-3) varied between O and .004 inches on only one
surface (A). Another of the specimens (#T010-3) has a flat spot about
.050 inches wide that runs the length of the gage section.

Attached is a table of specimen discrepencies noted during a simple
visual inspection with a machinists square and radius gage. The table
is not complete. I am sure that a more detailed inspection would
reveal many more serious deviations.

I encourage vyou to return these specimens to General Motors and
request that they provide us with specimens that meet specifications.
It is the only way to ensure the integrity of our tests and the
validity of the results.




Specimen radius ends comments

TO010-5 bad end out .0025. Flat in gage section.
T010-3 bad end out .004.

TO01-5 bulged sharp edges

TO16-1 - bulged

T015-3 bulged

T001-3 - not ground

TO11-2 bad bulged

TO15-3 bad bulged

8999-1 "bad not ground -

TO11-3 = bad =~ '1/32" too long. scratches in gage section.
TOO01-4 bad .. bulged :

TO10-4 bad bulged

§999-5 bad - bulged

S999-4 double shoulder short ends

TO010-2 ' bulged circumferential scratches

T010-1 bad

TO15-1 bad bulged

T011-5 bad bulged

TO11-1 bad. not ground

TO16-4 bad bulged

D TR S U T
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MONOTONIC TESTS AT 800 DEG C
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THE GEORGE W. WOODRUFF SCHOOL OF
MECHANICAL ENGINEERING
\ 2

Georgia Institute of Technology
Atlanta, Georgia 30332-0405

August 10, 1987

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H636356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period June 1, 1987 to July 31, 1987.

In an attached informal report, we present further reduction
of the existing data in the program to-date, including strain
rate-dependent cyclic and monotonic properties of MAR-M 246 at
900 C.

A second lot of specimens was received the week of May 10-
17. The specimens have been sent to a machine shop for further
preparation necessary to meet the tolerance specifications on the
button-end surfaces and the button-end fillet radii, as discussed
in the last progress report. Cyclic testing will resume as soon
as the specimen preparation is completed. We are currently
proceeding in the long term creep testing program.

Sincerely, A /

AT

/[l)avid L. McDowell
Principal Investigator

DLM
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Determination of Young’s Modulus

MONDTONIC TEST STRAIN RATE YOUNG’S MODULUS
M-01 1072 gec™?* 140396.0 MPa
M-02 1072 gec™? 161001.0 MPa
M-03 10™% gec—? 123141.9 MPa
M-04 10-% gec—? 146615.8 MPa
M-05 10—+ sec™? 156413.3 MPa

Average value of E (Young’s Modulus)... = 145513.6 MPa
Standard Deviation...c.ccecsveesreseece..= 14887.6 MPa
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Monotonic Test : M4
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Monotonic Test : M2

Pa) :
(MPa GJR  27-JUN-B7

_lll‘lllllII'IllTrllllTTTllllllllllellIll]Ill’l'lr

AL IR A S R BN N Y R N B S B AN B

E = 161001.0 MPa

PSR SRS U SN T SIS S NN AT S S S S TN SN S SR S RS SN SO S UUNT SN N W

llllllllllILlllllllllllllllllllllll]lllllllllll

0.00 0.50 1.00 1.50 2.00 2.50
STRAIN (%)




i s i

Monotonic Test : Ml

STRESS  (MPw)
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TEST FO1 CYCLE #8 STRAIN RATE = .001 /SEC
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TEST F11
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LOOF DATA

i Strain Rate = 10~ sec—?
5T I.D. 2N+ CYCLE ANAL. Ag/2 Ae/2 aevw/2
F-11 26 8 746.94 MPa 0.9967 % 0.4537 %
F-IEB SO 8 763.79 MPa 0.8121 % 0.2872 %
F-13 748 128 510.83 MPa 0.4024 % 0.0514 %
%Strain Rate = 102 gec™—?
ST 1.D. 2N. CYCLE ANAL. Ag/2 €/2 AEm/2
?—01 36 8 871.60 MPa 0.9824 % 0.3834 %
F=-02 ?0 146 717.51 MPa 0.7158 % 0.22827 %
F-03 152 32 723.34 MPa 0.46038 % 0.1087 %
T=-04 11466 200 556.69 MPa 0.3968 % 0.0142 %4 »
. Strain Rate = 107 sec™*
5T 1.D. 2Ne CYCLE ANAL. a/2 ac/2 AEe/2
z-06C 48 146 1015.25 MPa 1.0143 % 0.3163 %
7-08. 236 &4 775.52 MPa 0.6387 % 0.1057 %

4c/2 and A€/2 were determined from the complete hysteresis loop

data files - using the points of maximum and minimum o and € and taking
the average of the two values to determine the respective amplitudes.

A€P/2 was determined from : A€ER/2 = A€/2 - AC/PEwce

Where Ea..e is the average computed
Young’s Modulus (145513.6 MPa).

This use of this small strain amplitude data point resulted in
unreasonable values for the fatigue life constants. Therefore, it
was not used in the determination of those values. (See pages

22 - 24.)
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TEST FI11 CYCLE #8 STRAIN RATE =
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TEST F12B CYCLE #8 STRAIN RATE = .0001 /SEC
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TEST F13 CYCLE #128 STRAIN RATE = .0001 /SEC
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Mar M 246 at 900 deg C ; Rate = .0001/sec.

Stress Amplitude (MPo)
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Mar M 246 at 900 deg C : Rate = . 0001/sec.

Plastic Strain Amplitude (in/in)
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Mar M 246 at 900 deg C : Rate = .000]/sec.

Total Strain Amplitude (in/in)
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TEST FOI1
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TEST FO2 CYCLE #16

STRESS  (MPa)

STRAIN RATE = .001 /SEC

1[][][] - ||||||l]'lr| LI L LR meyTrrd fl]]lllllrrl IE
750 ;. ._é éz—a' = 717.3]1 MPu
E E & sy "
500 | 4 5 = 0.7108 %
E i
- P
- i 4% - g 2227 1
250 / E R 0
0 g ' i
3 / ;
-250 £ <
-500 F 3
=750 E_ 5 Pt. Averaging 'g
_IUUU F 11111 ) 11 l | S T T N S I | ) I T T | lllllllllLL 5
-1.00 -0.50 0.00 0.50 1.00
STRAIN ()

2/




O b i AN

TEST FO3 CYCLE #32 STRAIN RATE = .001 /SEC
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TEST FO4 CYCLE #200 STRAIN RATE = .001 /SEC
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Mar M 246 at 900 deg C: rate = .001/sec.

Stress Amplitude (MPa)
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Mar M 246 at 900 deg C ; rate = .001/sec.

Log of Stress Amplitude (MPa)

3-00 ll[Tl’l—lf—lj—fllllr1ll1T|llll1j

2.90

2.80

2.70

2.60

llllllll_rl|I|ll|IIIIIII]TlITI[ITI_TTIIIIIIIIIIITI
LlJlLJlllltlllllJlllI[llllllIIllI|llLlJl_lJlJ_Jl

2_504_IllllIlLlllIlllJllIllJlllLll

1.00 2.00 3.00 4,00
Log of Number of Reversals to Failure

Slope = -0.12117

Stress lnter‘c-::pt = 3.11365

- or - inverss log '/it:a]ds :

A0
Z

1314, 17 MFy

-p.120%

SREUNL A

e




Mar M 246 at 900 deg C : Rate = .001/sec.

Log Plastic Strain Amplitude
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Mar M 246 at QUD'deg C : Rate = .001/sec.

Plastic Strain Amplitude (in/in)
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Mar M 246 at 900 deg C : Rate = .001/sec.

Total Strain Amplitude (in/in)
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TEST FOBC CYCLE #16
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-230

-500

1250.:1|lTlr‘lr1171_lrlfllll ’lr’lllrﬁrllllll'l E
1000 ¢ 3 ¥ - 1015.25 WPa
S0 E 2 <04
3 P
200 £ . p.363 2
250
0k
3
E_
E
E
E-

=730

Illl!llllllUllJllL[lllllLLlll]_llLlllLll Ull_ull_lllll!l_lll[llu_ljllil

3 Pt. Averaging

-1000 E E
_1250 E IlLIJ]llllLllJllll llllILJJIILJlLIJIIlE
~1.00 -0.50 0.00 0. 50 1.00
STRAIN ()

'SZ




CYCLE #b4 TEST FO8 STRAIN RATE = .01 /SEC

STRESS  (MPa)
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Mar M 246 ot 900 deg C : Rate = .01/sec.

PLastic Strain Amplitude (in/in)
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Mar M 246 gt 900 deg C : Rate = .01/sec.

Stress Amplitude (MPa)
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Mar M 246 at 900 deq C : Rate = .01/sec. -

Total Strain Amplitude (in/in)
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SUMMARY OF FATIGUE LIFE CONSTANTS

Strain_Rate Ty’ b €4’ c
10~% sec™? 1186.53 MPa -0.1260 0.03879 in/in -0.602%
10-=2 sgec™? 1314.17 MPa -0.1212 0.05836 in/in -0.7475
10—= sgec™* 1953.98 MPa -0.1691 0.04337 in/in -0.4837

AGT__ d;' b , c
Z N v €]

Fatigue strength coefficient.
Fatigue strength exponent.
Fatigue ductility coefficient.

Fatigue ductility exponent.
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Mar M 246 at 3900 deg C

Stress Amp] itude (MPa)
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Calculations based

For @ = .01 s':

. Pn'
2= k' (%]

K'= 4178.30 MPa
n’= 00,2458

For & = .0001 s :

L F '
- k%]

k’= 2194.27 MPa
n’= 0.1908

on loop tips. *

For & = .001 s':
AC

2

K'= 1630.01 MPa
n’=0.1219

K’ ‘-%P] n'

e




Mar M 246 at 800 deg C

Stress Amplitude (MPa)
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Calculations based on loop shaEe.

For é = .01 &' 3 For & = .001 s~':
o . P'\‘ A@_ ‘ Ai.P ﬂ'
K] 7%

K= 2016.04 MPa K'= 2906.50 MPa

n = 0.1187 n’ = .22490

For & = .000]1 s™*:

‘A—g’ KI [A_ze'l’ln' |

K'= 2231.98 MPa
n = .2037

P
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SUMMARY OF CYCLIC CONSTANTS

I. Using Hysteresis Loop Shape

STRAIN RATE K? n’
10—= gec—? 2231.98 MPa 0.2037
1072 sec—?* 29046.50 MPa 0.2290
107= gec—? 201&6.04 MPa 0.1187

II. Using Hysteresis Loop Tips

STRAIN RATE K? n’
10—4 gec—? 2194.27 MPa 0.1908
102 gec—? 1630.01 MPa 0.121°9 *
102 gec—? 4178.30 MPa 0.24358
Ao _ ,lé_g?]n'
2> = z

K? = Cyclic strength coefficient.

n’ = Cyclic hardening exponent.

# It should be noted that these calculations are based
on a relatively small number of hysteresis loop tips
ands hences this procedure has a much laower confidence
level than using the hysteresis loop shape.




MONOTONIC TEST #M-03 STRAIN RATE = .00001 /SEC

STRESS  (MPa)

]000 LZLJLJNL 2L B L O L L B BNLAL L B 0L B L L B L
Box defines data used to detérmine
- - 0.65 7 2.48 1 E the strength coefficient, K, and the
i I ] strain hardening exponent, n.
VA aiem, J
500 | -
250 | .
L Failure at 3.24 % Strain -
[ ]
L ]
0 llllllllllllllllllllllllllllllllllllllllLllllll
0. 00 1.00 2.00 3.00 4. 00 5.00

STRAIN (%)




MONOTONIC TEST #M-03 STRAIN RATE = .00001 /SEC
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MONOTONIC TEST #M-04 STRAIN RATE = .0001 /SEC
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Box defines data used to determine

strength coefficient, K, and the strain

hardening exponent, n.
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MONOTONIC TEST #M-04
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MONOTONIC TEST #M-01 STRAIN RATE =
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Box defines data used to determine

the strength coefficient, K, and the

strain hardening exponent, n.
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MONOTONIC TEST #M-01 STRAIN RATE = .001 /SEC
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Box defines data used to determine

the strength coefficient, K, and the

strain hardening exponent, n.

MONOTONIC TEST #M-02 STRAIN RATE = .01 /SEC
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MONOTONIC TEST #M-05 STRAIN RATE = .1 /SEC
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Box defines data used top determine
strength coefficient, K, and the strain
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MONOTONIC TEST #M-03 STRAIN RATE = .1 /SEC
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STRAIN RATE

10—
10—%
10—=
1o—=
10—

sec™?
sec™?
sec™?
sec™?
sec—?*

o
[

MONOTONIC ANALYSIS

MONDTONIC TEST K
M-03 89%.72
M-04 885.83
M-01 %07.21
M-02 1049.93
M-05 1332.97

Strength Coefficient

Strain-hardening Exponent

kle]’

MPa
MPa
MPa
MPa
MPa

-

0.06186
0.05446
0.02589
0.02666
0.069%1
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September 10, 1987

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 446241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H636356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period August 1, 1987 to August 31, 1987.

In summary, our first vyear effort on this program has
resul ted in rather significant characterization of the
deformation and fatigue response of MAR-M 244 at 9S00"C as
detailed in the July period letter report and in the proposal for
second year funding which was submitted June 20, 1987.

Work in—progress during the month of August has addressed
the creep behavior of MAR-M 246 at 200°C, further cyclic testing,
and characterization of oxidation penetration.

We look forward to receiving continued funding on the
project, as per the aforementioned June 20 proposal, as soon as
possible.

Sincerely,

-1 //)A/JO /ﬂ

yoe N
David L. McDowell
Principal Investigator

DLM
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February 2, 1988

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN &&241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H&L36356, '"Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the periocd September 1987 to January 31,
1988.

Enclosed please find a report which describes several creep
tests run on MAR-M 2446 at <200"C. Alsc included is a discussion
of creep <constants pertaining to both a simple power law
secondary creep description and to a more sophisticated continuum
damage formulatien which is part of the overall effort in
development of damage rate equations. We are currently in the
process of repeating these creep tests to estimate scatter.

We have sectioned some of the 200"C fatigue specimens and
examined the fracture surfaces and specimen surfaces at the

outside diameters to determine (a) the extent of intergrarnular
fracture and (b) the distribution of microcracks as a function of
strain range angd total envirconmental exposure time. The results
are very interesting in that «crack initiation appears to

predominate at slip band intersections with the free surface at
high A¢rP and short test times, while grain boundary cracking
predominates at longer test duratiaons and small agw,

Development of the fatigue damage rate equation 1s ongoing.
We expect to begin a series of F00"C vacuum tests in February or
March.

Sincerely,
"r\ A . e A /’

David L. McDowell
Principal Investigator

DLM




CREEP TEST ANALYSIS
OF MAR-M 246 IN AIR AT 900°C

RESULTS AND DISCUSSION

Experimental Procedures

Three creep tests were completed for this study; a high
stress level (413 MPa) and a low stress level (300 MPa) test,
as well as a high-low step stress sequence (415/299 MPa) test.
The tests were performed using a SATEC C-Type creep frame _—
consisting of a 20:1 lever arm with a twelve-thousand pound
pulling capacity, an automatic control load elevator, and a
furnace shutoff interlock.

Temperature control was accomplished with an OMEGA Model
115 controller fed with an input signal from the interior of a
rebuilt SATEC C-Type resistance furnace via a chromel-alumel
thermocouple. The maximum operating temperature of the furnace
was 2000°F (1143°C). A temperature gradient of only 1°C over
the gage section of a test specimen, affixed with five beaded
chromel-alumel thermocouples, was achieved with this setup.

Engineering creep strain was measured with a ATS
capacitance gauge attached to a four arm high temperature
extensometer. An output signal was sent to an amplifier and

recorded with a strip chart recorder. The capacitance gauge




used had a resolution of 1x10~° inches (0.01%) for a maximum
amplified output of ten volts.

A set of MAR-M 246 adapters were specially made to adapt
the button-head LCF-type specimens to the 0.75" pull rods. The
pull rods attached to these adapters were also fabricated out
of MAR-M 246 to ensure proper perfomance of the mechanical

system at the operating temperature of 900°C.

Fundamental Results

Engineering'strain versus time data for secondary and
tertiary creep is presented in Figure 1. The corresponding
basic characteristics of the trio of creep tests are outlined
in Table 1.

To begin to characterize creep life with a continuum
damage model, the steady state (stage II) creep strain rate

was assumed to behave as dictated by a Norton power law creep

c _ n
s = A(9) (1)
where éﬁc = steady state creep strain rate
a = applied nominal stress

A,n = constants

As calculated from the two constant nominal stress creep

tests, the exponent n was determined to be 6.65, and the

UL VIR T S
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constant A = 3.18x10 hr! MPa®%. This formulation provides

a simple, although incomplete, description of the dependence
of creep strain rate on stress. As the continuum damage model
is developed, the creep strain rate will be predicted not only
for steady state creep, but for tertiary creep coupled with

the damage parameter Dc discussed in the program proposal.

Application of the Continuum Damage Approach

The scalar creep damage parameter can be interpreted as
the normalized loss of area of the specimen cross section due
to the formation of voids or cracks [22]. In other words, a
high value of D would correspond to a high ratio of Qoid area
to grain boundary area in a specimen undergoing creep damage.
With no damage, D, is set equal to zero; and at failure, the
parameter is normalized to unity.

A generalization of the damage rate method and a specific
form of the continuum damage approach was suggested by

Chaboche et. al. [25] as a creep damage model :

D o |F (a-pTR() (2)
A(1-D) ¢ . o

where A,r = temperature dependent constants

k(s) = stress dependent constant

IS S Sy



By factoring out the quantity (l-qgr and combining constants,

a more compact form of this equation may be introduced, i.e.

Bor

{w KJ
!

(1-p ) ¥ () &
[+

It is important to note that the purpose of the stress
dependence on the parameter k, as defined by Chaboche, is to
account for nonlinear damage cumulation for stress amplitude
-step tests.

This form of the differential equation is solved by
separation of variables for a constant nominal sfress
creep test. The damage parameter limits of integration are D=
0 to D=1 and the time limits are t = 0 to t = t = time to

rupture). The following expression results:

1
R~ Bot[k(o) + 1) (4)

By taking the logarithm of both sides, the material constant r

is readily determined.

log tR = ~log B[(k(e) + 1] - r log o (5)




The quantity =-r is the slope of the time to rupture versus
stress plot on a log scale. This calculation is shown in
Figure 2; i.e. r = 5.76.

It is important to note, however, that there is an
appreciable amount of scatter in créep rupture time data,
typically as much as a factér of two at a given stress level.
The preliminary analysis herein is somewhat incomplete since
there were-only two constant stress creep tests performed, and
hence, only twé data points for the determination of r. In a
worst case consideration, r could change from its present
value by as much as *50% given sufficient data to characterize
it with some measure of statistical support. In an attempt to
study the question of scatter in rupture time, the two
constant nominal stress creep tests will be repeated under
identical conditions.

In further characterization of the creep damage of MAR-M
246 using expression (3), the constants B and k(o) were
estimated. This was accomplished using data from the step-
stress sequence creep test. As with the above determination of
r, the solution to the continuum creep damage model was
utilized. Dividing the limits on integration into two parts -
one for the high stress level initial segment of the step
stress test, and the other for the low stress level completion

- the following integrals may be written :




INT INT
k r
J(1 - p)*:) ap_ = Ja(am) dat (6a)
0 0
1 t
R .
k r
J(1 - D) (o) ap, = Js(am) dat (6b)
INT tINI
where AL low and high stress levels, respectively, of

the sequence creep test

l% = scalar creep damage parameter

D = value of D at time at which stress level was
decreased

t. = time at which stress level was decreased

INT

tﬁ = time to rupture
k(amm),k(am) = constants depending on low and high
stress levels respectively

B,r = temperature dependent constants
The solution of these integrals is :

1-[1 - Dm](k("nx) + 1) = 13(am)r(tI ) (7a)

NT

k(am) + 1




(1 -D_) (ko) + 1) _ B(o _)T(E - t_) (7b)

INT

k(s ) + 1

aLOW
Thus, two equations were formulated containing four unknown
quantities, Dmr, k(am), k(auﬂ), and B. To complete a system of
four equations, two additional expressions were required. By
using the constant-stress-to-failure creep tests, two
equations in the form of (5) were incorporated without

adding any additional unknown variables. For the high stress
level test,

-1

(t) " = B [k(s ) + 1] (8)

and for the low stress level creep test,

(£, )" = BoT[k(s_) + 1) (9)

where tRn and tRL are the rupture times of the respective tests
in the absense -of loading sequence effects.

