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ABSTBACT

Envircnumental effects in elevated temperatare fatigue
have reen extensively studied and reported in the literature
for 2 1/4 Cr-1 Mo steel. The results of cycles to failure
(lumped initiaticn and propagation life) verses strain range
have shown drastic reductions in fatigue life with a dwell
period at ccmpressive strains in each loading cycle. This
thesis has separately examined the <crack initiation and
propagation stages fcr several specimens tested in air at
538 ©OC without dwell and a single specimen with a five
minute ccmrressive duell. With dwell, the crack initiation
stage was severely reduced (by a factor greater than eleven)
relative to testing without dwell. The results clearly
indicate that oxide cracking is a precursor to crack initia-
tion in the substrate. It is concluded that the fatigue
life of this alloy =must be estimated based on the crack
Fropagation characteristics alone, since crack initiation
can ke expected very early (i.e. first few cycles) for aay
Fractical environment.
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I. INIBODUCTION

Annealed 2.25% Cr 1% Mo steel is a ferritic, lcw alloy
steel that has been used extensively for elevated tempera-
ture arrlications in the power generating industry for over
thirty years. The alloy is readily available, easily fabri-
cated, has good elevated temperature strength and creep
resistance, and extensive data is available from operational
enployment. More recently, the alloy has been used in the
nuclear industry and was selected for steam generator appli-
cation ipn the Clinch EFiver 1Ligquid Metal Cooled Fast Breeder
Reactor (CRIMCFBEF). Because the ASME Pressure Vessel Ccde
requires that accurate predictions be made for elevated
temperature fatigue life of materials used in nuclear agppli-
cations, extensive research was organized and coordinated by
the Cak Ridge National laboratory (ORNlL), in the area of
fatigue and creep for this alloy in support of the CRLMCFER.
Although the CRLMCFBEF project has been abandoned, there is
continued interest in this allcy for conventional and future
nuclear applications.

In this research, crack initiation and progagation
during the course of fatigue testing has been examined and
results ccmrared with the fatigue life data generated by the
CRNL experimental program. The purpose of this thesis is to
tetter understand the first two phases of fatigue, namely
crack initiation and crack fpropagation, in order to better
fredict expected life of components made of this alloy and
subjected to fatigue loading. Additionally, this thesis
examines tle effect of the oxide layer that forms at
elevated temperatures in order to establish its importance
in crack initiation.

AN .
VY S S

|'.
2%




A C Y AR A A A A s A A A e v T e R A,
w5 E
i
>
L <
The talance of tkis thesis will present the background o
of the fatigue characteristics of this alloy at elevated ’_j
. temperatures, the experimental procedures used, the results )

& and ccnclusions of tihis study, and the recommendaticns for J
further study. y
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A. GENEEAL

EFlevated temperature components in power generation
plants @rust withstand 1local cyclic stresses and =strains
teyond yield. Normal plant operations will produce temfera-
ture gradients of a cyclic pature during startups, shutdouns T
and changes in power level. Abnormal conditions, caused by ;j;
equipment failure, various casuyalty conditions, and operator
€rror can cause ever more sSevere temperature transients. SR
These therral cycles, and asscciated temperature gradients,
subject elevated temperature components to thermal stress-
strain cycles which may involve plastic flow. Areas of .-
localized tension and compression are developed, with vari-
able hold times at extreme strain levels, which can result el
in creep interspersed with fatigue cycling. In addition,
these compcnents are exposed to various environments, such ——
as steam, combustion product gases, liquid sodium, water,
and air.

The fatique lives of these components depend on many
factors such as, temperature, creep rate, stress-strain
magnitudes and rates, environmental effects such as oxida-
tion, decarburizaticn and depletion of alloys, initial
sicrcstructure and microstructural changes, as well as time.
Considerable fatigue 1life data has been generated cn this ~—
and closely related alloys in various environments, with T
various initial micrcstructures, and different fatigue ;:
loading wave forms ir order to determine the most signifi- iﬁ
cant interactions. The goal, of course, is to develof a ——
predictive mzodel for use of designers.

14
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There has been ccrsiderable debate over the past several
years as to the relative imfportance of the creep-fatigue and
the envircnaental-fatigue interactions in fatigue life of .
this allcy. Althougb decreased fatigue life due to envircn- ﬂ?
mental effects bas lcng been known, much of the earlier
research attributed the decrease in fatigue 1life resulting
from dwell fperiods tc the creep-fatigue interaction. This
is a natural consequence of ASME design method for analyzing
the rroklem by igncring any environmental effects, with

satisfactory predictive fatigue models produced for austen-
itic steels, More recently, other researchers have
concluded that the «creep-fatigue interaction in ferritic
alloys, such as 2 1,4 Cr-1 Mo steel, is minor and can be
ignored, and the domipant effect is environmental [Ref. 1].
Conclusive evidence exist that in 2 1/4 Cr - 1 Mo steel
that the dcminant effect is due to environmental-fatigue
interaction. A brief summary is given here with ncre
complete discussion in later sections. First, less
oxidizing enviromments increase the cyclic lifetime esfe-

N AR

cially at 1low (<1%) total strain ranges. This has been
shown in impure Helium [Ref. 2], vacuum [Ref. 3] and liquid
sodiupm [Gef. 8]. Seccnd, Haigh [Ref. 5] reported that crack
propagation in vacuum for a closely related alloy (1
Cr-Mo-V) at 500 0C was up to 100 times slower than in air
for the same test temperature, and was about the same as
tests conducted in air at rooa temperature, vwhere oxidation
is mipimal. Third, tests performed with dwell periods at

38 I SOEAE

2ero stress in order to wminisize creep damage, yet allow
oxidaticr damage to cccur [Ref. 6, 7], shoved that the
fatigue life of the specimen with the dwell after the
compressive half cycle and the dwell after the tensile half
cycle had altout the same life as those with the the dwell at
maxizum ccopressive strain and maximum tensile strain
respectively. This showed that creep had no effect. Cther

15
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tests in vacuumn [Ref. 8] and helium [Ref. 9] show that with
pinimal cxidation, dwell periods have a relatively npinor
effect c¢n fatigue 1life, compared to specimens that are
continuously cycled. ol

Each of the above tests indicate that the creep-fatigue
interaction can be neglected, a comclusion reached by
Challenger [Ref. 1]. Therefore the remainder of the lack-
ground will be devoted to the environmental-fatigue interac-
tions.

B. CIILATICN CHARACTERISTICS
1. gxide Growth

In general, the extent of oxidation im air for
ferrcus allcys like 2 1/4 Cr - 1 Mo Steel <can be exfpressed
in terms of h, the cxide thickness, which varies parakoli-
cally with time and follows an Arrhenius temfperature depen-
dence. Challenger [Ref. 7] empirically determined the S
constants for this relationship during fatigue c¢ycling,
using weight reduction data from the Nuclear Systems
Material Handbook [Ref. 10) and from oxide thickness reas- S
urements by langdon [Ref. 11). Egquation 2.1 is the resul-~- o
tant formula:

h=1.26x10~3 exp[-12210/RT ] t¥2 (eqn 2.1)

where b is the oxide thickness in meters, t is the elapsed

time in hours, T is the absolute temperature in 9K, and R is
the gas constant. This expression was found to agree favor-
ably with results obtained from a fatique specimen tested at
€38 0C fcr 160 hours. o

The oxide layer has been found to develop a duplex

form with two discerpable layers [Ref. 12, 13]. The inner Qﬁ

16
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layer contains atout the same concentration of Cr and Mo as
the rtase metal, while the outer layer is devoid of these
alloying elements and is instead pure magnetite. The inter-
face retween these 1layers correspond well with the initial
surface of the metal and thus oxide penetration can ke mreas-
ured directly.

The oxidation growth rate depends on several vari-
ables. Arpitt et al [Ref. 13] reported that the oxidation
rate derends on grain size and initial surface finpish. In
additicn, Challenger [Ref. 7] found that for 2 1/4 Cr - 1 Mo
that the cxidation 1rate of cyclically deformed material is
faster thanm for free oxidation. Similar results were
reported by Skelton [Ref. 14] for 1 Cr-Mo-V steel, and

Armitt et al [Ref. 13 for 9 Cr-Mo.
2. Cxide Characteristics ..