An iterative approach was developed to solve this set of
four nonlinear equations. First, the creep damage parameter at
the time of stress interruption was selected and held fixed.
An arbitrary value for the constant B was then used in

expressions (8) and (9) to obtain a first estimate of k(am)

T ——



and k(aum) respectively. Constant B and these values of k(o)
were subsequently used in a Gauss-Seidel iteration routine of
equations (7) to get a further calculation of k(am) and

k(aum) based on the scalar creep damage parameter. This
process of altering the value of B and iterating was repeated
until convergence was reached with the value of k(am) being
slightly greater, but reasonably close to the value of k(aum)'
This procedure was carried out for fixed values of DINI ranging
from .05 to .20. The results of this iteration procedure are
presented in Table 6.

Based on the application of a similar creep analysis
performed on IN 100 (also a Ni-base superalloy) by Chaboche
and workers [25], reasonable values for k(¢) would be in the
range of 4 or 5. The values of k(am) settled upon were
greater than k(aum) to produce ahgreater damage rate for the
more highly stressed case. It should be noted that the
estimates of k(o) for each stress level calculation using the
equations based on constant stress are also included in the
tabulated results. With these calculations, the values of
k(am) are slightly less than the calculations for k(aum) -
and are both higher than the "anticipated" values.
Consideration of strain to failure in the coupled strain -
damage equation will result in some further iteration of k(a)

values as discussed later.

It is encouraging that the measures for the creep damage




parameter are within reason, based on the work of Chaboche,
since k(¢) values are in the proximity of 4 to 5. More
specifically, using the iterated formulations of (7), k(o)
ranged from 3.75 to 5.97 for Dnn between .07 and .10. Using
the equations based on the constant stress tests (8 and 9),
k(o) was estimated between 4.03 and 5.27 for the damage
parameter valued in the range .10 to .12.

Much of the previous analysis was based on a rough
estimate of the value of the interrupted creep damage
parameter. It is possible; however, to determine DINT based
entirely on metallurgical study, and therefore determine the
values of the other constants of the continuum damage eguation
more readily. This would require another creep test at the
same stress level as one of the previously completed constant
stress tests. At a predetermined time, the creep test would be
halted and the MAR-M 246 specimen removed and sectioned. From a
study of void growth as a function of grain boundary area, the
damage parameter could be determined directly.

If this test were conducted at the higher stress level (o
= o) then the expression involving % would be eliminated
and only two equations with two unknown quantities (k(am) and
B) would remain. These parameters could be solved explicitly
and the resulting value of B could be used in conjunction with
the test data for the low stress level test to determine

k(aum) explicitly.




It is therefore felt that at least one additional creep

test be run at either a stress level of 300 MPa or 413 MPa and

halted before rupture. A study of Dnu based on the physical

condition of the MAR-M 246 specimen and the resulting

calculations of the remaining continuum damage egquation

constants, as outlined, would yield invaluable

information on

the accuracy of the creep characterization performed in this

study.

Creep Strain Rate Analysis

Using the effective stress concept for uniaxial loading,

as defined by Lemaitre [27],

g = 1 - D where D = D,

where 7 = effective stress

Then the creep strain rate equation (1) may be

o n
lc _
: _A[l : D]
c

Which, by considering a separate exponent on

as,

(10)

re~written

(11)

the damage

accumulation term as proposed by Rabotnov [21], may be re-

formulated as,

10
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&€ = n[ 1 ]V (12)
Ao 1 - DC
The creep strain rate e° is used here since both secondary and
tertiary creep are included.

The main purpose of this dual exponent approach is to
better model the tertiary creep regime and rupture time. Using
the values of B and k(am) deemed most likely to represent the
true physical situation, the set of coupled non-linear
differential equations (3 and 11) were solved using a fourth
order Runge-Kutta method. Constant B was again slightly
altered until the value of the creep damage parameter reached
unity at the time of rupture of the high stress level test.
The value of v was then altered until the numerical solution
of engineering creep strain at the time of specimen failure
best fit the experimental rupture strain for this test. This
numerical approximation was plotted against the experimental
data as shown in Figure 3. The quality of the approximation
was improved by slight adjustments made to the values of
constants A and n from the original Norton power law creep
calculations. Special consideration was given to the secondary
Ccreep regime, due to its engineering importance.

A similar procedure was followed in an attempt to fit the

data from the low stress level creep test. Ideally, the values
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of B, r, A, n, and » should remain unchanged since they are

stress~independent and this test was performed at the same
temperature as the first. Using the same value of B, k(amm)
was reduced until the continuum damage equation produced a
damage parameter of unity at the experimental time to rupture
of this test. The resulting value of k(aum) was then less than
that of k(am) ; which is a more physically sound condition
than the estimates in Table 2. The value of v used to produce
identical numerical/experimental strain-~to-failures for the
high stress level test was incorporated into this fitting
procedure. The result was a predicted strain-to-failure of
8.5% greater than that experimentally observed, a small
difference considering the possible scatter associated with
rupture data. o

The numerical approximation to the creep data is plotted
in comparison to the experimental data in Figure 4. The only
additional change from the values in the high stress level fit
is that the constant A was reduced slightly to provide
improved numerical/experimental agreement for the secondary
creep stage. Since secondary creep rates exhibit scatter, it
may-be desirable to view A as an average for the two tests.

The values of all constants used in these fitting
procedures are given in Table 3. Note that the best fit,
determined by graphic comparison between experimental and

numerical data, resulted in k(am) = 5,11 , k(aum) = 4.72.

{
1
3!
{
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These results correspond to an interrupted scalar damage value

Dmr of approximately .10 to .11, within a reasonable range,
although somewhat arbitrary in the absence of metallurgical
damage quantification.

Due to potential confusion of the reader in following the
numerical procedures outlined, a siﬁplified step by step
guide to the creep characterization process is included in
Appendix A. The procedures are broken into two segments; one
for the estimation of constants of the continuum damage
equation, and tﬁe other for the numerical solution to the
coupled striain/damage equations.

A plot of the scalar creep damage parameter q:versus
normalized time for both constant stress creep tests is
presented in Figure 5. This data graphically demonstrates the
more damaging effects of low-high stress level segquences

compared to high-low stress sequences for the same time

fraction, t/tR. These effects are in agreement with the work

of Woodford [23].




PROCEDURE

STEP

STEP

STEP

STEP

STEP
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STEP

APPENDIX A

Guide to Creep Analysis Numerical Procedures

1:

I

: Estimation of constants D B, k(o.), and k(o _)
IN HI LOW

.rl
Choose a value of D..- Based on studies of IN 100,
the value of D shdlld be in the proximity of .10.

Choose a value for B.

With solutions to the creep continuum damage
equation based on the constant stress 413 MPa test
and the 300 MPa test, determine k(o ) and k(o _)
respectively, using equations (8) and (9). LOW
Use the values of D__, B, k(o ), and k(o )
determined in stepsmi—3 in afd’iterative 'b6lution to
the continuum damage equation based on the step
stress sequence test. Use equations (7a) and (7b).

If the solution to STEP 4 converges for k(am)
slightly greater than k(¢ ), go to STEP 6; else,
return to STEP 2 and alte¥ the value of B.

The values of B, k(o ), and k(¢ ) are determined
for the value of D__“'chosen in EP 1. These
results are record®d in Table 2. Use these results
of D and B a final time in equations (8) and (9)
to d¥fermine a further estimation of k(s ) and
k(aum) - also recorded (in parentheses) th Table 2.

Return to STEP 1 and repeat the process for another
value of Dmr.

PROCEDURE II : Numerical solution to the coupled strain/damage

equations for two constant stress creep tests.

STEP 1: Numerically solve the set of two, nonlinear,

coupled differential equations (3) and (11) for the
higher stressed creep test. Use the most reasonable




STEP

STEP

STEP

STEP

STEP

STEP

value for k(am), and the corresponding value of B
from Table 2. Choose a value for v.

Alter the value of B until the value of the creep
damage parameter, D, is equal to unity at the
experimental rupture time of the high stress level
test.

Without changing the parameter B, alter the value
of v until the numerical solution to nominal strain
at rupture equals the experimental result.

Adjust the values of A and/or n from the results of
equation (1) to improve the closeness of the
numerical/experimental nominal creep strain data.
This is done graphically; i.e. refer to Figure 3.

Using the values of B, A, n, and v determined in
steps 1-4, numerically solve equations (3) and (11)
for the lower stressed creep test. Initially, use
the value of k(am) as a first approximation to
k(o )

Do not change the value of B, but instead alter the
value of k(o ) until D = 1 at the experimental
time to ruptite of the low stress level test.

Do not alter v, but attempt to improve numerical
and experimental correlation by changing the value
of A.

* Results to these numerical solutions are shown in
Figures 3 and 4 and in Table 3.




Specimen
I.D.

G23
G21

G19 a.
G19 b.

Nominai
Stress

413 MPa
300

415
299

Table 1 : Creep Test Data for MAR-M 246
in Air at 900°C

Nominal
Strain to
Rupture

0.0635 in/in

0.0446

0.0420

Time to
Rupture,

t
R

27.35 hr
174.70

13.80
140.00

Steady~-state Creep
Strainc Rate

(e)

§S

81.11x10"° hr’
9.53x10"

54.60x10;
6.97x10

Notes : a. Test G19 was a step-stress sequence test; loaded to 415 MPa for
one half of the time to rupture of test G23 and then,
b. loaded until failure at the stress level of test G21
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Table 2 : Estimated Values of Constants for
Creep Damage Rate Equation

INT B k(onx) k(am)
.05 2.43x107% 8.76 (11.53)* 8.74 (11.86)%*
.07 3.43x107"° 5.97 (7.87) 5.89 (8.11)
.10 4.98x%107 3.80 (5.11) 3.75 (5.27)
.12 6.05x10"° 2.93 (4.03) 2.91 (4.16)
.15 7.70x107*® 2.08 (2.95) 2.07 (3.06)
.17 8.82x107** 1.70 (2.45) 1.68 (2.54)
.20 10.55x107*® 1.26 (1.89) 1.24 (1.96)
Dmr : Cfeep damage parameter.
B : Temperature dependent constant.
k(au) : Stress-dependent constant for high stress level
Creep test.
k(oun): Stress-dependent constant for low sfress level
creep test.
NOTE: Values in parentheses are determined from the

solution of the continuum damage equations for constant
stress creep (equations 8 and 9) with the B values

given in the table. Values beside the k(o ) estimates

are based on the 413 MPa creep test, and ¥hose next to the
k(aum) estimates are based on the 300 MPa test.
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Table 3 : Creep Characterization Constants

Constant 413 MPa 300 MPa
Test Test
k(o) : 5.11 4.72
A : 2.8x107% 2.4x10 a.
n : ' 6.66 6.66
r : 5.76 5.76
B : 5.51x10 ** 5.51x10 ° b.
v : 3.9 3.9

NOTES: a). Original calculation of A, based on
n = 6.66 and equation (1), was 3. 0x10
b). Original estimate of B was 4. 98x10°}
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March 2, 1988

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H&636£336; "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period February 1, 1988 to February 29,
1988.

Enclosed please find a brief report which describes several
repeated creep tests on MAR-M 244 at 00"C. These data give some
indication of scatter; differences in steady state creep rate are
maximally 23%s while variation of rupture time is within a usual
scatter of a factor of two. Note that the Monkman—-Grant strain,
the product of the secondary creep rate and rupture time, is wvery
nearly constant as is commonly observed for much more ductile
materials. In short, the creep behavior at 00°C is wvery similar
to that of wrought, ductile materials apart from lower secaondary
creep rates.

As mentioned previously, we have sectioned some of the 900°C
fatigue specimens and examined the fracture surfaces and specimen
surfaces at the outside diameters to determine (a) the extent of
intergranular fracture and (b) the distribution of micreocracks as
a function of strain range and total environmental exposure time.
The results are very interesting in that crack initiation appears
to predominate at slip band intersections with the free surface
at high A€rP and short test times, while grain boundary cracking

predominates at longer test durations and small &R, We are in
the process of sorting out the implications of the secondary
crack distributions and sizes and environmental influence. The
vacuum tests will provide much information related to how

environmental effects should be treated in the damage rate
equation.

Sincerely,
- A ~ e

A

David L. McDowell
Principal Investigator

DLM




e e e e

ke ot i SN |

Specimen
I.D.

G23
5999-5 c.
G21
S5999~-4 c.

G19 b.

Notes : a.

b.
c.

Table 3 : Creep Test Data for MAR-M 246
in Air at 900°C

Nominal Nominal Time to Steady-state Nominal Monkmann-Grant

Stress Strain to Failure Creep Stpain Rate Strain

(MPa) Failure (hours) (eg") (eg " t.)
(in/in)

413 0.0635 27.35 81.1 %10 hr’! 0.0222
413 0.0416 31.80 61.4 x107° 0.0195
300 ‘ 0.0446 174.70 9.53%107 0.0166
299 0.0492 300.30 '7.25%107° 0.0218
415 ' 13.80 54.6 x10.;

299 0.0420 140.00 6.97x10

Test G19 was a step-stress sequence test; loaded to 415 MPa for

one half of the time to rupture of test G23 and then,

loaded until failure at the stress level of test G21

After the initial creep analysis was completed, tests were performed

Eo gquire an indication of the scatter in the constant stress creep
est data.

R 2 Ty
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June &, 1988

Dr. W.E. Schneider/T-10
Allison BGas Turbine Operatians
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis, IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on &M
PO#H&36356,s '"Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys”" for the periocd March 1, 1988 to May 31. 1988.

As we discussed during my recent visit to Indianapelis, we
are proceeding toc essentially replicate the matrix of fatigue
tests at 900"C. We are doing so by "filling in" the original
matrix, testing at strain amplitudes 1n-between those originally
conducted. We ewxpect that this more complete test matrix, while
somewhat time—-consumings will give us a much more accurate idea
of material scatter and behavicr in the slightly longer life
regime 1in several cases. Upon completion of this replicate set
this summer, we intend to continue with vacuum tests at Q0077.

We will send you a complete set of fatigue test results when
we have finished and compiled them.

Sincerely,
- N An

David L. McDowell
Principal Investigator

bDLM
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July 1, 1988

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapolis,; IN 46241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PR#H&36356, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period May 1, 1988 to June 31, 1988.

We are in the process of filling in the matrix of fatigue
tests at ?00°C and are progressing nicely in this endeavor. We
will be able to estimate the degree of scatter more precisely
with these additional tests.

We received your latest shipment of specimens last month
and, 1in preliminary dimensional checks, found that a key shoulder
dimension is consistently undersize by 40 mils. This dimension
is denoted in the working drawing as .499"/.500"; the tolerance
is tight because it is this part of the specimen that serves to
align the specimen within the grips. Please find enclosed the
memor andum from Roger Oehmke which details the inaccuracies. We
will proceed with testing this set of specimens after sending
them out for corrective work to ensure uniformity of the critical
dimension and machining a set of associated grip adaptors. The
money in the supplies budget should be adequate for these
purposes. :

I suggest that to obviate these specimen fabrication
problems,; which also occurred last vyear, GM ship us bar stock
material in the future and permit us to contract with a machinist
experienced in maintaining test specimen tolerances. I suggest
that we include these costs in the supplies category in the next
fiscal year contract period. Please let me know what you think
since this will affect my cost estimate for next year’s program.

Sincerely;,
~ . R A A7

wer— v

David L. McDowell
Principal Investigator

DLM

AP W AR S
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THE GEORGE W. WOODRUFF SCHOOL OF
MECHANICAL ENGINEERING
\ O o

Georgia Institute of Technology
Atlanta, Georgia 30332-0405

June 17, 1988

MEMORANDUM
TO: Dave McDowell
FROM: Roger Oehmke

SUBJECT:  GM Specimens, Series T132, T133, T138, T139

The specimens we recently received from GM are not properly machined and cannot
be used for testing. Specifically, the legs on all of the specimens are consistently .040"
undersize. The drawings for this specimen clearly show that the dimension should be
.499/.500", This tight spec is needed since the specimen is located laterally using the
leg surface. Any deviation from the specification prevents accurate alignment and
contributes to bending. In their present condition, none of the specimens can be
tested without significant bending errors.

RO:cc

An Equal Education and Employment Opportunity Institution A Unit of the University System of Georgia
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September 10, 1988

Dr. W.E. Schneider/T-10
Allison Gas Turbine Operations
General Motors Corp.

2001 South Tibbs Avenue
Indianapeclis, IN 44241

Dear Dr. Schneider:

This report summarizes the activities of our effort on GM
PO#H723543, "Damage Rate Approaches for Thermomechanical Fatigue
of Superalloys" for the period July 1, 1988 to September 30,
1988.

We have completed all baseline fatigue tests in laboratory
air at F00°C and have not seen a significant increase in scatter.
Please find a summary of tests completed and presentation of data
in APPENDIX A. The M.S. Thesis of Gary J. Reynolds may be found
in APPENDIX B. His thesis develops many of the key ideas behind
the damage rate approach; vacuum tests will help clarify the role
of environment.

As we discussed recently on the telephone, I have formally
submitted a proposal to you for third .year funding in the amount
of $45,000.00. Although I have relayed the information you gave

me regarding overdue payments to cur office of contract
administration, you may want to talk to them directly if problems
continue with the billing or payments. Mr. Ron Bell

(404-874-3870) of GTRC is a useful contact.

Sincerely, P

David L. McDowell
Principal Investigator

DLM
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Summary of Experiments Completed
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APPENDIX

Table 1 : Strain-Controlled Fatigue Tests

Temperature: 900" C
Environment: Laboratory Air

€ rate Ae/2
(sec?)

1073 0098
.009
.008
0072
.0061
.005
.004
.003
Sequence:0.002 for 284
143644 reversals followed
by 0.004 to failure

102 01
.009
.007
0064
.005
.0038
.003

104 .01
.009
.0081
.007
.005
.004
.003

Ao/2
(MPa)

872
797
737
718
723
649
557
346
144724

1015

795
776
642
529
424

747
775
764
679
594
511
423

2N,

36

60

76

90
192
504
1166
14842

48
70
156
236
748
2576
8000

28
56
50

550
748
3008




Specimen
I.D.

G23
5999<5 c.

G21
~§999-4 c.

G19 a.
'G19 b.

Notes :

a.

b.
cl

-

Table 2 : Creep Test Data for MAR-M 246
' in Air at 900°cC

Nominal Nominal Time to Steady-state Nominal Monkman~Grant’
Stress Strain to Failure Creep Stfaln Rate Sprg
(MPa) Failure (hours) (e ) T (e E))
(in/in) ‘
413 0.0635 27.35 81.1 %10~ hr’! 0.0222
-413 1 0.0416 31.80 . 61.4 x10° 0.0195
300 0.0446 174.70 9.53x106 0.0166
299 0.0492 300.30 7.25x10‘, 0.0218
415 13.80 54.6 xlO
299 0.0420 140.00 6. 97x10
Test G19 was a step-stress sequence test; loaded to 415 MPa for

one half of the time to rupture of test G23 and then,
loaded until failure at the stress level of test G21
After the initial creep analysis was completed, tests were performed
to aquire an 1nd1cat10n of the scatter in the constant stress creep

test data.

s
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' Table 3 : Tensile Test Data for MAR-M 246
in Air at 900°C

Specimen Strain Strain to Young’s 0.2% Yield U.T.S. K . n
I.D. Ratﬁ Failure Modulus Strength (MPa) (MPa)
(sec ') (%) (GPa) b. (MPa) c. d. e.
G13 107! 5.9 156.41 814 1051 1332.97 0.06991
G11 1072 7.2 161.00 851 950 1049.93 0.02666
G15 10'3 a. 140.40 ' 729 821 907.21 0.02589
G3 107 4.3 146.62 611 706 885.83 0.05446
-5 3.2 '123.14 570 695 899.72 0.06186

Gl 10

NOTES : a. Specimen strained to 5% strain and then unloaded.
b. Average Young’s modulus = 145.51 GPa.
c. Ultimate Tensile Strength
b - d. K = Strength coefficient
. e. n = Strain hardening exponent




FIGURES: EXPERIMENTAL DATA




Constants determined from regression analysis on experimentally

COFFIN-MANSON CONSTANTS

MAR-M-246, AIR, 900°C

: as )

€ + b €F c
.01 1606.7 -.144 .074989 | -.76
.001 1244.5 -.11 .085 -.81
.0001 1142.9 -.133 .036 -.615

determined data points. Points with mean stresses excluded from analysis.
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FIGURE 1. Stress amplitude versus reversals to failure of MAR-M-246 at a strain rate of

.01 sec? and at 900°C. Open circles are experimentally determined data points.
All points are used in a linear regression routine to determine the
characteristics of the dashed line through the data points.
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FIGURE 2. Stress amplitude versus reversals to failure of MAR-M-246 at a strain rate of .001 sec! and
at 900°C. Open circles are experimentally determined data points. All points, except the
2N; = 14,842 and 2N; = 1166, are used in a regression routine to detsrmine the
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FIGURE 3. Stress amplitude versus reversals to failure of MAR-M-246 at a strain rate of .0001 sec’!

and at 900°C. Open circles are experimentally determined data points. All points, except

2N; = 3008, are used in a regression routine to determine the characteristics of the dashed
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FIGURE 4. Composite graph of stress amplitude versus reversals to failure of MAR-M-246

at all 3 strain rates, .01, .001, and .0001 sec?, at 900°C. Open symbols are
experimentally determined data points. Data points with mean stresses are not
included in regression.
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FIGURE 5. Inelastic Strain Amplitude versus Reversals to failure of MAR-M-246 at a

strain rate of .01 sec! and at 900°C. Open circles are experimentally
determined points. All points included in regression analysis.
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symbols are experimentally determined data points. Data points with mean
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SUMMARY

Attempts at experimentally approximating the thermo-
mechanical fatigue (TMF) of nickel-base superalloys (used in
turbine engine hot section components) have been extended,
for the most part, from earlier work with the more ductile
alloys. Aspects of two promising approaches for modeling TMF
of superalloys, the Damage Rate Method and the Continuum
Damage Approach, were combined to form a hybrid micro-crack
growth model which considers creep, fatigue, and
environmental damage as well as interactions. The overall
goal of the experimental program was aimed at predicting
crack initiation life; however, only the initial
investigation and development of the model for an isothermal
environment was undertaken in this study.