a. Thermal Eipansicn Coefficient

Gordon [Bef. 15] calculated the differential

function of temperature using X-ray diffraction techniques
to measure the changes in lattice [parameter. McElroy
[BRef. 16] ccmpiled thermal expansion data for several low
alloy steels, as well as for iron. The data for irorn had e
similar values in the above two references, indicating that :
the two pmethods of measuremeant produce comparable results.
McElrcy calculated the differential thermal expamsicn coef-

composition, and stated a coefficient uncertainty of u4%.
Table I is a summary cf the thermal expansion data.

t. Modulus cf Elasticity

Many measurements of the modulus of elasticity S
for oxide films have leen made [Ref. 13] but the results are :

17
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TABLE I
Thermal Expansion Coefficients

(°C-1x106)
] ) 2 1/4 Cr-

Iexp iron? Magnetitel Haepatite! 1 Mo2

2% oC 13.22 10.41 10.96 11.4973
20Q oC 13.633 12.68 10.45 13.505
300 oC 14. 81 13.97 11.82 14.345
400 ocC 15.35 15.26 12.15 14.5957
500 ocC 15.993 16 .54 12.45 15.341
1 FKeference 15

2 Feference 16 . .
3 Lenctes that the value was linearly interpolated.

rather inconsistent. For example, Field [Ref. 17) zeasured
the mcdulus of elasticity for magnetite on an iron sukstrate
at 140-2€0 GPa using a simple cantilever sprecimen. Metcalfe
[Ref. 18] measured the modulus of elasticity of a sralled
magnetite - 20% haematite oxide scale formed in steac cn an
austepitic specinren. His results were 61 GPa using a three
goint bend method, and 84 GPa using an acoustic methcd.
Additionally, Metcalfe {[Ref. 18] measured the modulus of
elasticity c¢f the ippner 1layer spinel of the duplex cxide
film and reported a value of 25 GPa using the three point
bending method and 32 GPa using the acoustic method. Exact
values are uncertain, but the difference in the modulus of
elasticity in the durlex oxide formation is conclusive.

c. Fracture Strain
Armitt, et al [Ref. 13] showed that the critical strain to o
crack an oxide follows eguation 2.2, S

€C=[0.57/EC Jv2 (egn 2.2)

18 R




uhere'z is the fracttre surface energy, E is the modulus of
. elasticity, and ¢ is the depth of the initiatior flaw.
i‘ Challenger [Ref. 7] tas further assumed that the initiating
crack size is proportional to the thickness of the cxide
layer. He was able to emfpirically determine the constant
using hcur glass specimen data. The resultant analysis
il predicts the fracture strain as a function of oxide thick-
ness acccrding to:

€.2[3.5x10~31sh JV2 (egn 2.3)
[

vhere }h is in meters. Egn 2.1 can be used to determine the
critical thickness f¢r a given strain, then Egn 2.2 can be
» used to fredict the time tc reach this critical thickness.
Therefore, it is [pcssible to predict when oxide layer
e cracking will occur in a controlled test [Ref. 7].

C. WAVEFORE EFFICTS

Many studies have incorporated dwell p[periods c¢n each
cycle. Frcm creep-fatigue interaction, one would expect
dwell periods at paximum tepmsile strain would e acre
damaging than dwell reriods at maximum compressive strain.
This is found to hold true when this alloy is tested in a

vacuusg oI inert enviicnments, tut the effects are relatively

ainor. In air or cther oxidizing environments, however, ;“ﬁ
, . compressive strain dwell periods severly shorten the fatigue - 9
life as ccsrared to either tensile strain dwell periods or '
continuous cycling.

Challenger [Ref. 6] and Teranishi [Ref. 19] showed that
the oxide will crack along a direction perpendicular tc the
paxisus tensile stress. fith a dvell period at maxipum
compressive strain (or zero stress dwell following the : ﬁ%
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compressive half cycle), the sample spends most of the tinme
. in a ccafressive state and the oxide which forms during this
l ' dvell period has a "stress free" state while tne substrate
’ material is in coampression. When the cycling is resumed,
2 ) the strain range imposed on the oxide layer corresgonds to
; the tctal strain rance of the cycle and is entirely tensile
i for tke cxide layer, with maxipum stress in the longitudinal
direction, Thus, cracks will form circumferentially around