Parameters for the model were determined via tensile,
low cycle fatigue, and creep tests performed on MAR-M 246 (a
cast Ni-base superalloy) in air at 900°C. A form of the
Continuum Damage Approach was used to model the creep
behavior of the material. Methods for determining the creep
parameters were established although the statistical
significance of these quantities has not been fully
established may be suspect due to the limited amount of data
obtained. Fatigque-environment behavior was characterized

with a damage rate equation. Modifications were made to the




xi

initally proposed model based on short crack considerations
and arguments for micro-~crack/macro-crack continuity and
parabolic oxidation kinetics. The fatigue parameters were
estimated from the available data set and methods for
improving those calculations through future testing programs
were outlined. A brief study of specimen fracture surfaces,
concentrating on the influence of oxygen penetration, was
performed to confirm the above mentioned arguments.
Indications for future improvements of the micro-crack
growth model presented in this report stress the importance
of conducting tests in vacuum for the quantification of
environmental effects on damage. In addition, the
correlative capability of the damage equations must be
assessed via experiments which combine cycling with holad

times.
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CHAPTER I
INTRODUCTION

Nickel~base alloys are amoung the most complex and the
most widely used for elevated temperature applications of
all the superalloys. For example, nickel-base superalloys
make up for over 50% of the weight of today’s advanced
aircraft engines [1]. As the quest to maximize the overall
service life and to increase the thrust-to-weight ratio of
gas turbine engines progresses, the need to accurately
predict the working life of engine components is becoming
increasingly more important.

The science of experimentally approximating the thermo-
mechanical fatigue (TMF) of turbine engine hot section
components is relatively young; the attempts which have been
made are, for the most part,:extensions of e;rlier work with
the more ductile alloys. Classical approaches were adopted,
such as the frequency modified relationships [2] and Strain
Range Partitioning [3], which use parametric expressions to
relate the number of cycles to crack initiation to different
parameters describing cyclic loading. More recently,
continuous damage growth equations have been applied to

predict crack initiation and creep~fatigue interaction in

terms of physical measures of damage, e.g. crack length and
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cavity growth. Examples of these methods, which are described
in the next chapter of this thesis, are the Continuum Damage
and Damage Rate approaches [4].

In an attempt to further understand and characterize
the TMF behavior of Ni-base superalloys, a comprehensive
program to study the fatigue, creep, and environmental
properties, as well as interactions, of a representative
nickel-base superalloy (cast MAR-M 246) was undertaken. The
initial phase of this investigation is reported in this
thesis. The overall program was aimed at developing a hybrid
form of the Damage Rate Method and the Continuum Damage
Approach with constants and parameters determined from
isothermal, uniaxial low cycle fatigue and creep test data.
The program concentrates on initiation rather than
propagation due to the findings of numerous experimental
studies which have shown that linear elastic fracture
mechanics concepts can be successfully applied to the growth
of dominant macro-cracks.

Although the overall goal of the project was to develop
a TMF model for Ni-base superalloys, the present study is
concerned with the isothermal characterization of MAR-M 246
tested in laboratory air at atmospheric pressure at a single
temperature of 900°C. Through the analysis of creep,
tensile, and low cycle fatigue (LCF) data, the groundwork for

crack growth prediction on the substructural scale was




performed. The results of this study will only begin to
formulate the background for the TMF model, indicating
future directions.

This thesis is organized into four major divisions.
First, a detailed yet brief description of presently used
models for creep-fatigue damage prediction is presented for
background purposes. The basis for the Ni-base TMF model is
formed from this information. Secondly, a description of the
types of tests performed and the procedures and equipment
used in the acquisition of the physical data is outlined.
Thirdly, the test results are used to formulate an initial
creep-fatigue-environment model for the prediction of crack
initiation life. The creep analysis is detailed first,
followed by the fatigue-environment characterization. These
analyses are separate from one another and may be studied
exclusively. Lastly, indications for future testing and i

analysis are proposed.
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CHAPTER II

BACKGROUND

Review of Applicable Approaches for Isothermal Loading

Although a general procedure for initiation life under
thermomechanical loading conditions has not yet been
established, several current isothermal approaches for
combined creep-fatigue-environmental damage will be briefly
reviewed. The applicability of these approaches to life
prediction of Nickel-base superalloys will then be studied.

Linear Time and Cycle Fraction Summation

This simplistic approach, first proposed by Robinson
(5] in 1938, assumes that the time and cycle fractions are

summed to unity, i.e.

N t
Z X + Z 3 1 (2.1)
(N), (t),

K 3

where N = crack initiation life for pure cycling at the k™
amplitude level
t_ = rupture time at the jt’h stress and temperature

Unfortunately, experiments have shown that life fractions at
failure have been found to range from 0.36 to 2.08 for
superalloys and steels ([6]. This would tend to invalidate

the linear summation rule. This is not only true for creep-




fatigue interaction, but for multi-step histories of creep
or fatigue loading measured separately. It is, however,
possible to obtain conservative results by limiting the
damage to a specified level other than unity; D* for

example,

oy Z S o o (2.2)
(V) (ty),

J

as is done in the ASME Boiler and Pressure Vessel Code [7].
This modification does not greatly increase lifetime
estimation accuracy. Furthermore, 1if D* is chosen to be
"small", it may occasionally be non-conservative, which in
turn, introduces possible large over-conservatism for less
damaging loading histories.

There is no good mechanistic interpretation of this
. damage summation technique - in fact it is in conflict with
knowledge of physical damage accumulation processes. For
example, it is well known that prior cycling affects
subsequent creep rupture behavior of materials through
cyclic hardening or softening mechanisms. Yet the rupture
times used in the linear summation rule are based on
monotonic creep rupture tests. Obviously the linear model is

not wvalid in this circumstance.




Microcrack Propadation Models

Some workers [8-10] have devised microcrack
propagation models for fatigue and fatigue dominated creep-
fatigue interaction. Skelton {8)] has proposed the plastic

strain range-based growth law,

p 1-n\ 1/4+8 | 1/a
%%= d{%ﬂ (-—-—-4aG ) } (2.3)

where d = initiation depth of an engineering size crack
(on the order of 0.2 mm)
a = crack length

Ae® = plastic strain range

constants defining the crack tip radius

(7]
3
I

K,a = Coffin-Manson constants
B = cyclic strain hardening exponent

v = plastic-to-total strain proportionality factor

This equation is valid for high plastic strain ranges and/or
continuous cycling, i.e. conditions which promote fatigue
dominated failure. It is essentially a modification of the
Coffin-Manson Law which accounts for different definitions
of initiation crack size based on the crack tip ductility.
Wareing [9] has proposed the following equation for

fatigue crack growth through cavitated material:

da

an = Aef W (2.4)




where W is the specimen width.

The creep damage rules depend on whether void growth
occurs by constrained or unconstrained grain boundary
diffusion. In the case of unconstrained grain boundary
diffusion, the cavity growth rate per cycle is given by

(101,

dr _ (t + t)AD §(c =~ 2v/T) (2.5)

2kTr?

where r = cavity radius

t'.h,tc = hold time and cycle time, respectively

A = atomic volume
Dgb = grain boudary diffusion coefficient
o = relaxed stress at the end of a hold period

grain boundary diameter

<
ii

§ = grain boundary surface energy

w
i

Boltzmann’s constant

T = absolute temperature

For a constrained condition (uneven cavity distribution or
the presence of grain boundary precipitates) the cavity

growth rate is simplified as,

dr _ A’si
dN 2

(¢, + t) (2.6)
4rY ¢

where 1\ = cavity spacing
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s = grain size

¢ = strain rate

Assuming failure to be defined as the impingment of

adjacent cavities, the solution to (2.5) may be written as,

3
2kT 1 r (2.7)

£ §AD (t + t) 3
gh’' h c

and the solution for constrained grain boundary diffusion

void growth, equation (2.6), may be written as,

3 1

_  4=r
N, = 3 Vse(t, + t) (2.8)

As pointed out by Miller, Hamm, and Phillips [11],
unconstrained and constrained diffusive cavity growth occurs
at low stresses. At higher stresses, the deformation of the
matrix governs cavity growth and the growth rate is again
proportional to the strain rate, i.e. |

dr .
ac - Ce (2.9)

Miller et al. [10] have also carried out the numerical

integration for N including stress relaxation,

t
s h
r
Nf = 35 2kT X odt (2.10)
gh
t

1
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for the case of unconstrained growth; and

' (2.11)

1-ah)

3pzs
for constrained grain boundary diffusion. Note that t, and
g are the time and stress, respectively, at one minute into
the hold period, and th and o are the hold time and stress,
respectively, at the end of the hold period. It should be
noted. that the operative mechanism for cavity growth during
the hold time is primarily unconstrained or constrained
cavity growth for stainless steels and Cr-Mo-V steels
reported by Ellison, Hamm, etc.

The usual approach taken by those who utilize these
microcrack growth models is to distinguish creep dominated
situations from fatigue dominated ones and to apply the
proper damage growth law. The interaction between creep and
fatigue damage is not explicitly taken into account. The
values of the Coffin-Manson constants in equation (2.3), K
and «, are chosen to reflect the detrimental effect of hold
times under tensile stress.

Strain Range Partitioning

The Strain Range Partioning (SRP) method relates cyclic

inelastic strain to fatigue life without explicit

consideration of environmental contributions.




According to Manson et al. [12-14], time-dependent
hysteresis loops can be identified as having four distinct
components of inelastic strain. It is argued that these four
components of the overall cyclic inelastic strain range have
different mechanistic bases for creep-fatigue interaction
and damage accumulation.

Compressive-going inelastic strains are differentiated
from tensile-going inelastic strains. Furthermore, "time-
dependent" plastic strains are differentiated from creep
strains. Hence, loops are composed of the following four
types of inelastic strain ranges:

Ae’? = creep reversed by compressive plasticity

4™ = tensile plasticity reversed by compressive creep

A¢™® = completely reversed plasticity

€c

Ae = completely reversed creep

Then, finding the relationships,

B
A = AN ! (2.11)
1 pp

BZ

At = AN (2.12)
Ba

AP = AaNcp (2.13)
B!o

Ae® = AN (2.14)

4 cc.

from experimental data, the damage summation is performed

according to

10
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F F F F
= _P 4+ [_®qap pc + ce (2.15)
N

1
N
I PP - ep pe ce

where the inelastic strain fractions are given by

= PP N
Fpp Ae " fAe (2.16)
F = Aecﬁ/Ae“
cp (2.17)
F = Aepc/Ae“
pe (2.18)
F = Aecc/Ae“
(14 (2.19)

Here, A¢' is the combined inelastic sﬁrain range.
A maximum of three types of inelastic strain ranges can
exist for a given loop. In general, good correlation can be
obtained for isothermal fatigue with and without hold times.
Some good correlations have been obtained for austenitic
stainless steel for thermomechanical loading by applying
this method using isothermally determined constants [3].
Variations on the SRP method have been offered by Saltsman
and Halford [15] to account for differences in transgranular
or intergranular propagation of creep-fatigue cracks in the
Npc or Ncp equations.

One obvious advantage of this approach is that tensile
and compressive loading are treated differently. This
flexibility is desirable to encompass all experimental

results.

11
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Frequency Modified Approaches

The basis of this type of approach is that the Coffin-
Manson relationship is modified by the frequency of the

strain cycle since time-dependent effects, whether creep or

12

environmentally related, exert influence in the low frequency

domain [16-17].
According to Coffin’s [2] early approach, the frequency

v modifies the Coffin-Manson law, i.e.
(NIu“'l)ﬁ A® = M (2.20)

where 8, K, and M are material constants at a given
temperature, and N is the number of cycles to initiate a
crack. In this approach, a hold period is considered as a
change in test frequency. The effects of unbalanced tensile
and compressive going frequencies (and loop shapes) were
later incorporated by Coffin in the expression,

d
N, = (i) 1/p (Q)I‘K (—:-i) (2.21)

A€ 2 t

where v and v_are tensile-going and compressive-going
frequencies, respectively. The values of the constants A, 38,
and K are determined from balanced loop data, and d is
obtained from unbalanced data.

Ostergren’s damage function [18] uses the net tensile
hysteretic energy in the fatigue equation to reflect mean

stress effects. In some superalloys, it is thought that
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tensile mean stresses introduced by compressive strain hold
times are responsible for compressive hold times being more
damaging than tensile hold times [17]. Ostergren’s damage

function is expressed as,
o A NP A1) 2 e (2.22)

where 8, =, and C are material constants, v is the test
frequency (CPM), and o, is the peak tensile stress in the

hysteresis loop. This approach has resulted in agreement to

within a factor of two for isothermal fatigue of Hastelloy-X

(with and without tensile and compressive hold times). This
frequency modified approach did not, however, produce good
correlations after long aging periods. This may be
attributed to the fact that environmental effects (i.e.
oxidation processes) are not rigorously accounted for.

To bring into consideration waveshape dependence, v is
defined differently. For waveshape independent materials,

1
(£% E +t ) (2.23)

y =

where to, tt, and tc represent time per cycle of continuous
cycling, tensile hold time, and compressive hold time,

respectively. To account for waveshape dependence,

v = (t FT—— ) for tt > E (2.24)

13
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or, in a simplified form v = 1/t° for tt < t;

These corrections on frequency imply that the time-
dependent damage is recovered during compressive loading.
This seems reasonable for creep cavity growth or triple
point cracking induced by grain boundary sliding, but
environmental attack (oxidation along grain boundaries)
would appear to differ mechanistically.

Continuum Damage Approach

Sometimes called a damage parameter approach, this
method was first proposed by Kachanov [19]. Early
formulations of this idea were intended to model the
accumulation of creep damage either uncoupled [20] or
coupled with creep strain.

The continuum damage approach is a local approach in
the same sense as the local strain approach to fatigue
design and analysis. In practice, it is applied within the
framework of finite element analysis.

Development of the method for creep, fatigue, and
creep-fatigue interaction has been undertaken primarily by
SNECMA and ONERA in France. Chaboche, Lemaitre [21,22],
Plumtree [23] and others [3] in France have applied the
technique to isothermal and non-isothermal creep-fatigue
interaction. They claim to have achieved accuracy in life

prediction of actual components to within a factor of two

based on this type of approach. For simplicity, the uniaxial

14




case will be discussed here.

The effective stress is defined as,

T = (2.25)

where D is defined as the scalar damage parameter. For

undamaged material, D = 0; at failure, D = . Early

critical
writings interpreted D as the normalized loss of area of the
cross section by virtue of void or crack formation [21].
Usually, Du&ucu = 1,

This approach has the advantage that damage at any
point in life can be interpreted as a change in stiffness.
For example, for load-controlled pure fatigue cycling, the

steady state stress-strain relation is given by,

P __ A 1/m
be ~ = ( X ) {2.26)
As damage accumulates,
P _ ¢ _So__ ,1l/m
Ae [ K(l-D)] (2.27)

which, when combining the above equations, results in,

D=1 - ss (2.28)

Hence, the damage parameter may be identified directly with

the increase in plastic strain range due to the accumulation

15
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of damage in fatigue (e.g. the growth of micro-cracks).
Likewise, D may be associated with a change in elastic
unloading stiffness in general. A similar reasoning may be
followed for creep damage. Assuming a Norton creep law with
strain hardening; i.e.,

1/n

o = A(e's:) (2.29)

where é“° = steady state (secondary) creep strain rate

A,n = constants

The change in stiffness is prompted by an increase in the

creep rate primarily during tertiary creep, therefore,

1/n

= A(&°) (2.30)

=

=D

which leads to, as with the cyclic behavior, a directly

measurable damage parameter,

. [+]
D=1- (‘.s m (2.31)

Note that for both creep and fatigue, the damage essentially
accumulates after steady state conditions have been reached.
Two important points must be made. The first is that
deformation processes and microstructural events occurring
early in life are not considered explicitly as damage. This

is similar to the assumptions of crack growth governed by
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fracture mechanics. The second point is that the damage is
no longer identified with cycle or time fractions, as is the
case in essentially all other phenomenological approaches.
Chaboche [21] suggests that when several proceéses are
operative, coupled equations can be written to introduce the

effects of interactions, i.e.

dD = f (¢,a,D,D,D ,T)do (2.32)
P P P t F

dD, = £ (4,a,D,,D ,D_,T)dt (2.33)

dD, = £ (4,2,D,,D ,D, ,T)dN (2.34)

Where ¢ denotes the forcing variables, a represents internal
variables, and T is the absolute temperature. In this
format, DP represents "static" plastic damage (e.g. ductile
hole growth during plastic flow), Dt represents time-
dependent damage, and E%_represents cycle-dependent fatigue
damage. A step which is often made for purposes of
simplification is to assume that the damage variables are
additive, implying equivalence of the damage processes. For

creep-fatigue interaction, for example, setting Dc== Dt

produces,
D=D + D (2.35)
c F
and
ch = fc(¢,a,D,T)dt (2.36)
dDF = fF(¢,a,D,T)dN (2.37)
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where Dc reflects the creep damage accumulation. It should
be noted that D, can also include environmental corrosive
effects, a phenomenon of special interest in the following
study. Separate study of environmental effects has not
previously been pursued in the context of continuum damage,
probably due to the inability to separate time-dependent
cavity growth from environmental attack without wvacuum or
inert environment testing.

After studying the damage accumulation curves for
carbon steels, stainless steels, copper, and Ni-base alloy
IN 100, Chaboche and workers [24] have suggested the
following forms of the Continuum Damage Approach for

uniaxial loading:

dabD a(amram) UM - O’m ﬂ

_F _ _ _ maBt1 (o2

an - [t - [1-D1" 7] M(o_) (1-D) (2.38)
dD
—f = (—2 T _nir=k(o)
dt (A(fiD)aJ (1-D] ’ (2.39)

where oy and o, are the maximum and mean stresses in the
cycle, repectively, and A, r, and 8 are temperature
dependent constants. The rupture strength in a monotonic
test, L is temperature-dependent as well. Specific forms

for « and M are given by,
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a(aM,am) =1-a { } (2.40)

* 2
oy (am) = o, + (1 -Db -0—1-1) % (2.41)
M(am) = Mo(l - b;—-IE ) (2.42)

u

where Mo and a are temperature-dependent coefficients, 7, is
the fatigue limit under completely reversed loading, and b
is a temperature-independent coefficient. The exponent k(o)
is determined from creep tests at several stress levels. The
purpose of the stress dependence of the exponents k and « is
to introduce nonlinear damage accumulation for variable
loading histories. As pointed out by Chaboche, the results
of the continuous fatigue damage analysis for two level
cycling tests are similar to that predicted by the Double
Linear Damage Rule of Manson and associates [25]. Of course,
the continuous damage approach automatically generalizes to
any number of loading levels.

Integrating equation (2.38) results in life under pure

fatigue loading described by,

_ 1 e i W
£ (B+1)[1 - a(aM,am)] M(am) (2.43)

B



with the evolution of damage given by,

Hence, o can be determined with g known by examining the

20

D, =D = [1~- (N/N) 1/ (1-=) 1/ (p+1) (2.44)

change in stiffness versus cycle fraction for several stress

amplitude levels, with and without mean stress. The values
of M and g8 can be determined from completely reversed
fatigue tests.

Integrating the creep equation for pure creep loading
yields a rupture time of,

1 o -r
= k(o)+1 (Aau ) (2.45)

tR (o)
with the damage evolution given by,

D =D=1- [1 - =& 1Y/ (k(o)+1) (2.46)

t (o)

As before, damage is not a unique function of time
fraction, but depends on stress level. From a plot of
stiffness change (see equation 2.31) versus time fraction
for several stress levels, k(o) can be determined. The
constants A and r can be evaluated from isochronous curves
of stress versus rupture time for each temperature at which

tests are conducted.
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Chaboche et al. [3,21-24] have obtained good
correlation for IN 100 at 1000°C for two level creep tests,
two level fatigque tests, fatigue tests at various
frequencies with tensile and compressive hold times, creep
after prior fatigue cycling, and fatigue after prior creep.

Lemaitre and associates have also written the continuum
damage equations in terms of strain [23], the more usual
condition at notches. This may be accomplished using stress-
strain relationships. For constant strain rate tests with
triangular waveforms, assuming that the Norton creep law
holds such that ¢ = ¢ (total strain rate equals creep
strain rate), the number of cycles, Nc, under creep-
dominated cycling is related to the cycle frequency and the
strain range in a manner very similar to Coffin’s frequency
modified approach for balanced loops discussed earlier. For
both creep- and fatigue-dominated cycling, the damage can be

expressed as,

Ao (2.47)

* . . s o
where Ac 1is the cyclically stabilized stress range under
strain control.

The damage evolution equations then become,

dp_ (1 - p) 4
aN ~ (g + 1)N_(ae)

(2.48)
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for constant strain rate cycling, and,

dp, (L - DyP
dN T (p + 1)N_(a¢)

(2.49)

for fatigue cycling at high frequency. These strain-based
equations are not directly amenable to strain hold periods
of stress relaxation. Here N, and N_ are functions of the
strain range.

The concept of continuous damage does not require
auxiliary rules for stress relaxation or creep during hold
times. The constitutive equations for deformation and damage
are integrated simultaneously.

Damage Rate Approach

This- approach is mechanistic in the sense that creep

damage is viewed as cavity or wedge crack growth and fatigue

- damage as intergranular or transgranular cracks. The damage
is not expressed in terms of creep-fatigue failure
prediction methodologies.

According to this strain-based approach [26,27], the
growth of fatigue cracks is coupled with cavity growth
through the equation,

da T Iéu‘m If“lk

% = = { c } (1 + a 1ln c/co)

dt (2.50)
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where c =-cavity size, including "r" and "w" type

a current crack length

h"|= absolute value of current rate and time
~dependent and time-independent inelastic
strain accumulated from the last reversal of
inelastic strain

|é"|= absolute value of inelastic strain rate

T,C = coefficients for tensile and compressive

stress, respectively

T,C,m,k,a = temperature, environment, and

microstructural dependent material parameters

Hence, the rate of growth of a fatigue crack is
influenced by the inelastic strain rate, inelastic strain
amplitude, current crack length, whether the loading is
predominately tensile or compressive, and the extent of
cavity growth. Therefore, there is a coupling of the fatigue
damage with creep damage. If the cavity size c < C . it is
assumed that the crack does not interact with cavities.

Cavity growth is governed by the equation,

k
[m |€Nl c

%%% = {_g y e (2.51)

where G,-G = coefficients to be used in the presence of
tensile and compressive stress, respectively

m, kc = temperature, environment, and micro-
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structural dependent material parameters

This formulation permits both growth and shrinkage of
creep cavities. Failure is defined as the time required to
reach a fatigue crack of length a or a cavity size of .
whichever occurs first. Note that fatigue damage does not
influence the creep damage rate.

Parameters m, k, and (C + T)/2 1n (af/ao) can be
determined from fast-slow fatigue data, kc can be found from
monotonic creep rupture tests, and the product oG can be
determined from slow-fast cycling.

The damage rate approach has been successfully applied
to creep~-fatigue lifetime prediction of the austenitic

stainless steels [27] and Cr - Mo - V steels [26].

Brief Critique of Predictive Approches for Isothermal and
Non-Isothermal Creep/Fatigue/Environment Interaction_ for
Nickel-base Alloys -

When evaluating the previously discussed creep-fatigque
approaches for nickel-base superalloys, there are several
factors which immediately become apparent. First of all,
comparisons of the methods based on predicting the creep-
fatigue life of more ductile metals (e.g. 1% Cr - Mo - V)
do not necessarily extend to the less ductile sﬁperalloys.
The inelastic strain range is small for the superalloys as

compared to the stainless or pressure vessel steels.
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Secondly, the effect of tensile and compressive hold
times in superalloys are generally opposite that observed
for more ductile metals [17,28]. Compressive hold periods
under strain control are more damaging than tensile hold
periods. Coffin attributes this to the observed development
of compressive mean stresses for tensile hold periods due
to stress relaxation, and vice-versa for compressive hold
periods. In contrast, the effect of tensile hold periods on
load-controlled fatigue crack propagation tests is quite
detrimental. Coffin reasons that this is due to a delay in
the initiation life for smooth specimens.

A third factor, explicitly addressed in this study, is
the fact that creep-fatique interaction for superalloys is
very different from the interaction of cavities and fatigue
cracks noted for ductile metals. The role of environment is
much more pronounced for the superalloys. Antolovich [28]
found that prior exposure to environmeﬁt at low stress
levels drastically reduced life; machining away the surface
removed this effect. Furthermore, Antolovich was able to
correlate the oxygen penetration depth at crack initiation,

2, with the maximum stress at initiation,cnmax,

max
g

) (11)1’ = ¢, (2.52)

where p and Co are material constants. The exponent p was

approximately 0.23 for Rene 80, Rene 77, and Nimonic 90 at
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elevated temperatures.

With these general differences between heavily studied
ductile metals and superalloys established, the various
damage accumulation techniques can be critiqued.

Linear Time and Cycle Fraction Summation

Since this approach is not mechanistically sound and
since damage accumulation is understood to be highly
nonlinear, this approach warrants no further discussion.
Microcrack Propagation Models

The microcrack propagation approaches developed by the
British imply that a microcrack is present essentially from
the begining of the loading history, which dces not conform
to experimental observation in many cases. These models
apply well to crack growth for cavitated ductile materials;
however, the applicability to superalloys has not yet been
demonstrated in the isothermal or nonisothermal case. The
form of the equations for nonisothermal loading is
questionable.

Frequency Modified Approaches

The frequency modified approaches as suggested by

Coffin [2] and Ostergren [18] include frequency effects in a

relatively crude manner. Effects of hold times, for
example, are incorporated by defining a lower effective
cycle frequency. Since these approaches do not provide a

mechanistically accurate way to include hold time effects,
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extensions to more complex histories and nonisothermal
conditions would be extremely tenuous and difficult.

A more mechanistically based frequency modified
approach has been suggested by Antolovich [29]. Assuming a
metallurgically stable structure and out-of-phase TMF
cycling, crack initiation is defined as the point where the
diffusion length along a grain boundary equals the slip
band spacing. Damage accumulates via slip at low
temperature and by oxidation and carbide formation at high

temperature. The resulting initiation life is given by,

2
_ Av
N, = exp (RT

Q_\(aer) 726 (2.53)
eff

where D° is a diffusion coefficient, v is temperature cycle
frequency, Q is the activation enerqgy, R is the universal
gas constant, and A and § are constants. Teff is the

effective temperature formed from,

T
1
exp( - gro— ) =—— | " exp( -5 ) dT
eff AT T£ (2.54)
where AT =T -T
h 2

Antolovich similarly introduced an accelerated void
growth TMF model, assuming a tension-tension out-of-phase
cycle. Defining failure as the point when the effective

grain boundary stress exceeds the cohesive strength,
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1/2 o - k! 2N 3/2

1 Q
Ne = 5.6 [NUD] ( P2 ] exp ( sgr— )
Ao (Ae) off (2.55)

4
where Ao k'(Ae")N , N = voids/unit area

o = cohesive strength, given by
1

o= 4 . A N1rR2 (2.56)
gb A v

where Asb = 3/L = total grain boundary area

Rb = void radius at failure

While no data has been analyzed to support or refute
this model, its usefulness appears to lie in its ability to
reflect effects of varying grain size, frequency, effective
temperature, etc. on Nf. Such a model, of course, presents
difficulties in terms of the extehsive level of
metallographic examination required to determine NA, R, and
whether the assumed rupture criterion is correct.
Furthermore, the concept of effective temperature is
fundamentally uncertain. Other workers [30,31] have shown
that the creep rupture criterion is more aptly described by
the product of applied stress and volume fraction of voids.
In their final forms, these equations appear to be frequency

and temperature modified approaches. There are no explicit

provisions for temperature hold times or for more general
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loading conditions.
Strain Range Partitioning

In principle, this method is very desirable insofar as
it is relatively easy to apply. Several very significant
deficiencies exist regarding thermomechanical fatigue life
prediction of superalloys.

One deficiency is that this method requires the
determination of the foward and reverse plastic and creep
strains within a cycle. This implies that a classical
decomposition of inelastic strain into time- and rate-
dependent plastic and creep strains be made. Such a
decomposition has been shown to be undesirable.

A second point to be made is that the cyclic plastic
strains for superalloys in typical engine applications are
quite small. Inaccuracy in their determination can lead to
substantial error in the relatively sensitive plastic
strain-life equation in the SRP method.

Finally, for nonisothermal loading, Halford and
co-workers [15] have proposed a modification to the
coefficients and exponents in equations (2.11) through
(2.14) to account for thermal history effects on the
plastic strain-life relationships. In other words, the
isothermally determined relationships are inadequate, since
superalloys can exhibit significant thermomechanical

history effect [32]. However, this method, as in frequency

29




modified approaches, is not of incremental form. A rational
extension to nonisothermal loading is not readily possible.
Continuum Damage Approach

There are significant advantages cbtained by applying
this method to the supéralloys. The technique requires
stresses and not plastic strains, which are difficult to
accurately predict; and life correlations to within a
factor of two for nonisothermal locading have already been
accomplished.

In general, stresses are less sensitive than plastic
strains to thermomechanical history effects. This fact,
coupled with small cyclic plastic strains for superalloys,
may lead to stress as the the most viable basis for TMF
life prediction for this class of materials.

There are, however, disadvantages in the particular
form of the continuum damage approach used by Chaboche and
associates. One such disadvantage is that the creep damage
evolution is based on monotonic creep tests without prior
cycling, although the creep response is highly dependent on
cyclic plasticity. Alsc, a significant crack contribution
may be included in the fatigue damage law derived from
solid specimen uniaxial tests. Thirdly, stiffness changes do
not reflect grain boundary creep damage very well [33]. The
most important disadvantages in this approcach are that ‘the

environmental damage is completely neglected and there is
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no distinection between tensile and compressive hold times,
contrary to experimental results.

From the work of Krempl and Ostergren [34], it can be
shown that frequency modified approaches can be derived as
a particular form of continuum damage mechanics. This is
also true of the Coffin-Manson low cycle fatigue law. These
results indicate that a continuum damage growth law can be
a useful tool in cumulative damage summation since the
damage is progressive; time or cycle fractions are not
required.

Damage Rate Approach

This approach appears to very accurately reflect the
interaction of a growing fatigue crack with voids due to
compressive loading, and coupling of the crack growth rate
with void fraction, but not vice-versa. The failure
criteria for fatigue and creep are not related in this
method, which is mechanistically appealing. This approach,
however, appears to be difficult to generalize and requires
a considerable amount of testing for characterization.
Furthermore, the capability to model time-dependent
environmental interaction with crack growth does not exist
in the present form. There is no provision or methodology
suggested for extending this method to nonisothermal

loading.
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For materials which do exhibit a creep-fatigue
interaction, with little influence of environment, this
method works quite well for isothermal loading. It should
be stressed that the incremental form éf these equations

provides the framework for time- and temperature-dependent

loading.
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CHAPTER III
MATERIALS AND PROCEDURE

Material

The material chosen for this investigation was MAR-M
246. The composition of this nickel-base superalloy is
given in Table 1. The high temperature strength of this
alloy is due, in part, to a precipitation of finely
dispersed gamma prime Nis(Ti,Al): in addition, its
superiority over wrought alloys can be attributed to
improved solid solution strengthening obtained with the
presence of a significant amount of tungsten [35].

The material was supplied by Allison Gas Turbine
Engine Division of General Motors Corporation in the form of
conventionally cast 0.75" cylindrical ingots. Smooth bar
tensile and low cycle fatigueAspecimens, with button-head
ends, were machined from these castings by the supplier.
Specimen dimensions are given in Figure 1.

Cooling rates for the material were not available, but
the effects of the cooling of the castings are discussed in

Chapter IV of this report.
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Experimental Procedure

Test Matrices

As mentioned in the introduction, the present study is

the beginning of an overall program to investigate life

prediction (defined by crack initiation) as applied to both

isothermal and non-isothermal loading histories of nickel-

based superalloys . Although variables chosen for the study

include environment and temperature,
program will be concerned with tests
ic pressure and a single temperature

Both tensile and LCF tests were

rates, in decade increments, between

this portion of the

run in air at atmospher-
of 900°C.

conducted with strain

"1 and 1074 sec”!. 1n

5

10

addition, a tensile test was conducted at 10 sec-l. Strain

amplitudes for low cycle fatigue tests were chosen (in 0.2%

increments) between 0.2% strain and 1.0% strain. Three creep

tests were completed for this study:

a high stress-level and

a low stress-level test, as well as a high-low stress

sequence test. Test matrices for each of the above mentioned

testing procedures are shown in Table 2.

Specimen_ Preparation

All specimens were polished in the gage section using a

sequence of 320, 400, 600 grit wet/dry sandpaper and

finished with 6 micron diamond paste. This procedure

produced a smooth, mirror-like surface. The polished

specimens were then cleansed with acetone and stored until
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testing in sealed test tubes.
Mechanical Testing : Creep Tests

The creep tests included in this study were performed
using a SATEC C-Type creep frame. This apparatus consisted
of a 20:1 lever arm with a twelve-thousand pound tension
capacity, an automatic control load elevator, and a furnace
shutoff interlock.

In order to perform the elevated temperature tests, the
existing SATEC C-Type resistance furnace had to be
redesigned and rebuilt. The original three inch bore of the
furnace was increased to five inches to accommodate the
extensometer (described below) by replacing the resistance
heating elements. In addition to increased size, the new
elements had a greater power capacity that, when coupled
with additional KAOWOOL ceramic insulation, increased the
maximum operating temperature from 1250°F (726°C) to 2000°F
(1143°C). |

Furnace temperature was controlled with an OMEGA Model
115 controller. This consisted of four 40 amp. solid state
relays fed with an input signal through a chromel-alumel
thermocouple. A temperature gradient of only 1°C over the
gage section of a test specimen was achieved with this set-
up.

Creep strain was measured via an ATS capacitance gauge

attached to a four arm high temperature extensometer. An
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output signal was sent to an amplifier and recorded with a
strip chart recorder. A complete description of the
extensometer is included in Appendix A.
Mechanical Testing : Tensile and Low Cycle Fatique

All tensile and LCF tests were performed using an MTS
10000 Kg capacity closed-loop servo hydraulic testing system
in total axial strain control mode. Feedback was monitored
by an LVDT. A ramp waveform was used. The desired strain
rates were derived by choosing a frequency based on the

total strain amplitude as follows:

1 cycle

v (Hz) x ¢ (3.1)

4(8e%/2)

where Ac¢®/2 = total strain amplitude

.

¢ = strain rate

Low cycle fatigue tests were performed over the same strain
rates as the tensile tests using a fully reversed triangular
wave (i.e. a dual-ramp waveform). Specimens were held in
place by mechanically locking, water cooled, wedge grips -
also with a load capacity of 10000 Kg.

The extensometer used for the tensile and LCF program
was based on a modification of an MTS Model 632.11 clip
gauge. A complete description of this equipment is found in

Appendix A.
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Specimens were heated using a 1.5 kilowatt CYCLE-DYNE
induction unit controlled by a EUROTHERM Model C96.1
controller. The induction heater was connected to 0.125"
diameter copper tubing. This tubing was wrapped around the
specimen approximately one-half inch from the gage section
surface. The copper coil consisted of two turns at both the
top and bottom shoulder areas of the sample and two
concentric turns at the center of the gage section. Water
was circulated through the coil during operation for cooling
purposes.

To produce the proper temperature gradient, a specimen
was affixed with five beaded chromel-alumel thermocouples
and placed in the MTS load frame grips. This is shown
schematically in Figure 2. Adjustments were made to the coil
shape and orientation until a temperature gradient in the
specimen gage section was no greater than *2.5°C. During
testing, thermocouples were attached to the top and bottom
shoulders - one was used for control as dictated by the
calibration; the other, as a backup in the event the first
should fail.

Data was aquired with a NICOLET Model 2090:2B digital
recording oscilloscope. Strain gage and load cell output
voltages were recorded on floppy disks for conversion and
reduction to stress versus strain ASCII data files via an

IBM AT computer. A complete description of the data
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aquisition and manipulation procedures are described in
Appendix A.
Sample_ Sectioning and Examination

Several specimens were selected for metallographic
analysis and were sectioned and mounted as shown in Figure 3.
All optical metallography specimens were prepared using
standard techniques. Longitudinal sections cut through one
fracture surface and transverse sections cut below and
parallel to the other fracture surface of a specimen were
mounted in diallyl phthalate, rough polished on silicon
carbide papers (in a 320, 400, 600 grit sequence), and
finely polished using a sequence of 1 micron, 0.5 micron,
0.05 micron alumina slurry. Optical samples were etched
using a solution of 33% nitric acid, 33% acetic acid, 33%
water, and 1% hydrflouric acid. Immersion times were
approximately four to five seconds. A LEITZ metallograph was
used to examine grain size and seéondary crack penetration
depths.

Complete fracture surfaces were mounted with silver
paste on aluminum posts for SEM analysis. A CWIKSCAN 100
field emmission scanning electron microscope was used for
fracture surface analysis. Initiation sites were examined
where possible, in addition to a study of secondary cracking

and inclusions.
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CHAPTER IV

RESULTS AND DISCUSSION

Creep Characterization

Fundamental Results

Engineering strain versus time data for secondary and
tertiary creep is presented in Figure 4. The corresponding
basic characteristics of the creep tests are outlined in
Table 3.

To begin to characterize creep life with a continuum
damage model, the steady state (stage II) creep strain rate

was assumed to behave as dictated by Norton power law

creep,
. c _ n
where éssC = steady state nominal creep strain rate
¢ = applied nominal stress

A,n = constants

As calculated from the two constant nominal stress creep
tests, the exponent n was determined to be 6.65, and the
constant A = 3.18x10 % hr ' MPa™®®. This formulation
provides a simple, although incomplete, description of the

dependence of creep strain rate on stress. As the continuum
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damage model is developed, the creep strain rate will be
predicted not only for steady state creep, but for tertiary
creep coupled with the creep damage parameter Dc, as
discussed in Chapter II. |
Application of the Continuum Damage Approach

The scalar creep damage parameter can be interpreted as
the normalized loss of area of the specimen cross section
due to the formation of voids or cracks [21]. In other
words, a high value of I% would correspond to a high ratio
of void area to grain boundary area in a specimen undergoing
creep damage. With no damage, Dc is set equal to zero; and
at failure, the parameter is normalized to unity.

A generalization of the damage rate method and a
specific form of the continuum damage approach was suggested

by Chaboche et al. [24] as a creep damage model:

D = [KH":B_J r (1-Dc)r'k(") (4.2)
c

where A,r = temperature dependent constants

k(c) = stress dependent constant

By factoring out the quantity (1-qgr'and combining
constants, a more compact form of this equation may be

introduced, i.e.