the specimen.
Ip centrast, wien the dwell period is at the paxircum
ﬂ tensile strain, (or at the =zero stress condition following
the tensile half cycle), the "stress free " state in the
oxide will develop while the substrate has a tensile strain.
When cycling is resumed, the maximum tension in the cxide
will te in the <circumferential direction and the strain

o ]

will be onumerically equal to the total strain tinmes
Foisscn's ratio. Tterefore, the <c¢ritical strain to crack
the oxide will be reached oply at a thicker oxide layer,
i furthermcre the cracks will be in the axial directicn,
N saking it 1less likely to to become a fatigue crack ipiti-
ator. In any event, the oxide layer tends to spall off,
thereby sinimizes crack initiation caused by oxide cracking.
I The metal surface under the oxide 1layer is very
- different as well, depending on whether dwell occurs in
tensicr cr compressicn. With dwell at maximum compressive
strain, the surface has circumferential grooves, presumatly f%ﬁ
where the oxide cracks previously existed [Ref. 6]. With g
tensile strain dwells, the surface is somewhat rougher than )
the criginal specimen surface, but no grooves are present. ‘
% The data also indicates that the cirumferential cxide %
) cracks fromote accelerated corrosion fingers in the i
substrate which crack, thereby creating a stress concen- oo

- tratcr which surve as a fatigue crack initiation site. This '

explains why comrressive hold periods are more damaging than
tensile bclds in an cxidizirg environment.
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L. CEACK GROWTH

1. Crack Size Effect

Short cracks grow in a different manner than long
cracks in a given material. Taylor [Ref. 20] has shcwn that
for mcst metals, including ferrous alloys, «cracks cf defth
less than a critical value grow faster than predicted by
linear Elastic Fracture Mechanics (LEFM). At «crack depths
greater thar the critical value, LEFM is valid. He also
concluded that the critical depth is highly dependent c¢1n the
micrcstructure. In rarticular, «cracks of depths less than
one grain diameter show particularly rapid growth. Taylor
concluded that since LEFM assumes a homogeneous ccntinuunm
(closely aprroximated at greater crack depths), it cannot be
expected to be valid for short cracks. It is not surprising
that short cracks grcw more rapidly than predicted ky 1EFHM,
since smcoth surfaces will crack in fatigue if the cyclic
stress is akove the endurance limit, even though the stress
intensity factor for a smooth surface is zero.

Skelton [Ref. 21] has also studied this phencrenon
in 0.5 Cr-Mo-V steel and concluded that LEFM hold fcr crack
lengths greater than about 0.2 mm (approximately 4 grain
diameters). He alsc shoved that the crack growth rate was
greater for crack lengths less than this critical value.

2. Qxidation Effects

Skelton and Challenger [Ref. 22] have reported that
crack growth per cycle is greater in air tham in vacuunm,
except at very low tctal strains, and 1large crack degths.

Iwo exrlanations were offered. First, at larger strain
ranges in vacuun, the crack tip can reweld due tc the
compressive portion ¢f the cycle. For example in a single

test in vacuum with a comrressive hold [Ref. 22], crack
growth ceased, suggesting rewelding at the «crack tip.

21
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Second, when testing in air, enhanced oxidaticn cccurs
” during the opening c¢f the crack on the tensile half cycle.
. ' This results in a wedging effect which promotes crack
i growth., At low strair ranges or with long cracks, the cxide
; layer on the two surfaces impinge on each other, effectively
- sealing out the oxygen, a conclusion reach Lty boeth
. Challenger [Ref. 1] and Skelton [Ref. 21]. Fatigue tests
' conducted in air with a 1/2 hour hold time did not increase

crack grecwth rates over those measured in continuously

i cycled specimens. The conclusion reached by Challenger
3 [Ref. 1] is that the oxidation effect must saturate very
' guickly.

Challenger [Ref. 1] noted that the oxidation effect
decreases as crack growth rate increases and is neglicikle
L at grcwth rates greater tham 2x10-3 am/cycle.

E. CRACK IBITIATION EREDICTION

=- ' Mayia [Ref. 23] c¢onducted extensive research on crack
initiation in 304 Stainless Steel (SS) at 593 oC, using a
sawtccth waveform at a strain rate of 0.004 sec-1t. He used
T a rerlication techaigue to determine the number of cycles to
ii crack initiatiomn (ND), and then cycled the specimen to
failure to determine the number of cycles to failure (Nf).
His data was presented omn a graph of Nn/Nf versus total
strain range. Challenger [Ref. 7] noted that 2 1/4 Cr - 1
o Mo steel tested at elevated temperatures had similar slip
g characteristics and fatique strength as 304 SS.
- Additionally, the pcrtions of the total strain range which
- are plastic are similar for 304 SS at 593 ©°C and 2 /4 Cr -
N 1 Mo Steel when tested at 482 °C. He therefore used Mayia's

data to construct a plot of Np/Nf verses total strain raage 5
- for 2 174 Cr - 1 Mo steel at 482 ocC. In addition, extrafo-
- lations of the «curve were made for tempreratures of 427 oC,

. 22
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and 538 ocC.
This gives
thesis.

The resultant curves
a basis fcr comgparison

‘Nn/N¢

Nn/Nf vs. total strain range.

are shown on Figure 2.1.
for the results

of this
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A. GENEFAL

A 1C,000 Kg (zz KIp) MTS Electrohydraulic testing

system, in conjunction with a Cycle~Dyne inducticn heater
was used to conduct fatigue tests on specimens at elevated
temreratures (538 9C). The specimens were uniaxially lcaded
ka at a strain rate of 4x10-3 sec—~! and were subjected to ejual
. strains in tension and compression. Periodically, cycling
f, was interrupted and the specimen was examined with a
. Scanning Electron Mircscope to monitor crack initiaticn and
crack growth. The thrust of this work was to olktain the
nunber of cycles to crack initiation, and also the fatigue
life fcr total strain ranges ketween 0.3% and 1.0%.

BE. AEPAEAIUS
1. Eguipment

Specific equipment used was as follows

a. MIS Model 810 Electrohydraulic Testing Systen

1) MTS Model 312. 21 load Frame

2) MTS Model 661. 21A~03 Load Cell

3) MTS Model 410 Function Generator

4) MTS Model 417 Counter Panel

5) MTS Model 4456 Controller with modules
6) MTS Model 506. 01 Bydraulic Power Supfply
7) Hewlett PFackard 7045A X-Y Recorder
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I Heater

1) Cycle-Dyne Model A-30 Induction EHeater

2) MTS Model 632.50B-01 High Temperature
Extensouneter

3) MTS Type B2506-2 Knife Edge Quartz Extemsicn kN
Rods o

4) Research Model 63%11 Temperature Control EFanel

4) Newport Model 267E-KC1!1 Digital Pyrometer

5) User designed Induction Coil

C. Scanning Electron Microscopy

1) Cambridge S4-10 Scanning Electron Micrcecscojge
(SENM)
2) User modified S-100 SEM Stage

2. 1Induction Coil Development

The induction coil configuration is critical for the
contrcl cf the temperature along the specimen gage length.
Direct amcnitoring of the gage length is impossible during -
actual testing, since the spot welding of the thermcccugles
to the gage length wculd result in a stress concentrater,
and hence premature crack initiation. Therefore, indica-
tion of the gage 1length temperature by necessity must be T
derived by monitoring thermal couples welded outside the e
gage length on the specimen fillets, and with associated
calitration data.
Ellison [Ref. 24 ] evaluated numerous coil configura- -

tions using an instrumented specimen with seven thermococugle

monitcring points, as shown in Figure 3.1. The variables

for the «coil design were the number of turns and the

spacing, size, and shape of the turnms. Additional fphysical -
constraints on the coil design include the distance Letween
the grips, allcwance for the extensometer rods, space -

.............................................
.....
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Figure 3.1 Instrumented Test Specimen.

pecessary tc insert and remcve instrumented specimens, and
adequate allowance for the movement of the specimen during
cycling. Ellison fcund that the temperature profile was
very sensitive tc¢ all of the variables, and to the radial
and axial pcsition of the coil with respect to the sfpecimen.
Too many turns prodeced interferance with sensor signals,
too few turns caused steefper axial temperature gradients.
Inconmrlete turns caused large radial temperature gradients.
The «cptimum c¢oil configuration was found to have two
complete turns top and bottom, separated slightly mwmcre on
the top, as shown in Figure 3.2. It was hypothesised
[Ref. 24] that this was a result of the greater fpower
required to maintain temperature on the lower portion cf the
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Figure 3.2 Optimum Coil Design.