Bar

(1op K@) (4.3)
c

It is important to note that the purpose of the stress
dependence on the parameter k, as defined by Chaboche, is to
account for nonlinear damage cumulation for stress amplitude
step tests.

This form of the differential equation is solved by
separation of variables for a constant nominal stress creep
test. The damage parameter limits of integration are D=0
to D=1 and the time limits are t = 0 to t = th (= time to

rupture). The following expression results:

1
R~ Bo'[k(o) + 1] (4.4)

By taking the logarithm of both sides, the material constant

r is readily determined.

log tR = =log B[k(¢) + 1] - r log ¢ (4.5)

The quantity -r is the slope of the time to rupture versus
stress plot on a log scale. This calculation is shown in
Figure 5; i.e. r = 5.76.

It is important to note, however, that there is an
appreciable amount of scatter in creep rupture time data,

typically as much as a factor of two at a given stress
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level. The preliminary analysis herein is somewhat
incomplete since there were oniy two constant stress creep
tests performed, and hence, only two data points for the
determination of r. In a worst case consideration, r could
change from its present value by as much as *50% given
sufficient data to characterize it with some measure of
statistical support.

In an attempt to study the question of scatter in
rupture time, the two constant nominal stress creep tests
were repeated (specimens S999-4 and S$999-5) under identical
conditions. These tests produced rupture times and strain-
to-failure data as presented in Table 3. Although the creep

test analysis, as conducted in this study, was completed
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before these additional tests were performed it is important

to note that with all four constant nominal stress tests
considered, the value of r is changed from r = 5.76 to

r = 6.61.

In further characterization of the creep damage of MAR-

M 246 using expression (4.3), the constants B and k(¢) were
estimated. This was accomplished using data from the step-
stress sequence creep test. As with the above determination
of r, the solution to the continuum creep damage model was
utilized. Dividing the limits on integration into two parts
- one for the high stress level initial segment of the step

stress test, and the other for the low stress level

':?wm -
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completion -~ the following integrals may be written :

INT INT
J(l - Dc)k("a:) ap, = Ja(au)r at (4.6a)
0]

0

1

J(l - bc)k("m) ap_ B(o

o) at (4.6Db)

|
rf‘———-;drf
a1

INT INT
where LA low and high stress levels, respectively,
of the sequence creep test

Dc scalar creep damage parameter
DINT = value of Dc at time at which stress level was

decreased
tnu = time at which stress levgl was decreased
1:.R = time to rupture
k(auu),k(am) = parameter values depending on low

and high stress levels respectively

B,r = temperature dependent constants

The solution of these integrals is :

1-1[1-D_] (k(oy) + 1) B(o, )T (t, ) (4.7a)

k(aHI) + 1
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)Tt - ) (4.7b)

(1 - p_)Klag) + 1) B(o -t

INT - LOW

k(aw) + 1

Thus, two equations were formulated containing four unknown
quantities, Dnn, k(am), k(aum), and B. To complete a system
of four equations, two additional expressions were required.
By using the constant-stress-to-failure creep tests, two
equations in the form of (4.5) were incorporated without
adding any additional unknown variables. For the high stress
level test,

(tm)-l = Bo"[k(o, ) + 1] (4.8)

and for the low stress level creep test,

(£ )7t

o = Bar[k(amw) + 1] (4.9)

where tRH and tm are the rupture times of the respective
tests in the absense of loading sequence effects.

An iterative approach was developed to solve this set
of four nonlinear equations. First, the creep damage
parameter at the time of stress interruption was selected
and held fixed. An arbitrary value for the constant B was
then used in expressions (4.8) and (4.9) to obtain a first

estimate of k(am) and k(aum) respectively. Constant B and
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these values of k(o) were subsequently used in a Gauss-
Seidel iteration routine of equations (4.7) to get a further
calculation of k(am) and k(aum) based on the scalar creep
damage parameter. This process of altering the value of B
and iterating was repeated until convergence was reached
with the value of k(ﬂu) being slightly greater, but
reasonably close to the value of k(amﬂ). This procedure was
carried out for fixed values of Dmr ranging from .05 to .20.
The results of this iteration procedure are presented in
Table 6.

Based on the application of a similar creep analysis
performed on IN 100 (also a Ni-base superalloy) by Chaboche
and co-workers [24], reasonable values for k(¢) would be in
the range of 4 or 5. The values of k(am) settled upon were
greater than k(aum) to produce a greater damage rate for the
more highly stressed case. It should be noted that the
estimates of k(o¢) for each stress level calculation using
the equations based on constant stress are also included in
the tabulated results. With these calculations, the values
of k(am) are slightly less than the calculations for k(auﬂ)
- and are both higher than the "anticipated" values.
Consideration of strain to failure in the coupled strain -
damage equation will result in some further iteration of

k(o) values as discussed later.
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It is encouraging that the measures for the creep
damage parameter are within reason, based on the work of
Chaboche, since k(¢) values are in the proximity of 4 to 5.
More specifically, using the iterated formulations of (4.7),
k(¢) ranged from 3.75 to 5.97 for Dnu between .07 and .10.
Using the equations based on the constant stress tests (4.8
and 4.9), k(¢) was estimated between 4.03 and 5.27 for the
damage parameter valued in the range .10 to .12.

Much of the previous analysis was based on a rough
estimate of the value of the interrupted creep damage
parameter. It is possible; however, to determine D . based
entirely on metallurgical study, and therefore determine the
values of the other constants of the continuum damage
equation more readily. This would require another creep test
at the same stress level as one of the previously completed
constant stress tests. At a predetermined time, the creep
test would be halted and the MAﬁ-M 246 specimen removed and
sectioned. From a study of void growth as a function of
grain boundary area, the damage parameter could be
determined directly.

If this test were conducted at the higher stress level
(o0 = am) then the expression involving T would be
eliminated and only two equations with two unknown
quantities (k(am) and B) would remain. These parameters

could be solved explicitly and the resulting value of B
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could be used in conjunction with the test data for the low
stress level test to determine k(aum) explicitly.

It is therefore felt that at least one additional creep
test should be run at either a stress level of 300 MPa or
413 MPa and halted before rupture. A study of Dmr based on
the physical condition of the MAR-M 246 specimen and the
resulting calculations of the remaining continuum damage
equation constants, as outlined, would yield invaluable
information on the accuracy of the creep characterization
performed in this study.

Creep Strain Rate Analysis

Using the effective stress concept for uniaxial

loading, as defined by Lemaitre ([36],

g = 1 -D where D = Dc (4.10)

where o = effective stress

Then the creep strain rate equation (4.1) may be re-written

.c o , n
e’ = A 1 - Dc (4-11)

Which, by considering a separate exponent on the damage

as,

accumulation term as proposed by Rabotnov [20], may be re-

formulated as,




s, i

oo 1 v
&€ = ,n|75 (4.12)
[of

The creep strain rate &° is used here since both secondary
and tertiary creep are included.

The main purpose of this dual exponent approach is to
better model the tertiary creep regime and rupture time.
Using the values of B and k(am) deemed most likely to
represent the true physical situation, the set of coupled
non-linear differential equations (4.3 and 4.11) were solved
using a fourth order Runge-Kutta method. Constant B was
again slightly altered until the value of the creep damage
parameter reached unity at the time of rupture of the high
stress level test. The value of v was then altered until the
numerical solution of engineering creep strain at the time
of specimen failure best fit the experimental rupture strain
for this test. This numerical approximation was plotted
against the experimental data as shown in Figure 6. The
quality of the approximation was improved by slight
adjustments made to the values of constants A and n from the
original Norton power law creep calculations. Special
consideration was given to the secondary creep regime, due
to its engineering importance.

A similar procedure was followed in an attempt to fit
the data from the low stress level creep test. Ideally, the

values of B, r, A, n, and v should remain unchanged since
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they are stress-independent and this test was performed at
the same temperature as the first. Using the same value of
B, k(aum) was reduced until the continuum damage equation
produced a damage parameter of unity at the experimental
time to rupture of this test. The resulting value of k(aum)
was then less than that of k(am) ; which is a more
physically sound condition than the estimates in Table 6.
The value of v used to produce identical
numerical/experimental strain-to-failures for the high
stress level test was incorporated into this fitting
procedure. The result was a predicted strain-to-failure
8.5% greater than that experimentally observed, a small
difference considering the possible scatter associated with
rupture data.

The numerical approximation to the creep data is
plotted in comparison to the experimental data in Figure 7.
The only additional changé from the values in the high
stress level fit is that the constant A was reduced from
2.8%10°% to 2.4x10% to provide improved numerical/ex-
perimental agreement for the secondary creep stage. Since
secondary creep rates exhibit scatter, it may be desirable
to view A as an average for the two tests.

The values of all constants used in these fitting
procedures are given in Table 7. Note that the best fit,

determined by graphic comparison between experimental and
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numerical data, resulted in k(au) = 5,11 , k(aum) = 4.72.
These results correspond to an interrupted scalar damage
value DmT of approximately .10 to .11, within a reasonable
range, although somewhat arbitrary in the absence of
metallurgical damage quantification.

Due to potential confusion of the reader in following
the numerical procedures outlined, a simplified step by step
guide to the creep characterization process is included in
Appendix B. The procedures are broken into two segments; one
for the estimation of constants of the continuum damage
equation, and the other for the numerical solution to the
coupled strain/damage equations.

A plot of the scalar creep damage parameter E% versus
normalized time for both constant stress creep tests is
presented in Figure 8. This data graphically demonstrates
the more damaging effects of low—high stress level sequences
compared to high-low stress sequences for the same time
fraction, t/tR. These effects are in agreement with the work

of Woodford [30].

Fatique Characterization
Fatjgue Damage Model
As discussed in the literature review of this study,
Majumdar and Maiya [27] present a strain-based damage rate
model which couples the cyclic extension of fatigue cracks

with creep cavitation growth. The appeal of this approach
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lies in the fact that the formulation has the potential to
predict pure fatigue damage, pure creep damage, and creep-
fatigue interactions accurately. This damage rate model has
been successfully applied to creep-fatigue life prediction
of Type 304 stainless steel in the range of 480°C to 600°C.
At the various temperatures used in the study, predicted
lives deviated from experimental determinations well within
a factor of two. A second class of material, 2-1/4 Cr - 1
Mo steel, was also analyzed in the same temperature regime
with similar results to those of the stainless steel. Hence,
it can be stated that this damage rate model works well for
materials which exhibit creep~fatigque interaction under
isothermal loading.

There are certain aspects of the damage rate model
which present uncertainties in its application to life
prediction of Ni-base alloys, i.e. the material of concern
to this study. First and foremost, there is no provision to
calculate time-dependent environmental interaction with
crack growth in the model’s form as shown in equation
(2.50). In addition to creep damage, environmental damage
can influence the fatigue damage rate since embrittlement of
grain boundaries ahead of the fatigue crack enhances growth.
This is especially important when considering superalloys
due to the greatly pronounced effect of environment on

damage as shown, for example, by Pedron and Pineau [37] and
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Cook and Skelton [38].

A second important shortcoming of this damage rate
approach is that there is no methodology suggested for
extending the model to nonisothermal loading. Although this
initial study is concerned with life prediction of a Ni-base
superalloy at a single temperature, it is the intention of
the overall experimental program to approximate
thermomechanical fatigue of Ni-base superalloys.

It is important to note two further uncertainties in
the approach suggested by Majumdar and Maiya. The
application of this model to more ductile materials does not
necessarily extend to the less ductile superalloys. The
plastic strain range is relatively small for Ni-base alloys
as compared to those for stainless or pressure vessel
steels; this can lead to significant relative errors in
applying the life prediction method to actual components
where the plastic strain ranges must be estimated. A final
uncertainty concerns the approximation of the initial crack
length, which is assumed to nucleate at some time early in
the fatigue life. Estimations used by Majumdar [27] were on
the order of the initial roughness of tested specimens.
Unfortunately, due to a lack of well-developed striations on
the fracture surface of many of his tested specimens, crack
length measurements were not possible,and hence, the wvalue

of the initial micro-crack length was somewhat arbitrary.
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Of course, this is a classical problem of "initiation

mechanics". In this presentation, a more detailed

treatment of micro-crack initiation will be undertaken.
Based on these uncertainties of the fatigue damage rate

model derived by Majumdar and Maiya, a variant of this

approach and the continuum damage approach may be proposed :

Lb =2a()|1+aln % + pin % Ie“lm(Ae“ n (4.13)
F —— —— ——
F Dco DEo 2

where, DF fatigue damage (crack length)

D environmental damage (oxygen penetration depth)

E

DD = thresholds below which fatigue damage does
not interact with creep or environmemtal
damage, respectively

h“|= absolute value of inelastic strain rate
(ae") /2 = inelastic strain amplitude

A(o) = coefficient to account for mean stress effects

a,8,m,n = material parameters ; temperature-dependent

Although this formulation is written in terms of
continuum damage parameters to follow the representation of
the creep damage model, a direct analogy can be made between
D, and "a" (crack length) in the Majumdar and Maiya
representation in equation (2.50). Unlike the continuum

creep damage parameter Dc, DF and Dz«ﬂo not range in value
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from 0 to 1 as a fractional representation of material
damage. Instead, they have an absolute physical value of
crack length and oxygen penetration depth, respectively.

The major difference between this hybrid continuum
damage rate equation and that of the original damage rate
approach lies in the fact that there is an explicit
environmental damage consideration. Parabolic oxygen
penetration [{39] is assumed and can be represented generical-

1y by the equation,

= =Q(9)
DE h(t) exp ( =T (4.14)
where, Q(c) = activation energy for oxidation

R = universal gas constant

T = absolute temperature

=172

h(t) = time-dependent coefficient = Dgt for

parabolic oxygen penetration

It is not possible to ascertain exact environmental
effects of damage on fatigue life without conducting
material tests in a vacuum environment. Since this is not
yet done in this study, environmental effects on the low
cycle fatigue life of MAR-M 246 will be estimated through
metallographic analysis of specimen fracture surfaces and
secondary cracking. Results will be compared with recent

studies of environmental damage of nickel-base superalloys
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at elevated temperatures in a later section.
Classification of Fatigue Damage

Fatigue damage is defined in terms of crack length. The
first difficulty encountered in the development of fatigue
damage initiation is found'in its definition. There are three
stages of crack initiation as outlined by Chaboche [4]. The
first is crack nucleation, which is often associated with
slip band spacing at the specimen surface or along grain
boundaries which intersect slip bands. This definition
will be studied in detail later.

The second level of fatigue damage is micro-crack
initiation and propagation, the "substructural scale". One
definition of initiation at this stage is the transition
between crystallographic and principal stress cracking, i.e.
extension through or along a few grains [4]. Of primary
concern in this study is micro-crack propagation. It is in
this regime that the continuum damage rate equation for
fatigue will be applied.

The third stage of initiation is macro-crack
initiation. At this level, a crack has to show a definite
"geometrical dominance" in order to apply fracture mechanics
concepts. In engineering structures, this level of damage is
initiated when a crack is on_the order of 1 mm, typically
encompassing at least several grains. A large number of

studies have been conducted on Ni-base superalloys at elevated
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temperatures which model macro-crack propagation through the

use of the Paris Growth lLaw :

da _ M
an C (aK) (4.15)
where, a = current crack length
N = current cycle number

AK = stress intensity factor range

C,u = constants

For example, Shahinian [40] has studied macro-crack
propagation of several nickel-base alloys between 24°C and
704°C, where AK is normalized by the elastic modulus in an
attempt to account for temperature (i.e, environmental)
effects. Resultant values for C and u were approximately
2.8x10° and 3.5, respectively, at room temperature and
1.7x10° and 3.5, respectively, at 704°C.

:Due to the progress of researchers [see 40-42] in
modelling macro-crack propagation of Ni-base superalloys,
the application of the methodologies of this stage of
cracking in this work is not deemed necessary.

Short Crack Considerations

Although this study is concerned with crack nucleation
and propagation on the substructural scale, the relationship
between the proposed damage rate model and macro-crack

propagation correlated by the Paris Law must be studied. On




the macro scale, the Paris Growth Law may be written in rate
form ,

da

& = vC (aK)" (4.16)

where v = cycling frequency

The limits of integration on the crack length parameter
range from macro-crack initiation, a = a, to a critical
crack length resulting in failure, a = a.

It is important to note that in Majumdar and Maiya’s
damage rate model for fatigue [27] (see 2.50), the crack

growth rate is proportional to some power of the inelastic

strain amplitude with explicit crack length dependence, i.e.

m
a = a(éf_n> (4.17)
2

In other crack propagation models, for example [9] and
(43], there is no "a" dependence proposed. For micro-crack
propagation, the question then arises, is crack length
dependence necessary in a fatigue damage model?

In the case of dependence only on (Ae%/Z), i.e. no "a"
dependence, the assumption is made that far field inelastic
strain amplitude (or stress amplitude) relates uniquely to
the crack tip inelastic strain amplitude through a Neuber’s

Rule type of argument. However, for the case of even a short
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crack, it is established that linear elastic fracture
mechanics (LEFM) can apply, limited in accuracy, of course,
by the anisotropic effects inherent to the case of crack
length on the order of microstructural periodicities.
However, the complete William’s Series expansion for stress
(and stress range) at a crack tip, as discussed by Carlson
and Saxena [44], includes terms of higher order which become

important for short cracks, i.e.

3/2

a”(X,O) = KﬂHan + clx/a + O(xX%) + ... (4.18)
where, aw(x,O) = stress ahead of crack tip
K = stress intensity factor for Mode I

(opening) fracture = Yo[ra
% = distance from crack tip

constant

9]
il

It is evident from this argument of crack length dependence
of cyclic crack tip stress amplitude, and hence, inelastic
strain amplitude, that a need is established for "a"
dependence in a fatigue micro-crack growth law.

From equation (4.18), for x = a and a € D (where D
is defined as the process zone size), the first two terms of
the expansion can be of the same order of magnitude.
Therefore, the stress field at a crack tip excluding the
higher order terms of the William’s Series expansion may be

smaller in magnitude than if the complete series (i.e. higher
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order terms included) was utilized. Furthermore, using the
higher order terms in (4.18) results in an "a" dependence
different from that if only the first term were used. If
only the first term was considered, the crack length
dependence would be defined by Kx' Since K& = Yo[ra, the
dependence of crack length in the fatigue damage model would

be,

a = G(a?) (4.19)

. . 1/2
where G is some function of a'’/%.

If an erroneous attempt was made to use AK to correlate
fatigue crack growth for constant amplitude and constant

strain rate cycling, then,
a = (AK)?? o« at (4.20)
where q is a constant.

With the complete solution, the influence of the higher
order terms may be instantaneously thought of as
contributing to a fictitious crack length in a AK expression

such as (4.16),
a « (AKh)M (4.21)

where, AF% = YAaJ«(a+ah)
a = correction for higher order terms

M = Paris Growth Law exponent
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Equating expressions (4.20) and (4.21) for a constant stress

range, Ag,
(AKh)M = (aK)™ (4.22)

which may be rewritten,

q = g— (1logaK /10gaK) (4.23)

Since 4K < AK% for a > 0, the bound results that q > (u/2).

Hence, this argument establishes not only a need for crack
length dependence in the fatigue damage rate equation, but a
nonlinear dependence governed by the exponent g (as shown in
4.20) for substructural crack propagation. It must also be
noted that g can be variable; i.e. its value could depend on
other state variables or indeed crack length itself. In fact,
Carlson and Saxena have shown that the nature of the higher
order terms is geometry dependent, so that a and ultimately
g would also depend on geometry. However, this level of
complexity will not be introduced in the present work, but
we merely recognize that micro-crack length dependence differs
from the dominant micro-crack case.

The preceding discussion was based upon the differences
between the treatment of long and short cracks. Long cracks
exhibit a "threshold" AK ~effect. This means that when a

crack length is reached where influencing effects of the

inelastic strain amplitude and stress amplitude at the crack
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tip on the crack propagation rate (da/dN) reach a threshold
level, propagation may successfully be correlated via LEFM
techniques.

For short cracks, the crack tip Ao-Ae" fields include

higher order terms than the x /2

singular solution; the
dependence on crack length with q > u/2 reflects this. If the
transition from micro-crack propagation to the Paris Growth
Law regime were truely made, the nonlinear crack length
exponent, q, would yield a simplistic "continuity" condition
of q = /2. However, threshold effects associated with the
crack tip plastic strain range are incorporated via the
relation (AJVQ)“, where n may implicitly include micro-
structural effects such as crack closure.

For the micro-crack regime of damage, a modification to

the damage rate model discussed above is now presented :

1 —E Ae
a® d D 2
co El

ot

da = A(o) [1 + oln % + pin e ]le“lm( “) n (4.24)
0

To prevent confusion on later integration of this model, the
limits of integration on crack length in (4.24) range from
crack nucleation length at the substructural level, a = a,
to macro-crack initiation, a = a . The limits on time range

from t = 0 (assuming immediate nucleation) to t = tg
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Development of Fatique-Environment Interaction Theory

Proposed in the fatigue continuum/damage rate model is

an explicit coupling of environmental damage with a

parabolic oxygen penetration equation. However, it is not

known at this point whether such a coupling, as expressed in
the ﬂln(Dgﬂ%O) term, will predict the environmental aspect
of fatigue damage with the success of the aln(Daﬂ%D) term
for creep-fatigue interaction as demonstrated by Majumdar

[27].

% The pertinent question to be discussed is how can
fatigue-environment interaction be characterized? Two
aspects of environmental damage, as defined in terms of
oxygen penetration, may be considered. The first is a
discontinuous effect of oxygen penetration on damage. By

this, it is meant that as a crack propagates, oxidation

ahead of the crack tip reaches a threshold level where the
crack instantaneously jumps along this environmentally

attacked path. The second is a continuous effect of oxygen

penetration on damage. This simply means that the micro-
crack propagates in a continuous manner with a continuous

buildup of an oxygen damaged path ahead of the crack tip.

g This study will focus on these two physical
3 characterizations of fatigue-environmental damage

interaction.
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Discontinuous Environmental Effects on Fatique

When considering the discontinuous effect of oxygen
penetration on damage as described above, an attempt to
model the discontinuity (i.e. crack "jumping" along an
environmentally penetrated path) can be made through the use

of a Dirac delta function as follows:

da = A(o0) [1 + oln _?g}[a“lm(a_é’)“ + 2 Z (et ) A(E)
2/ 1
co

m_qp—a
ot

(4.25)

where, p = function governing time~dependent diffusion of
oxygen at the micro~crack tip
qmi= time for oxidation penetration for 3* discrete
crack growth event

Note that tmfmust be related to the satisfaction of some
crack tip rupture criterion based on a combination of stress
and oxidation penetration depth. With this expression the
rate of fatigue damage is continuous until a time is reached
when t = t, and a critical depth of oxygen penetration
causes an instantaneous jump in the crack length governed by
the time-dependent function ﬁ.

Unfortunately, a discontinuous description of this
nature contains inconsistencies. After each "jump" is

encountered, the limits of integration of the rate equation

mast be altered to account for the instantaneous increase in
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micro~-crack length. This formulation would also lead to
incorrect sequence effects (i.e. a low-high stress sequence
would appear more damaging than a high-low stress sequence
effect). This feature runs counter to observed physical
observations of fatigue damage. It is therefore felt that a
continuous damage growth mode dependent on environmental
penetration is more mechanistically appealing. Even if
cracks grow intermittently at the substructural level, as is
sometimes observed, the assumption of a continuous growth
law is consistent with the analogous treatment of
intermittent macro-crack propagation at the structural or
continuum level.

Continuous Environmental Effects on Fatique

Rate-Type Effects Incorporated inlé¢l” Term.

A continuous effect of oxygen penetration on fatigque
micro~-crack propagation would allow for the environmental
inﬁeraction initialiy considered explicitly in the
ﬂln(Dgﬂ%o) term to be incorporated in the strain rate
dependence of the damage rate model. In other words, the
strain rate dependence can be considered as a combined
description of strain rate and oxygen penetration damage.
This could be viewed, for example, as a frequency modified
approach [2]. At the outset, it should be noted that such
an approach does not include explicit dependence on

environmental penetration and, as such, is on somewhat weak
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physical grounds.

For constant strain rate (here we do distinguish
between inelastic and total strain rate), completely reversed
cyclic deformation (no mean stress effects), integration of
the damage rate model on the micro~crack scale yields the
following :

N ¢ (4.26)

- = A’ (q-1) Iel’“(gj‘)
2

q-1 q-1

where, a,a = micro~crack nucleation length and current
micro-crack length, respectively
t = current time

A’ = current value of A(os) for zero mean stress

Note that for symmetric cycling, the assumption is made that
creep cavity growth does not occur. Therefore, the constant
a in equation (4.13) has been set equal to zero.

In order to agree with the physics of the problem, the
current crack length must be greater than the crack
nucleation length. This means that the right side of the
above equation must be positive = resulting in a lower bound
for the exponent q of unity.

There are several ways to approximate values for the
left side of the equality (4.26). First consider both a, and

a to be constants. Considering the limits of integration of
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equation (4.13) for crack length to be between a = a and
a=a (= macro-crack initiation length), and for time between

t=0and t = ti, the resulting integration gives,

- = A’ (g-1) lélm(A_{‘)“ t, (4.27)
2

Combining constants and taking the logarithm of both sides,

the following equation results :

P=nm log|é|+ n log %f? + log t (4.28)
where P is a constant.

From this expression,‘the exponent n is readily
determined for constant values of a, a, and strain rate.
The quantity n is the negative inverse of the slope of the
inelastic strain amplitude versus time to failure on a log
scale. It was assumed that the propagation life was
negligible compared to the total fatigue life, hence,

t = t.. The calculations for the strain rates used in the

MAR~M 246 low cycle fatigue tests are shown in Figure 20;

-2 1

i.e. for ¢ = 102 sec™, n = 1.04; for ¢ = 10 sec™?,

10" sec™®, n = 1.13. The resulting average

n = 0.91; for ¢
value of n is 1.03.
The resulting linearity of the data in Figure 20 lends

credibility to the idea that the environmental effect on
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fatigue damage is not, as originally proposed, based on a
ﬁln(Dy/qm) term in the damage rate equation (4.24). The form
of equation (4.24) implies a nonlinear log(A372) versus log
tt plot. Although the values of n are close, which means the
log(Ae{/Z) versus log tt curves are very nearly parallel,
this observation is based on a small data set. Also note
that the assumption of constant a, and a, is indeed suspect.
Further analysis of the oxygen penetration effect must be
undertaken.

Maintaining the idea that a, is constant, a further
classification of the left side of the equality in (4.26)
concerns the value of the fatigue damage at the onset of
macro-cracking; i.e. a = a,. Initiation at this level may be

expressed in terms of oxidation penetration depth,
2
(—)1i = C (4.29)

Here 2 and C1 are constants and li is associated with the
oxygen penetration depth resulting in crack formation at a
critical stress amplitude level. Hence, this is a psuedo-
fracture criterion. Values for the exponent 2 of
apporoximately 0.23 have been observed by Antolovich and
Jayaraman [28] for several Ni-base alloys at elevated
temperatures. For example, Rene 80 at 982°C and 871°C had

values of £ of 0.21 and 0.23, respectively. Studies with




Rene 77 at 927°C and Nimonic 90 at 810°C resulted in values
of 0.25 and 0.23 for f, respectively.

Applying this result for macro-crack initiation in
expression (4.27), assuming 1i = a, and using the cyclic
stress-strain power law relation (see equation C.6) to
rewrite the stress amplitude in terms of strain amplitude,

the formulation becomes (assuming constant |&f):

(1-q)/ £
2, - | = @ DA el ) T
K’(_é_e) 2
2

(4.30)

‘
cyclic strength coefficient

where, K’
n’ = cyclic strain hardening exponent, and again,

a, is considered constant.

This characterization, no matter what values were
chosen for the exponents q, £, n’, would not produce linear
curves for the log(Ae%IZ) versus log 1:.£ data at constant
strain rates. Although a mechanical argument was enabled,
this formulation does not reproduce aforementioned trends.

A third classification of the left side of equation
(4.26) maintains the ideas developed above for macro-crack
initiation and, in addition, presents a refinement to the
assumption that crack nucleation is defined in terms of slip
band spacing. This observation, as reported by Antolovich,

Lerch, and others [46,47] is based on a relationship between
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slip band spacing and plastic strain amplitude,

-k
o Acf
i=c (2 ) (4.31)
where, i = slip band spacing (stress-dependent)

C , k = constants

This formulation models the observed phenomenon of decreased
slip band spacing for increased plastic strain amplitude.
For Waspaloy (a wrought Ni-base superalloy) tested at room
temperature in an air environment, values for C3 and k were
found to be 0.846 and 0.518 respectively [45].

Following the assumption that i = a, [46], the
substitution of (4.31) into (4.30) using the inelastic strain

amplitude, results in

) e 1-q)/ 4 ’
Czu q)(ﬁu) k(1l-q) _ C, . = (q-1)A’ Ié Im(ﬁu)n ti
2 K,(_z}_e )n 2
2
(4.32)
and after rearranging constants and exponents,

Cz(l-q)(_A_e_N)_ku-q) - Q(l-q)/l(ésfl)—n'(l'q)/l = (g=1)A’ lélm(éﬁ)n t1

2 K’ 2 2
(4.33)

It is observed at this point that in order to produce

constant slope curves for log(Ae{/Z) versus log tz data, the
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exponents on the strain amplitude on the left side of the
equality (4.33) must be equal; i.e. k(1-g) = n’(1-g)/£. This
produces a constraint based on micromechanical arguments,

i.e.

=
k=1

(4.34)

Based on values of X = 0.518 and £ = 0.23, a value for
the cyclic strain hardening exponent is suggested as
n’ = 0.12. For the MAR-M 246 specimens tested, the average
value for n’ was equal to 0.18 (see Table %a). This is
within reasonable agreement with to n’ = 0.12 produced by the
above constraint, considering the amount of data available
and the potential scatter therein.

Further Estimation of the Strain Amplitude Exponent

As mentioned, determinations of the exponent n were
based on the assumption that the crack nucleétioh length and
the macro-crack initiation length are constant at a given
strain rate (see 4.28). With the consideration of the
fatigue-environment couplings just discussed, it was
determined to be more physically appealing to consider a
and a as dependent on inelastic strain amplitude.
Therefore, the slopes of the log(AJVZ) versus log tf curves
do not define the value of n uniquely.

By taking the logarithm of both sides of equation

(4.33) and incorporating the constraint k = n’/2, it is




observed that to produce linear (Aeﬂ/Z) versus t£ curves on

a log-log scale,

-k(1-q) - n =N (4.35)

ave

where, Nmm = average value of the inverse of the
slopes of parallel log(AJVZ) versus

log tf curves, which equals -1.03

Based on an average value of n’= 0.18 from the reduction of
the low cycle fatigque data (to be discussed in a later
section) and a value of 0.23 for the exponent £, k is
estimated to be k = 0.78. From the work of Shahinian [40],
previously mentioned, the value of the Paris Growth Law
exponent, u, for nickel-base superalloys was reported as

¥ = 3.5, This would suggest a value for the exponent g of

q > wv/2 > 1.75 based on previous short crack arguments. With
these calculations and using the minimum value of q = 1.75,

an updated estimate of exponent n is given by,
n=-k(1-q) - N = 1.62 (4.36)

Of course, n must be positive in order for expression (4.27)
to make physical sense; i.e. increasing the inelastic strain
amplitude increases the fatique crack growth rate. This
first order check is satisfied with the chosen value of q.
As noted earlief, q can be dependent on oxygen penetration

or other state variables and geometry.
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Estimation of the Value of the Exponent m

From the log(Aef/Z) versus log tt curves, data for time
to failure versus strain rate for a constant inelastic strain
amplitude was obtained and piotted as shown in Figure 21.
Again, taking the logarithm of both sides of (4.33) and
considering the inelastic strain amplitude constant, the value
of the strain rate exponent m was calculated from the
inverse of the slopes shown in Figure 21. This was done at
(ac"/2) = 0.0060 in/in and (a<'/2) = 0.0009 in/in, resulting
in values of m = 0.94 and m = 0.98, respectively. This data
corresponds to an average value of m = 0.96. It is important
to note the closeness of the experimentally determined
values for m to unity. This suggests a minimal strain rate
dependence in the damage rate model; i.e. if the value of m
was equal to unity, the explicit time-dependence found in

the integrated form of the model (see 4.27) would cancel.

i This suggests that though this material, significantly rate-
dependent at 900°C, experiences time-dependence of damage
rate predominantly through environmental attack rather than
rate-dependent plasticity effects. It is interesting that
this conclusion may be drawn in the absence of vacuum tests

eventhough such tests would be ultimately conclusive.
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Environmental Effects Contained in Parabolic

Time~dependence

It is more physically appealing to include explicit
dependence on environmental penetration than to assume that
environmental interaction is implicitly contained in the
strain rate dependence. Although a parabolic form of oxygen
penetration is exhibited by many metals over some range of
temperatures [48], it cannot be assumed that the fatigue
crack growth rate equation (4.27) can be coupled with an

explicit t/2

dependence. Oxygen penetration is not
necessarily related to crack propagation on a "one-to-one"
basis; therefore, the time dependence describing
environmental attack in the damage rate model may be

expressed, in general, as

-R D .N|m N\N
1l da _ dcC : c Ie I (Ae )
2d ‘—dt = A(o) ( ox) l:l + aln D— } —2

c (4.37)

where, = oxide concentration

c
ox
R = constant

The expression (dcm/dt) is a description of the rate
of build-up of oxidation; which is believed to be

proportional to t'/?

(i.e. parabolic). At this point in the
research program, it is not possible to determine further

the nature of the environmental interaction in the fatigue
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model. Future tests to be conducted in a vacuum environment-

will provide significant information as to the rate and
severity of the oxidation process.

For completely reversed cycling at a constant strain
rate and assuming, as in equation (4.33),that a and a are
functions of (ae¢'/2) and (dcm/dt) o tﬂm, integrating (4.37)

results in

N ~k(1-q) N)n 1-R/2
ae’ = ufad)™ (4.38)
G(Z) H(Z ti
o c (1-q)/2
where G =c, v - (Ef) = constant
_ s 1M
H = 2(q-1)A Jel = constant

2=-R

Taking the logarithms of both sides of equation (4.38), the

following expression is obtained:

N

aet A 2-R
-k(1-gq)log == + log G = log H + n-log ‘E +(—5—)log ti
(4.39)
Thus,
ae" _f2-R
[-k(1-g)-n] log —%— =(—3r)log t + constants
t (4.40)

Analogous to equation (4.35), in order to produce linear

(Aeﬂ/Z) versus ti curves on a log-log scale,
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2[-k(1-g)-n] _ N (4.41)

2 -R ave

where Num is, as before, the average value of the inverse of
the slopes of the parallel log(Ae{/Z) versus log ti curves
(Re: t1 = tf).

For tests performed in a vacuum environment at a
constant strain rate, R = 0. This would result in the
reduction of (4.41) to -k(1-g)-n = N which is identical
to the result obtained by the assumption that all rate-type
environmental effects are contained in the strain rate
dependence. However, this expression allows for the
determination of the exponent n once q is selected and k is
specified. Recall that k may be determined from slip band
measurements or from the constraint, k = n’/2, where £ = 0.23.

For tests conducted at different, but uniform strain

rates at a constant inelastic strain amplitude, taking the

logarithm of both sides of equation (4.38) would yield the

following:

N 2-R
K1 K2-+ m log|e| + 3 log ti (4.42)

where K1 and K2 are constants.

If N is defined as the slope of the log ¢ versus log ti

curves (Figure 21), then

N = -2m/(2-R)  (4.43)
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Once q is selected (either as a constant such as g = /2 or
as a function of crack length and geometry), n is determined
from vacuum test data. It follows that the exponent R is
known from equation (4.41) and the exponent m is calculated
with expression (4.43). Hence, the importance of conducting
vacuum environment experiments to further characterize the

parameters of the microcrack growth model is evident.

Metallographic Observations

Optical Microscopy

Following the procedures outlined in Chapter III, the
tested MAR-M 246 specimens were sectioned and mounted (as
shown in Figure 3) to facilitate a study of the micro-
structure and failure characteristics of the superalloy.

From the samples sectioned horizontally, below the
fracture surface, the grains were large enough to be
discerned with the naked eye, on the order of millimeters in
length for the longest dimension. The grains were radially
elongated from the center of the specimen with an aspect
ratio (length : height and width) of approximately 6:1. The
shape and orientation of the grain structure is a direct
consequence of the casting process. Non-uniform cooling of
the molten material (i.e. surface solidifying before the
core) produced the radial pattern described above. The

relative size and shape of the grain structure can be seen
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in Figure 23. (Note that this is a specimen sectioned
vertically through the fracture surface.)

Apparent in Figure 23 is evidence that specimen failure
occurred via intergranular primary cracking. All the samples
examined demonstrated this intergranular mode of failure. A
second example is shown in Figure 24. The overall
characteristics of the fracture surfaces will be described
in the next section.

Also observed on the longitudinally sectioned samples
was a varied amount of secondary cracking (see Figures 24
and 25). For the majority of the secondary cracks optically
inspected, initiation occurred at a grain boundary. This can
be explained in terms of environmental attack, i.e.
oxidation penetration along a grain boundary. As was
presented in equation (4.29), initiation of a macrocrack may

be expressed in terms of oxidation penetration depth,
Ao 2 _
(_5)11 =<

Assuming parabolic oxidation kinetics, Antolovich and
Jayaraman [28] proposed a model that relates the depth of an

oxide spike to the time of the test,

1 £ ] 1/2 (4.44)

where 1: = initiation crack length for shortest test

45 P



1 = oxygen penetration at initiation
t ° = time for shortest test
t

= time for crack initiation

For purposes of developing a correlation, l: is set equal
to unity. Hence, the value of li can be calculated relative
to the shortest test. Using time to failure data, the
relative assumed oxide depth, li, was calculated using this
parabolic relation. Then, these computed values were plotted
against stress amplitude (log scale) as shown in Figure 22.
From a linear regression of this data, the value of the
exponent £ in equation (4.29) was determined to be 0.19.

The average value for 2 in the study by Antolovich and
Jayaraman [28) was, as disussed previously, 0.23. Thus the
assumption of parabolic oxidation kinetics is supported by
the relative agreement of these results. It must be noted,
however, that an appreciable amount of scatter exists in the
MAR-M 246 stress amplitude versus relative oxide depth data:;
this must be taken into consideration when choosing a value
of the exponent 2 in further computations. It is due to this
uncertainty that the average value of £ = 0.23, based on a
relatively large data set, was incorporated into the fatigue

characterization analysis (equations 4.29 to 4.36).
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SEM : Fracture Surface Observations

Several specimens were prepared for analysis with the
scanning electron microscope (SEM) as outlined in Chapter
ITI. Immediately apparent, without magnification, was a
radial pattern on all of the fracture surfaces. This
pattern, also seen in the sub-fracture surface optical
micograph specimens, suggests further evidence of ah
intergranular crack path. An example of this type of
fracture is shown in Figure 26;'which shows a grain
partially dislocated at the edge of the fracture surface.
This specimen (G-12) was tested at a high strain rate

"2 sec’’) and high strain amplitude (1.0%). Unfortun-

(10
ately, particular primary crack initiation sites were not
determined due to the heavily oxidized condition of the
fracture surfaces. Only general trends and features of
the surfaces were discernable.

Although the radial characteristic was evident in all
of the fracture surfaces, those specimens tested under
conditions which led to relatively long cycling times
produced somewhat less-featured fracture patterns. One
example is shown in Figufe 27. This specimen (G-4) was tested

at a strain rate of 10" sec™

and a strain amplitude of
0.4%; resulting in a time-per-cycle of 160 seconds. The
duration of this cycle allowed for a great deal of time-

dependent deformation, producing relatively smooth wave
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fronts of inelastic deformation on parts of the fracture
surface.

For all SEM-observed specimens, secondary cracking and
slip band traces were presént. The greatest degree of
secondary cracking was observed on specimen G-12 (Figure 28);
which was a high strain rate / high strain amplitude test.
Tested at the same strain amplitude (1.0%) but at a lower
strain rate (10™ sec™ versus 107% sec’'), specimen G10
(Figure 29) produced a high intensity of slip bands but the
secondary cracks were not as pronounced as those in specimen
G-12. This fact can be attributed to the longer cycle time
for specimen G-10; i.e. the "longer" test resulted in a
greater degree of grain boundary oxidation and thus, smaller
secondary crack openings prior to failure. At this amplitude
it must be noted that the secondary cracking observed in
these two specimens occurred along grain boundaries which
ran parallel (figure 28) and perpendicular (Figure 29) to
the slip bands.