sample due to greater conductive heat losses. Closer
spacing of the turps reduced the magnetic leakage and
increased the temperature. Figure 3.1 shows the temperature
rrofile ckttained, with a diagram of the instrumented spec-
imen for reference. The bapnd of temperatures represents the
result of slight changes of radial and axial position cf the
coil with respect tc the specimen, while holding thermo-
couple 24 at 538 oc,

The actual temperature of the specimen gage sections
deperd on several other variables. During initial setug
under static conditicns, the set point temperature (top
thermccourle) could easily be adjusted with the temperature

contrcller to deviate less than 1 °C from the calibration

LAk Sodt SR Aw D b e s Mos AL oS aeEC

S




setting. The monitcring temperature (bottom thermccouple)
could ncrmally be adjusted by moving the coil with respect
to the specimen to ortain a deviation from calibration dJata
cf 1 °C cr less. During cycling, the specimen moved axially

e
PR

inside tle staticnary coil due to the coapliance of the MTS
systen. The temperature ccntroller could maintain the
setpcint temperature to within one degree, however the nmori-

283 Ay

toring temperature frequently changed by as much as two
degrees. The monitcring temperature tended to fluctuate
with the cyclic moticn of the specinen.

The thermocouple wires were spot welded separately
to the specimen, with the two wires parallel. Ellison

[Ref. 24 fcund that the spacing between the two wires was
critical, and wide spacing introduced errors in the temfpera-
ture readings. Great care vas taken to minimize this error
ky welding the thermocouple wires as close together as
tossitle.

on Microscope Stage Development

The Cambridc¢e S4-10 stage normally has a maximum
specimen size of apprcximatly one inch (25 mm) diameter and
one half imoch (13 mm) height. In order to accommodate the
entire six inch (15.25 cm) tensile speciamen, a Cambridge
S100 stage wvas extensively acdified. All internal farts
were remc¢ved, leaving the feed-through flange with the asso-
ciated five feed-thrcugh connections (two half-inch linear,
cne one-inch linear, and two rotational), and the base
Flate. New internal parts were desijned by the authcr and
manufactured by the Mechanical Engineering Machine Shop.
The two rotational feed-throughs were used to produce lcngi-
tudinal motion, through a lead screw, and rotational mction
with gearing salvaged from the stage's original interpal
Farts. Cne half-inch feed-through was used to provide tran-
sverse nmcoticn via a cam mechanisnm. The other feed-through

28
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connecticns were not used. This arrangement allcwed two
inches (% cm) of longitudinal motion, full rotational mction
about the lcngitudinal axis of the specinmen, and one half . —
inch (13 mam) transverse motion, suffient to view the entire e
gage length without removing the speciaen. Due tc the . :ﬁ%
length cf the stage with the specimen inserted and the 'Ji
internal placement «c¢f the detectors in the Cambridge SEYN, -
the stage was by necessity designed to be inserted in tc tkhe .
left access port verses the normal front port. This

required the electrical cornections to be made prior to :
inserticn of the stage and the connector is no lcnger an -
integral part of the stage. Figure 3.3 shows the stage as -
modified and Figure 3.4 shcws the SEM with the stage -
inserted. -

) Figure 3.3 Modified Scanning Electron Microscope Stage.




Figure 3.4 Cambridce S4 SEM with Modified Stage Inserted.

4, »IS Electronic Control

A ktrief discussion of the MTS electronic ccntrols is
useful in understanding the test procedure used in this
Work.

a. MTS Contrcller

Three parameters are sensed by the ccntrclier;
load, strain and strcke. These signals are electronically
processed to give a full range signal of 10 volts. A
summary of the sensipg parameters is contained in Table II.

30
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TABLE II
MTS Controller Parameters

Digital
Parameter Sensor JOOX Range Readout
Load, Load Cell +20 kips volts, lbs
Strain Extenscneter $0.02 inches volts, inches
Stroke Irternal LVYDT 15 inches volts, inches

Note that the sensor 1length of the extensoreter
is ore inch (2.54 cm), therefore extension and engineering
strain are numerically equivalent.