Along similar lines of discussion, specimen G-4, with a
low strain rate (10" sec’!) and a low strain amplitude
(0.4%), did not produce as intense a degree of slip bands or
secondary cracking as was observed in other specimens.
However, the secondary cracks present were larger in
magnitude, on average, than those of other specimens. The

relatively long cycle time (160 seconds), as discussed
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above, allowed for a considerable amount of deformation
before failure. Figure 30 shows a large secondary crack
produced along a grain boundary with intersecting slip bands
(triple point) just below the fracture surface; which is
visible at the top of the photograph.

Although less-featured and containing fewer slip band

2 sec™?, Ae/2 = 0.4%) exhibited

traces, specimen G-22 (¢ = 10
a considerable amount of secondary cracking. It was observed
that, as with all other analyzed specimens, the secondary
cracks led right up to the fracture surface. Also in
accordance with previous observations, a large percentage

of the secondary cracks formed at or along oxidized grain
boundaries (see also Figure 31). The overall condition of
the fracture surfaces and the location and intensity of the
secondary cracks points towards the strong influence of
environmental attack (i.e. grain boundary oxidation) of the
MAR-M 246 low cycie fatigue specimens tested in a laboratory
air environment at 900°C.

The SEM studies revealed that higher plastic strain
ranges and rates lead to intense slip band traces at the
surface and produce significant secondary cracking on
intersecting grain boundaries. Lower strain amplitudes and
rates lead to more time-dependent deformation. In all cases,
the fatal crack appears to initiate and propagate in an

intergranular fashion.
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CHAPTER V
CONCLUSIONS AND INDICATIONS

The present study examined the feasibility of and
developed the background for the formation of a thermo-
mechanical fatigue model applicable to nickel~base
superalloys. Through the use of a continuum damage approach
and a modified damage rate method, some of the effects of

creep, low cycle fatigue, and environment (along with

interactions) were examined for cast MAR-M 246. Although the

tests and analysis were performed at a single, elevated
temperature, the initial investigation provided the

framework for future development of a nonisothermal fatigue

model.

Creep Damage Correlation

The Continuum Damage Approach, as detailed by Chaboche
et al. [24], modeled creep damage accumulation with a
relatively high degree of success; based on the limited
amount of creep data generated. Methods for determining the
parameters of the creep damage equation were established;
eventhough the actual results are suspect due to the
estricted data set. Two additional creep tests were
repeated, after the initial numerical analysis was

completed, under identical conditions as the original
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constant stress tests in an attempt to estimate the scatter
in the creep rupture time data. The reduction of the
additional data suggested a value for the exponent on
stress, r, of r = 6.61 instead of r = 5.76 based on the
original. two tests. Both of these results are close to those
obtained by Chaboche and associates [49] for IN 100 tested
at 900°C (r = 6.3) and at 1000°C (r = 5.2).

Obviously, additional creep tests will provide
increased accuracy and statistical support for the
determination of the creep model parameters. In addition,
detailed metallurgical examination of void growth would
yield a primary check to the numerical methods outlined

here.

Fatigque-Environment Characterization

Although it is not possible to rigorously quantify the
environmental effectseon fatigue damage in the elevated
temperature testing of MAR-M 246 without performing
comparative tests in a vacuum environment, the analysis of
the existing low cycle fatigue and tensile data produced
several interesting findings.

First of all, based on short crack considerations, a
need for a nonlinear crack length dependence, i.e. the
(1/a”) term, in the fatigue crack growth law was established
for substructural crack propagation. However, the

determination of the value for this exponent for MAR-M 246

IR TP



TR

84

remained somewhat arbitrary due to the fact q may be
variable and even geometry-dependent. Short crack
considerations produced a lower bound for this parameter
(q > v/2) which was used in subsequent anayses.

Although a continuous environmental effect on fatigue
damage where all rate~type effects are incorporated in the
strain rate dependence of the micro-crack growth model did
not include explicit dependence on environmental penetration,
the considerations employed in its analysis provided a means
for applying established micromechanical relationships to
the hybrid damage rate model. Relationships between inelastic
strain amplitude and slip band spacing and between stress
amplitude and oxygen penetration depth were used for
assumptions of crack nucleation length and macro-crack
initiation length respectively. The resulting manipulations
of the crack propagation model provided a method for
estimating the values of the exponents n and m in the model
based on the (Ae&/Z) versus ti data. Important to the
determination of n and m was the development of the
constraint, k = n’/Z, which resulted from the micromechanical
arguments mentioned above.

Of course, it is was more physically appealing to
include an explicit dependence on environmental damage. An
analysis was conducted assuming a parabolic-type oxygen

penetration process in the crack growth model; i.e. axt™?




85

term was included. It was discovered the parameters of the
model (n,m,R) could be determined from the comparison of the
(Aeﬂ/Z) versus ti curves for vacuum versus non-vacuum

fatigue test data. The procedure for performing these
computations was outlined and discussed.

It must be noted that the groundwork for the
nonisothermal crack initiation model developed in this
report does not include any physical investigation of creep-
fatigue interaction. It is important for further improvement
of the hybrid Damage Rate/Continuum Damage model that the
confirmation of the creep-fatigue interaction proposed first
by Majumdar and Maiya [27] (and adopted and modified in this
study) be carried out. Experiments which combine fatigue
with hold times should be undertaken to investigate the
creep~-fatigue characteristics of the MAR-M 246 superalloy
and to determine the preictive capability of the crack

growth model.




APPENDIX A

MECHANICAL TESTING PROCEDURE

Extensometry

Creep Testing

86

The apparatus used in the creep investigation was an ATS

four arm extensometer for high temperature service. Four
arms are used (two on both the top and bottom knife-edge
brackets) to ensure completely vertical travel. Outside the
furnace, a caliper was mounted to the extensomter for
zeroing of the ATS capacitance gauge - also mounted outside
of the furnace. The capacitance gauge has a resolution of
1x10° inches (0.01%) for a maximum amplified output of ten
volts. This maximum reading, conditioned by a capacitance
amplifier, corresponds to 0.2" of displacement.

A set of split-ring adapters were used to convert the
0.75" diameter specimen clamps to the 0.25" diameter gage
section of the specimen. Since LCF type button-head
specimens were used, a set of MAR-M 246 specimen adapters
were required to attach the test sample to the 0.75"
diameter pull rods. The pull rods attached to the adapters
were also fabricated out of MAR-M 246 to énsure proper
performance of the mechanical system at the operating

temperature of 900°C.
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Tensile and LCF Testing

The extensometer is extremely important in strain
controlled testing. The extensometer used for the tensile
and low cycle fatigue program was based on a modification of
an MTS Model 632.11.clip gauge for isothermal high
temperature application. The extensometer consisted of two
0.25" diameter alumina rods 3.5" in length connected to two
0.25" diameter stainless steel tubing (also 3.5" in length)
split at one end to accomodate the rods. At the connection
point, a Teflon hinge was clamped to secure the tube/rod
joint and to provide flexure to the apparatus. Rectangular
aluminum blocks with groves on one side and cyclindical
plugs on the other were used for attachment between the clip
gauge and the pivoting arms. The plugs were glued into the
other ends of the stainless steel tubing and the knife edges
on the clip gauge were fit into the grooves on the other
side of the aluminum blocks. The knife-edges were held
secure to the pivot arms by spring attachments. The opposite
ends of the alumina rods were ground to a sharp wedge point
using a diamond faced wheel. A bored and half-split aluminum
block was clamped by a set screw to each alumina rod
approximately 1.5" from the tips.

The complete extensometer assembly was suspended from a
column of the load frame using an aluminum bracket with two

pulleys. A counter-weight was tied to one end of a thread




and draped over the pulleys for connection to a wire loop at
the center of gravity on the extensmeter. The alumina tips
were held against the gage section of the specimen using a
bracket on the opposite éolumn of the load frame. On this
bracket, two spring with glass hook assemblies were drawn in
tension and hooked to looped wires secured to the aluminum
half-split blocks described above. Spring tension was
adjustable via a sliding action of the second bracket.

The calibration of the modified extensometer was
accomplished with a precision INSTRON extensometer
micrometer calibrator. After recording voltage output as a
function of strain (compressive and tensile) as dictated by
the micrometer, linear regression was performed on the data
to determine the calibration correction for the MTS stain

control electronics.
Data_ Aquisition and Reduction : Tensile and LCF Testing

Data aqﬁisition for the tensile and low cycle fatigue
testing was achieved with a NICOLET Model 2090:2B digital
recording oscilloscope. Digitized strain gauge and load cell
output voltages were written to floppy disks for processing.
Digital data files for time versus load and time versus
strain were converted to ASCII data via an S-CUBED 2090
access card installed in an IBM AT computer. This equipment
was supported by a digital data processor softwafe package,

also manufactured by S-CUBED, named "Vu-Point". Basic
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programs were used to convert and collate the separate data
files to produce stress versus strain data - in a proper
format for plotting.

In addition to the digital oscilloscope, a hardcopy X-Y
recorder was used to produce hysteresis curves as backup to
the NICOLET data. A strip-chart recorder was also
facilitated to record load versus time data. This was
especially useful when crack growth was initiated since the
"load" would drop in magnitude, thus signaling imminent

failure of the specimen.
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APPENDIX B

Guide to Creep Analysis Numerical Procedures

Procedure I

STEP 1:

STEP 2:

STEP 3:

STEP 4:

STEP 5:

: Estimation of constants Dm , B, k(am), and k(amm)

T

Choose a value of DmT. Based on studies of IN 100,

the value of D should be in the proximity of .10.

Choose a value for B.

With solutions to the creep continuum damage
equation based on the constant stress 413 MPa test
and the 300 MPa test, determine k(am) and k(amm)
respectively, using equations (4.8) and (4.9).

Use the values of D__, B, k(¢ ), and k(o _)
IN HI LOW

T
determined in steps 1-3 in an iterative solution to
the continuum damage equation based on the step
stress sequence test. Use equations (4.7a) and

(4.7b) .

If the solution to STEP 4 converges for k(am)
slightly greater than k(aum)’ go to STEP 6; else,

return to STEP 2 and alter the wvalue of B.

TR -
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STEP 6: The values of B, k(”m)’ and k(”um) are determined

STEP 7:

for the value of Dnn chosen in STEP 1. These

results are recorded in Table 6. Use these results
of DINT and B a final time in equations (4.8) and
(4.9) to determine a further estimation of k(am) and

k(aum) - alsc recorded (in parentheses) in Table 6.

Return to STEP 1 and repeat the process for another

value of D .
INT

Procedure II : Numerical sclution to the coupled strain/damage

STEP 1:

STEP 2:

equations for two constant stress creep tests.

Numerically solve the set of two, nonlinear,
coupled differential equations (4.3) and (4.11) for
the higher stressed creep test. Use the most reason
—able,valﬁe for k(”m)' and the corresponding value

of B from Table 6. Choose a value for v.

Alter the value of B until the value of the creep
damage parameter, D, is equal to unity at the
experimental rupture time of the high stress level

test.
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STEP 3:

STEP 4:

STEP 5:

STEP 6:

STEP 7:

92

Without changing the parameter B, alter the value
of v until the numerical solution to nominal strain

at rupture equals the experimental result.

Adjust the values of A and/or n from the results of
equation (4.1) to improve the closeness of the
numerical/experimental nominal creep strain data.

This is done graphically; i.e. refer to Figure 6.

Using the values of B, A, n, and v determined in
steps 1-4, numerically solve equations (4.3) and
(4.11) for the lower stressed creep test. Initially,
use the value of k(am) as a first approximation to

k(aLow) .

Do not change the value of B, but instead alter the
value of k(aum) until D = 1 at the experimental

time to rupture of the low stress level test.

Do not alter v, but attempt to improve numerical
and experimental correlation by changing the value
of A.

(Results to these numercal solutions are shown in
Figures 6 and 7 and in Table 7.)
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APPENDIX C

TENSILE AND LCF RESULTS

Data Organization

All low cycle fatigue test data is shown in Table 5.
Cyclically stable hysteresis loops for each strain amplitude
at each strain rate tested are shown in Figures 11, 12, and
13. As described in Appendix A, stress-strain data was
aquired via a digital recording oscilloscope. With this
equipment, approximately 500 to 1000 data points were
recorded per cycle (depending on the time-per-cycle for a
given test and the available time-per-point sweep times on
the oscilloscope). Observed in some instances, a low
amplitude high frequency electrical signal was present in
the test equipment electronics. In an attempt to reduce the
noise in the stress-strain data, a five-point averaging of
the data sets was performed during data reduction. The
result of this procedure is shown in Figure 9. Note how the
averaged data set represents the character of the hysteresis
loop quite closely.

The data for the five tensile tests performed are shown
in Figure 10 and the tensile properties are given in Table 4.
Note that for the 10~ sec™ strain rate test, failure did

not occur before unloading the specimen after 5% strain was

1T G VT T
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reached. The same procedures for "smoothing" the data with a
five point averaging technique, as was performed on the LCF

data, was carried out in this case as well.

Coffin-Manson Fatique Life Behavior

Although the intention of this study was not to develop
Coffin-Manson data, the low cycle fatigue data is presented
in this form as a matter of convenience of comparison to
other materials. Please note that in the MAR-M 246 data
reduction, inelastic strain was used in all analyses; no
attempts were made to remove creep strains from the fatique
data.

The inelastic strain amplitude may be related to fatigue

life by the familiar expression,

N

%5 = e (2N)€ | (C.1)
where, (ae"/2) = inelastic strain amplitude

ZN? = number of reversals to failure

ef’ = fatigue ductility coefficient

c = fatigue ductility exponent
The (a¢'/2) data points were determined from the relation,

s _ A _ Ao (C.2)
2 2E

where the total strain amplitude and the stress amplitude
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were determined directly from the hysteresis loop data. The
value for the Young’s Modulus, E, used here was the average
value of those determined from each of the tensile tests

(see Table 4). The linear regression of this data on a log-log
basis is shown in Figure 14, and the resulting values for the
parameters ef' and ¢ are listed in Table 8 for each strain
rate employed. An error analysis was not considered
meaningful for this analysis (or for the other fatigue-life
relationships) due to the limited number of data points
obtained.

It is important to note that the use of this type of
argument to explain fatigue behavior is clearly
inappropriate. Plasticity varies continually throughout the
life of a fatigue test and never stabilizes except in terms
of the "rate" of increase. There is more contributing to
fatigue damage (especially at elevated temperature) than
inelastic strain, and this is in large, environﬁent.

Life was also plotted and correlated against stress
amplitude (Figure 15) and total strain amplitude (Figures 16,
17, and 18) for each strain rate using the following

respective relations :

L = af’(ZNf)b (C.3)
5 =_"Ez_'(2Nf)b + e, (2N) € (C.4)




where, ar' = fatigue strength coefficient

o
i

fatigue strength exponent

t=
i

average Young’s Modulus = 145.5 GPa

The resulting parameters, ar’ and b, for the stress
amplitude versus fatigue life correlations are presented in
Table 8. Note that in determining the total strain amplitude
versus life curves, the average value of Young’s Modulus was
again used. The data represented by the solid line in the
total strain versus life curves was generated from
expression (C.4) with the parameters determined and recorded
in Table 8. The lines represent approximately 100 data
points each. The sets of three data points also on these
curves were determined directly from the hysteresis loops

themselves (see Table 5).

Monotonic and Cyclic Stress-Strain Behavior

The tensile behavior of the MAR-M 246 specimens may be
described, from the onset of yielding to the ultimate load,

by the stress-strain relation,

o = K(MHT™ (C.5)

where K is defined as the strength coefficient and n is the
strain hardening exponent. These parameters were determined
by a simple linear regression of the tensile data (stress

versus inelastic strain up to the U.T.S) on a log-log scale.
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The results are listed in Table 4.
The cyclic stress-strain behavior may be described

similarly by the relation,
rc/2 = K’ (ae'y2)P (c.s)

where K’ is the cyclic strength coefficient and n’ is the
cyclic hardening exponent.

Two approaches were utilized for determining the
parameters of equation (C.6) from stablized hysteresis loop
data (see Figures 11-13). The first method used the
hysteresis loop "shape". By this it is meant that a new
coordinate system was set up at the lower (compressive) tip
of a hysteresis loop for a given strain rate. Stress and
inelastic strain data points were taken along the hystersis
loop, measured relative to the new coordinate system’s
origin. These points defined a monotonic-type curve with
stress-inelastic strain magnitudes double that of a similar
tensile test. The data (divided by two) was then fit using a
linear regression on a log scale to determine K’ and n’. The
calculations, performed at each strain rate, are shown in
Figure 19a and the results are listed in Table 9a.

The second approach for determining K’ and n’ was
accomplished by using the hysteresis loop tips. For a given
strain rate, the ﬁips of the stable hysteresis loops

(tensile side) at each tested strain amplitude were fitted
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on a log scale with a linear regression technique. These
calculations are shown in Figure 1%b and the results are
given in Table 9b. When comparing the results of the two
determinations of K’ and n’, it is important to note that
the latter described calculations are based on a relatively
small number of hysteresis loop tips and, hence, this
procedure has a much lower confidence level that using the
hysteresis loop shapes.

It is important to observe that the values of n’ are
greater than the values of n at each tested strain rate.
This would imply that the MAR-M 246 specimens cyclically
harden. This characterization is supported by the hysteresis
loop data, although not to the degree suggested by the
relative difference in the values mentioned above. The
fatigue tested MAR-M 246 specimens demonstrated a small
amount of cyclic hardening before cyclic stability was
achieved relatively early in the fatigue life (i.e. well

before the half-life of the specimens).

b &



APPENDIX D

COMPUTER PROGRAMS

Program I : CREEPFIT.TFOR

This FORTRAN program was developed to perform a Gauss-
Seidel iteration of two equations derived from the creep
damage rate equation. The number of iterations was variable.
Constants Dmr and B were entered on-line. Constants k(am) and
k(aum) were estimated via the iteration process initiated with
guesses derived from two special-case solutions to the creep

damage rate eqution (as explained in Chapter IV).

Program II : CREEPDE.FOR

This FORTRAN program was written to solve a set of two.
first order differential equations using a fourth order Runge-
Kutta method. The equations themselves were used in functions
- allowing for easy alteration. The application of the process
to the creep strain rate and creep damage rate equations is
outlined in the program documentation. The step size was
adjusted in order to produce fifty data points of time versus

creep strain and creep damage.
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Program : "CREEPIT.FOR"

Program to perform a Gauss-Seidel iteration to solve two coupled
non-linear equations to roughly determine acceptable ranges of four

of the creep characterization parameters ( B, Dint, k(hi), k(low) ).

IMPLICIT REAL(A-M,0-2)
INTEGER N
DOUBLE PRECISION D,B,KHI,KLOW,Cl,C2,C3,C4,XMPA

PRINT *,'Enter initial guess for B and Dint :°
READ *, B,D

PRINT *, 'Enter maximum number of iterations :’
READ *, N

Stresses are converted to MPa in this analysis.
XMPA = 6.895
SIGHI = 60.20%XMPA
SIGLOW = 43 42%XMPA

Time to failure of the creep tests.

TRLOW - 174.7
TRHI - 27.3

Times of Interupted creep test.

TINTHI - 13.8
TINTLOW - 140.0

Calculate equation constants.

R = 5.76

Cl = SIGHI**R +* TRHI

C2 = SIGLOW**R * TRLOW
C3 = SIGHI**R * TINTHI
C4 = SIGLOW**R * TINTLOW

"Solve" equations for the non-interupted tests to obtain
a first guess for parameters in the interupted equation analysis.

KHI = 1./(Cl*B) - 1.

KLOW = 1./(C2%B) - 1.

PRINT *,'K(hi) implicit =',KHI
PRINT *,'K(low)implicit =' KLOW
PRINT *

100
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Iterate on the other two equations using the implic%t
calculations as a first guess.

DO 10 I-1,N
KHI = (l.-(1.-D)**(KHI+1l.))/(B*C3) - 1.
KLOW = (1.-D)**(KLOW+1.)/(B*C4) - 1.
PRINT *,'N =',I
PRINT *,'K(hi) =', KHI
PRINT *, 'K(low)=' KLOW
10 CONTINUE

. STOP
END

OO0 00O000000O00O0000000O0

PROGRAM : "CREEPDE.FOR"

Program to solve a 2 x 2 system of first order, non-linear differential
equations using the fourth order Runge-Kutta method.