Each of these parameters has an individual
contrcl rodule in the contrcller. These modules have a
potenticmeter which allows for electronically nulling the
Faraneter. There is also a selector switch, which allcws
changing the range scale to correspond to 100%, S50%, 20% or
10% of the total range to the $10 volt outfput signal.

Any of these three parameters can be selected
for ccntrol. For these experipents, stroke control was used
while inserting or removing the sample, 1load control was
used during heatup and cooldown, and strain control was used
during the fatigue cycling. A setpoint potentionmeter is
Frovided on the contrcller to adjust the static value of the
contrclling parameter and to provide a reference voltage on
vhich the function generator signal is based.

The function generator generates a voltage
signal wur to t+ 10 volts, with various output functicns
available such as sine, haver sine, ramp, and saw tocth, and
with various periods, slopes, and hold times. The varicus
possikilities are listed in Reference 25.
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Wwhen a test is started, the controller adds the
_ function generator signal to the setpoint signal and
- ' comrares the sum tc the controlling parameter signal.
Eydraulic pressure is ported tc the hydraulic actuatcr to

o force tke error to zero.

t. Protecticn Devices

The MTS system has several protection devices,

each cf which has a positive peak setting and a negative

: Feak setting, and an enable-disable switch. These devices

ad include cverload, over strain, excessive stroke, underpeak,

\- and temperature deviatior letween the controlling thermo-

: couple and the setpoirt value c¢n the temperature ccntrcller.

%hen an interlock is enabled and it trips, the hydraulic

rower suprly and induction heater is also tripped. The

contrcller ports the residual hydraulic pressure to reduce

the ccntrclling parameter to zero, and as the pressure dies

: avay, the lcad drops to near zero. The specimen cools at a
- very rapid rate due to natural convective losses.

C. TEST BROCEDURES

1. Specimen preraration

Specimens used for this testing were taken from a
one inch (2.54 cm) diameter rod of 2.25% Cr-1% Mo steel,
Heat Numker 56447, prcvided by Oak Ridge Natiocnal Lakoritory
(ORN1), and produced by Vacuum Arc Remelting (VAR) tech-
e nigque. Chemical analysis of representative material afpfpears
& in Talle III.

The rod was cut into sectioans, six and one half
inches (16.5 cm) in length and these were heat treated as
follovus; Austenitize at 927 $14 °C for ome hour, cccl to
_ 704 +14 oC at a maximum cooling rate of 83 9C per hour, hold
2; for tvwo hours, and then cool to room temperature at a rate

) not tc exceed 6 OC per minute.
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. TABLE III
li Chemical Comgcsition of 2.25% Cr-1% Mo Steel

Heat Number 56447
Content Weight Percent

At
PN I

L]
¢

R c B Si ¢r M M S P
0.C98 0.53 0.22 2. 20 1.03 0.24 0.005 0.039

Specimens were then machined and polished to previde
a unifores gage length of 1.250 inches (31.8 mm) and a diam-
eter of 0.375 inches (9.5 nom). Figure 3.5 provides a
) detailed drawing of the sfpecimen with pertinent machining
frocedrres, After pmachining, the specimens were cleaned
locally wusing acetone and cotton swabs and rinsed with
€thancl.
i' ANSI type K thermocouple wires were prepared by
N mechanically flattening the bare wires and spot welding thenm
to the specimen gage fillets using a Unitec Model 1065 spot
o welder. 1Twc thermoccuples were attached, one on each fillet
ii of the gage length, with the same radial orientation. These
positions ccrrespond to points #2 and #6 on the coil cali-
traticn specimen, shown in Figure 3.1. The thermoccufgle
wire was held rigidly in place (to prevent Lreakage as the
specimen was repeatedly inserted and removed) by Lands of
nickel foil spot welded over the insulated thermoccujle
vire. These bands were located between the gage pcrtion and
the Luttcn head. In addition, an insulator was inserted
o since tte thermccouple wire insulation tended to beccnme
: krittle at the elevated temperatures during testing.

The specimen was cleaned and swabbed with acetone
and rinsed with ethamncl, and the thermocouple and adjacent
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insulaticn was coated with liguid Paper. This minimized the
. formation of loose fibers of insulation, which can obscure
i the specimen surface shen examined on the SEM.

2. MIS Preparaticn

The MTS testing equipment was prepared for the
. sample as fcllows;

a. Electronic Controls

The range scales were set as indicated in 7Tatle

2 .