The purpose of this program is to numerically fit experimental data
from two creep tests (a high stress level test and a low stress level test)
with a Creep Damage Rate equation coupled with a Creep Strain Rate equation.

FITTING STRATEDGY :

1). The constants B and k in the -Damage Rate Equation are manipulated
to produce a creep damage parameter of 1.0 at fallure.

2). The non-linear creep parameter "NU" 1s adjusted until failure
occurs at the experimental value of e(failure).

3). The creep strain rate equation amplitude constant A is adjusted
to improve the analytical/numerical correlation. Close correlation
is stressed in the lower creep strain range.

Results (time, creep strain, creep damage parameter) are written to FORO11l.DAT

IMPLICIT REAL (A-H,K-Z)

INTEGER I,J

DIMENSION YN(2),K0(2),K1(2),K2(2),K3(2)
COMMON /BLK1/ NU

COMMON /BLK2/ SIGMA

COMMON /BLK3/ K,B

PRINT *, 'Enter stress level in ksi (59.96 or 43.46)...°
READ *, STRESS
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Stress level 1s converted and used in Pascals in this analysis.

ST
c
C
STRESS = 59.96
SIGMA = STRESS*6.895
c

PRINT *,'Enter value for k(sigma) H
READ *, K
PRINT +*,'Enter amplitude parameter B :°'
READ *, B

PRINT *,'Enter guess for nu...'
READ *, NU

Set the step size.

PRINT *,'Enter time to rupture of test (hours) :'

READ *, DUR

PRINT *,'Choose the number of points to be calculated :'
READ *, STEPS

H - (DUR-2.)/STEPS

For both creep tests, secondary creep initiated at approximately two hours.
Thus, t=2 is the "initial" time.

T=2.0

Initial values:
For sigma = 60.0 ksi =—> e(initial) = 0.00814 in/in.
For sigma = 43.5 ksl ==> e(initial) = 0.00519 in/in.

IF(SIGMA.EQ.59.96) YN(1) = 0.00814
IF(SIGMA.EQ.43.46) YN(1) = 0.00519
YN(2) = 0.0

Open file to place data.
OPEN(UNIT=11,STATUS='NEW')

In "stepping” loop, increment time and place previous values
of yl1,y2 into the variables : Y1 , Y2 respectively.
NOTE : Y1 => Strain Y2 => Damage Parameter

DO 20 I-1,NINT(STEPS)
T -T+H
Y1 = YN(1)
Y2 = YN(2)

KO(1) = H*F(Y2)
KO(2) = H*G(Y2)




K1(l)
K1(2)

H*F(Y2+.5%K0(2))
H*G(Y2+.5%K0(2))

K2(1)
K2(2)

H*F(Y2+.5%K1(2))
H*G(Y2+.5%K1(2))

K3(1)
K3(2)

H*F(Y2+K2(2))
H*G(Y2+K2(2))

WRITE(11,*) ' °
WRITE(1l,*) 'Time =',T,' hours’
DO 10 J=1,2
YN(J) = YN(J) + (KO(J)+2.*(K1(J)+K2(J))+K3(J))/6.
IF(J.EQ.1)THEN '
WRITE(11l,*) 'e =' 6YN(1)
ELSE
WRITE(11l,*) 'D =',KYN(2)
ENDIF
10 CONTINUE
20 CONTINUE
CLOSE(UNIT=~11)
STOP
END

C Make the equations "FUNCTIONS",
C * CREEP STRAIN RATE EQUATION *
c
REAL FUNCTION F(Y2)
REAL Y2,A,SIGMA,XN,NU
COMMON /BLK1l/ NU
COMMON /BLK2/ SIGMA
A =~ 2.80E-21
XN = 6.66
F = A*SIGMA**XN * (1.-Y2)**(-NU)
RETURN
END
C
C * CREEP DAMAGE PARAMETER EQUATION *
C
REAL FUNCTION G(Y2)
REAL Y2,SIGMA,K,R,B
COMMON /BLK2/ SIGMA
COMMON /BLK3/ K,B

IF(K.EQ.0.0)THEN
PRINT +*,'ERROR IN K’
ENDIF
R =~ 5.76
G = B*SIGMA**R * (1.-Y2)**(-K)
RETURN
END
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Table 1 : Chemical Composition
of MAR-M 246

Nominal * Material for

Elenment Composition this Study
Ni Bal. Bal.
W 10 9.13
Co 10 9.84
Cr 9 9.17
Al 5.5 5.17
Mo 2.5 2.38
Ti 1.5 1.47
Ta 1.5 1.33
Zr 0.05 0.02
B 0.015 <0.01
C 0.11
Fe 0.09
Mn 0.07
Cu . 0.06
Si - 0.03

All values are in weight percent.
* Ref. [50)
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Table 2 : Test Matrices

a. Creep Tests

Specimen I.D. TLoad (MPa)
G23 414
G21 300
G19 414 for half-life of G23

test then 300 until rupture

b. Tensile Tests

Specimen I.D. Strain Rate Maximum Allowable Strain

G13 10, sec™ 10 %
G11 10 10
G15 107° 5
G3 107* 10
G1 107° 10

~c. Low Cycle Fatigue Tests

Specimen I.D. Strain Rate Strain Amplitude
G12 1072 sec™t 1.0 %
GS 1072 0.6
G22 1072 0.4
G1l6 1073 1.0
G18 1072 0.8
Gé 107 0.6
G7 1072 0.4
Gl4 107 0.2
G10 107" 1.0
G8 107! 0.8
G4 107* 0.4




Specimen
IID.

G23
5999-5 c.
G21
5999-4 c.

G1l9 a.
G19 b.

Notes : a.

b.
c.

Table 3
Nominal Nominal
Stress Strain to
(MPa) Failure
(in/in)
413 0.0635
413 0.0416
300 0.0446
299 0.0492
415
299 0.0420

Test G19 was a step-stress sequence test;

Creep Test Data for MAR-M 246
in Air at 900°C

Time to
Failure
(hours)

27.35
31.80
174.70
300.30

13.80
140.00

Steady-state Nominal
Creep St{aln Rate

(&)

81.1 %10 hr’
61.4 x107°
9.53x107
7.25%107

54.6 xlo:
6.97x10

one half of the time to rupture of test G23 and then,
loaded until failure at the stress level of test G21
After the initial creep analysis was completed, tests were performed
to aquire an indication of the scatter in the constant stress creep

test data.

Monkman-Grant

0.0222
0.0195
0.0166
0.0218

loaded to 415 MPa for

TTT
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Specimen
I.D.

G13
Gl1i
G1l5
G3
Gl

NOTES

Strain
Ratg
(sec ')

107!

Table 4

Strain to
Failure

(%)
5.9
7.2

a.
4.3
3.2

: Tensile Test Data for MAR-M 246

in Air at 900°C

Young’s 0.2% Yield
Modulus Strength
(GPa) b. (MPa)
156.41 814
161.00 851
140.40 729
146.62 611
123.14 570

U.T.S.
(MPa)
c'
1051
950
821
706

695

a. Specimen strained to 5% strain and then unloaded.
b. Average Young’s modulus = 145.51 GPa.
c. Ultimate Tensile Strength

d. K =
e. n =

Strength coeff

icient

Strain hardening exponent

K
(MPa)
d

1332.97
1049.93
907.21
885.83
899.72

0.06991
0.02666
0.02589
0.05446
0.06186

<IT
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Specimen

I'D.

G112
G5
G22

Gleé
G18
G6
G7
G114

G10

G8
G4

NOTES

Table 5 : LCF Test Data for MAR-M 246
in Air at 900°C

Strain Total Strain Inelastic Strain Stress Reversals to
Ratg Amplitude Anmplitude Amplitude Failure
(sec ) (in/in) (in/in) (MPa)

1oj 0.010143 0.003163 1015.25 48

10_2 0.006387 0.001057 775.52 236 c.
10 0.003801 0.000162 529.48 2576 c.
1073 0.009824 0.003834 871.60 36 c.
106 0.007158 0.002227 717.51 90 c.
105 0.006058 0.001087 723.34 192 c.
10% 0.003968 0.000142 a. 556.69 1166 c.
10 - - - 144724 4.
101 0.009967 0.004537 746.94 28
10% 0.008121 0.002872 763.79 50 c.
10 0.004024 0.000514 510.83 748 c.

The use of this small strain amplitude data point resulted in
unreasonable values for the fatigue life constants. Therefore,
it was not used in the determination of those values.

A tensile mean stress of 86.65 MPa was present in this test.
Since this was on the order of only 10% of the yield stress, it
was felt that a correction on the strain/life parameters was
unnecessary.

Specimens failed outside the gage length of the extensometer.
After 143644 reversals, it became evident that this small strain
amplitude (0.2%) test was in the HCF regime. The strain amplitude
was changed to 0.4% and failure occurred 1080 reversals later.

Cycle
Analyzed

16
64
600

8
16
32

200
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Table 6 : Estimated Values of Constants for

Creep Damage Rate Equation

DINT B k (aBI) k (ULOW)

.05 2.43x107%® 8.76 (11.53)* 8.74 (11.86)*
.07 3.43x10°"° 5.97 (7.87) 5.89 (8.11)
.10 4.98x107'® 3.80 (5.11) 3.75 (5.27)
.12 6.05%x10 ' 2.93 (4.03) 2.91 (4.16)
.15 7.70x10 ' 2.08 (2.95) 2.07 (3.086)
.17 8.82x10 ° 1.70 (2.45) 1.68 (2.54)
.20 10.55x107" 1.26 (1.89) 1.24 (1.96)

Dmr : Creep damage parameter.

B : Temperature dependent constant.

k(am) : Stress-dependent constant for high stress level

creep test.

k(amw
creep test.

) : Stress-dependent constant for low stress level

NOTE: Values in parentheses are determined from the
solution of the continuum damage equations for
constant stress creep (equations 4.8 and 4.9) with
the B values given in the table. Values beside the
k(s ) estimates are based on the 413 MPa creep test,
and those next to the k(aum) estimates are based on

the 300 MPa test.

114

ST SN R N



"

Table 7

Constant 413 MPa 300 MPa
Test Test

X (o) . 5.11 4.72

A . 2.8x10° 4 2.4x10° %

n : 6.66 6.66

r : 5.76 5.76

B : 5.51x10° 18 5.51x10 *®

v : 3.9 3.9

NOTES : a). Original calculation of A, based on -2
n = 6.66 and equation (4.1), was Bﬁgxlo .
b). Original estimate of B was 4.98x10 .

Creep Characterization Constants

a.

b.

115




Table 8

: Coffin-Manson Fatigue

Life Constants

116

Strain Rate af’ b et’ c
(sec™) (MPa) (in/in)
1072 1902.48 -0.1632 0.05963 -0.7492
107 1314.17 -0.1212 0.05836 -0.7475
107° 1186.53 -0.1260 0.03879 -0.6029

b4

b : Fatigue strength exponent.

£

C :

o ! : Fatigue strength coefficient.

¢ ! : Fatique ductility coefficient.

Fatigue ductility exponent.

SRR .
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Table 9 : Cyclic Constants for MAR-M246
Tested in Air at 900°C

a. Constants calculated using hysteresis loop shape :

Strain Rate K’ n’
107% sec™ 2016.04 MPa 0.1187
107 2906.50 0.2290
107" 2231.98 0.2037

b. Constants calculated using hysteresis loop tips :

Strain Rate K’ n’
107 sec™ 3505.67 MPa 0.2174 *
107° 1630.01 0.1219 *
107" 2194.27 0.1908 *

K’ : Cyclic strength coefficient.

n’ : Cyclic hardening exponent.

* NOTE: These calculations are based on a relatively small
number of hysteresis loop tips and, hence, this
procedure has a much lower confidence level than
using the hysteresis loop shapes.
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Surfaces A,B,C, and D must be parallel within .001

A B ¢ 0
< 5.500 £ .002 5
< 2.375 -—>k—.7so-:&-
.500 t .001 —|<G—> > .500 * .001
251
239 4]2- J
\
.750 _ _ .500
:750 J{m. ‘ 208 dia,
F.500 ¢ .010R /oso * -g?gk

All dimensions are in inches.

Figure 1. Tensile and low cycle fatigue specimen dimensions.
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Figure 2. Schematic of the calibration specimen for tensile

and LCF testing in air at 900°C. Thermocouple #1
was used for control.
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Flgure 3. Schematic of sectioning techniques in preparation
for optical observation (A and B) and electron
microscopy (C). Optical segments were mounted in
diallyl phthalate.
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Nominal Creep Strain (in/in)
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Figure 4. Nominal creep data for MAR-M 246 tested in
air at 9o0o0°C.
a). ¢ = 413 MPa b). ¢ = 300 MPa
c). o = 415 / 299 MPa step
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Tima to rupture (hours)

t

R

1000 |— I I =
[ _
— ~(Slopa) = r = 5.76 —
o ———

100 |— —
| —
— —
S po—

. NN
100 1000

Stress Level (MPa)

Figure 5. Determination of the creep damage constant r.




123

Nominal Creep Strain (in/in)

1 1y — S S
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__ ¢ Numerical Fit
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Figure 6. Numerical analysis of creep strain rate equation
versus experimental creep strain data for MAR-M 246
tested in air at 900°C under a stress of 413 MPa.
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Nominal
Crenp Strain (in/in)
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Time (hours)

Figure 7. Numerical analysis of creep strain rate equation
versus experimental creep strain data for MAR-M 246
tested in air at 9200°C under a stress of 300 MPa.
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. —— 300 MPa Craep Test
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Time Fraction —_

|t

Figure 8. Creep damage parameter versus normalized time for

two constant-stress creep tests of MAR-M 246 in
air at 900°C.
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STRESS  (MPa)
]DUD :TI T3 rrri ITI LR R IR AR AR l'"l FrTrraT Ty T TI1T 1T 1T 7 T T°71 I%
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STRAIN (X

Figure 9. Hysteresis loop with 5-point averaging of the data

compared with complete data set. Data is from a
MAR-M 246 test in air at 900°C with a strain rate
of 10 sec and a strain amplitude of 1.0%.
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STRESS  (MPa)
1250 i [ 1 T 13 l : [ [ 4 1 - ' I i ] H
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- i
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250 —
0 I TR TN W S AN SUNNE YN WU N S N ] STRAIN 8]

0. 00 2. 30 5.00 7.50

= Specimen Failure
= Test Halted

[~ )24

Figure 10. Tensile test data for MAR-M 246 tested in air at
900°C. Strain rates are as indicated.
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Figure 11. Cyclically stable hysteresis loops for LCF tests

at 900°C in air at a strain rate of 10

Strain amplitudes are :
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0.4%

sec .

1.00




STRESS

1000

750

s0u

250

-250

-500

-750

-1000

-1.00

STRESS

1000

750

500

250

-500

-750

-1000

-1.00

TR ————

(WP}

Yy Trrryerry l-r' YT T T rrT T YT T T Y 1 Trrryyry '1‘:
3 1
F -
3 3
3 3
- 3
E 3
F 3
E :
E :
3 1
E p
g :
E. 3
- 3
E 3
E 3
E 3
E E
3 E
3 E
E E

3

3
E E

JTENEEREE SRR TN

sav s sl aa s sy

-0.50 0
SIRAIN

(WPa)

. 00

0.50
x

LIRS BN L SN A

TY I T I T YT ryyyryreey

.
"

[ INTTVETIVE FYVTITITY

I PRTYTION

A LAALAAAAA) AARMARLLA ALAALALLAS AALALALLAL LAAAALEAS) RAALAAALAS ALALALLL

WYY

paat gl e sy

WU YEEEE NEWREN TS

UTIVVI ITTPITTITY PAVITITH

[FPPTTTIVY IVVTTOUTTS VI

STRAIN

d

-0.50 0.

0o 0.50
2}

1.00

SIRESS

750

500

250

-500

=750

-1000

-).00

STRESS

750

sop

250

-1000

-1.00

129

b.

s g ey v |l a2y

AMEASLILEL AR S0 A AL S B I I o o MUARURALRL AL S MALSSLE S R SU |
E 3
3 3
- -
3 3
3 3
- =
- k
3 3
< 3
E 3
F 3
3 3
E 3
3 3
= ]
3 B
3 P
E 3
4 3
E 3
3 1
1 3
E 3
E 3
- —
F 3
F 3
E p
E 3
E 3
E 3
E 3
3 3

sa g v a st s

-

STRAIN

NPa)

-0.50 D.00

0.50

8

[#4]

A0IRSLILBLEL SRS N AN 0 B R BN U0 B0 Bt

WAL RARLAAAMLY LEAAAAAAA) LALLLLAY

TYTIT Y YT rrrryyres

AALLLAALY AL ALL) LAALLAARL) LLLLLAMA

Caa i3 s 4 a3 2 1 24 2 1 4.4 2 13

FETE FYUTIVITI IUTETUTITI FTUTIUYITY FETSTITIVI (IVTTIVY

| ITTVETITTL PV

Aspadingg

TR T N RW RN

-0.50

0.00
STRAIN

0.50

2

)

C.
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Figure 13. Cyclically stable hysteresis loops for_‘LCF 1_:1ests
at 900°C in air at a strain rate of 10 sec .
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Inelastic Strain amplitude (in/in)
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Figure 14. Inelastic strain amplitude versus number of reversals
to failure for MAR-M 246 tested in air at 9¢o0°C.
Strain amplitudes are:
a). 1.0% b). 0.8% c¢). 0.4%
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Stress Amplitude (MPa)
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Figure 15. Stress amplitude versus number of reversals to
failure for MAR-M 246 tested in air at 900°C.
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Total Strain Amplitude (in/in)
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A : Total strain amplitude data points.
{Ref. Table 5)

Figure 16. Coffin-Manson strain-life curve for MAR-M 246 tested
in air at 900°C at a strain rate of 107 sec’.
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Total Strain Amplitude (in/in)
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Figure 17. Coffin-Manson strain-life curve for MA&;M 246 tested
in air at 900°C at a strain rate of 107 sec™.
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Total Strain Amplitude (in/in)
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Figure 18. Coffin-Manson strain-life curve for MAR-M 246 tested
in air at 900°‘C at a strain rate of 10 sec .
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Figure 19. Determination of cyclic constants for MAR-M 246 tested
in air at 900°C using,
a.) hysteresis loop shape
b.) hysteresis loop tips.
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Inelastic Strain Amplitude (in/in)
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Figure 21. Strain rate versus time to failure for MAR-M 246
tested in air at 900°C.
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Figure 22. Stress amplitude versus relative oxidation depth
for MAR-M 246 in air at 900°C. Parabolic kinetics
assumed, as outlined by Antolovich [Ref. 28].
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Figure 23. Longitudinal section through fracture surface of
specimen G-12. Clearly seen is intergranular
failure. Note aspect ratio and orientation of
grains. TEST: ¢ = 10> sec ™ Ae¢/2 = 1.0%




141

1

1.0 mm

Figure 24. Longitudinal section through fracture suface of
specimen G-8. Secondary cracking initiating at
grain boundaries is evident.

TEST: ¢ = 10 sec ' Ae/2 = 0.8%




Figure

25. Detail of secondary cracking of specimen G-8
(Ref. Figure 24)
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Figure 26. SEM micrograph of fracture surface of specimen
G-12. Grain dislocation is shown near the edge
of the fracture surface. Note the intergranular
failure.

TEST PARAMETERS: ¢ = 10> sec’ Ae¢/2 = 1.0%
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Figure 27. SEM micrograph of fracture surface of specimen
G-4. Surface is planar with wave fronts of
time-dependent deformation evident.

TEST PARAMETERS: ¢ = 10 W sec ' Ae¢/2 = 0.4%




Figure 28. SEM micrograph of secondary cracking and
intense slip band traces along specimen G12
gage section just below the fracture surface.

TEST PARAMETERS: ¢ = 10> sec ' Ae/2 = 1.0%
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Figure 29. SEM microgaph of grain boundary (verticle) with
intersecting slip bands (horizontal) on
specimen G8.

TEST PARAMETERS: ¢ = 10 ' sec’ Ae¢/2 = 1.0%
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Figure 30. SEM micrograph of specimen G4. Secondary crack

along grain boundary at a triple point. Note
fracture surface at top_‘of pyiotograph.
TEST PARAMETERS: ¢ = 10 secC Ae/2 = 0.4%




Figure 31. SEM micrograph of gage section of specimen
G22. Secondary cracking initiated at grain
boundaries. A relatively low intensity of slip
bands present.

TEST PARAMETERS: ¢ = 10> sec' Ae/2 = 0.4%
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