~ TABLE IV
Range Scales

- Pagrapmeter Percent Range Correspondence
- Load . 50 1000 1lb/volt
. Elcngatzcn 10 «002 in/volt
- Stroke 50 <25 1in/volt
. The function generatcr was then set to produce a strair rate

cf 4x10-3 sec-! by nmeans of reversing ramp function with a
rate ¢ 2 volts/sec, Figure 3.6. The peak values were
determsined ty setting the break point percent adjustment.
For exangle, to obtain total strain range of 0.005, the
break pcint ad justment was set at 1.25, which yields a peak
voltage cf $1.25 volts, which inturn corresponds to an e€lon-
: gaticn c¢f ¢+ .0025 inches, or a total Strain of .00S5. To
;: conduct a subseguent test, the only adjustment regquired was
ot to the break point.
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Figure 3.6 MTS Function Generator Output Voltage.

i t. Protecticn Devices

The apprcximate values used for trip set pcints

for the rrctection devices are summarized in Table V.

TABLE V
Protection device trip points

- Prctecticn Set
- Levice Boint
Over load 120% of peak load during cycling
Strain 120% of peak strain
Strcke 0.5 inches from null
T Tegperature 50 degree C deviation ) o
) Under Peak 75% of peak load duriny cycling N j
.:‘
)
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To set the overload and underpeak interlccks,

the specimen was cycled with the overload interlocks set

i vell akove the expected load and the underpeak interlocks

deenergized. When the hysteresis had stabilized sulksegquent

to strainr bardening, the peak load values were recorded and

-, the underpeak and overload interlocks were adjusted. The

B underfpeak detectors were only activated during actual

cycling, =since they will normally ¢trip when the cycling is

started cr stopred. The underpeak detectors act to shut

down the test when the reducticn in area due to the crack

] was apfproximatly 50%, which was <considered the end of
fatigue life, for these tests.

3. Specimen Testing Procedure

) The specimen was inserted in the cocil and attached
to the MNIS grips. The specimen was hydraulically lccked
into the grips as described in Reference 26. The extensco-

A eter was installed with slightly 1less tahan one inch (2.54

il cm) distance between contact points to allow for thersal
expansion. This was accomplished by using the strain errcr
signal from the MTS ccntroller, and at cycling temfperature

. the errcr was consistently less than .003 inches and

il normally less than .001 inch. Two small areas of the gage

G length were covered with 1iquid Paper and these were the

v contact foints of the extensometer rods. This was necessary

due tc slirpage proklems of the extensometer rods on the

smooth surface of the gage section. The specimen was heated
at a rate of about 4 9C/sec and the coil was adjusted to
give a controlling signal and reference signal as f[er the
coil calikration data. The controlling thermal couple was

.. on the upper gage fillet and the reference thermal ccufle

was ob tle lower one.

After a fifteen minute wait to stalilize tempera-
ture, tke load was zeroed using the set point adjustment,
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and the strain signal was electrically zeroed on the associ-
ated contrgller module. The overload (initially set well
above expected peak 1loads), over strain, and over strcke
interlccks were energized, and the MTS controller was
switched tc strain centrol. Of note is that, for these
experiments, the tctal strain range was imposed from the
first cycle and therefore, considerable plastic strain was
irduced. As the specimen strain hardened, the hysteresis
loop narrowed and gained in height, indicating less plastic
strain as a result cf strain hardening. Figure 3.7 shows
typical hysteresis lcops during the first few cycles. When
the hysteresis loop stabilized, the overload and underpeak
interlccks were adjtsted and the underpeak interlocks were
energized.

4. Hysteresis Matching

Since most of the tests vere conducted under ce¢ndi-
tions resulting in significant fplastic strain, it was neces-
sary to develop a [frocedure to match hysteresis Ekehavior
kefore and after the test interruption and examination, as
if c¢ycling were continuous. To accomplish this, the test
was always stopped as the strain reached zero from negative
values. The 1l1lcad therefore was positive and increasing.
The hysteresis of the cycle just prior to interruption was
recorded on the X-Y recorder and the load voltage was
recorded just after the test was interrupted. The MTS
contrcller was switched to 1load control and the 1load was
reduced to zero. The specimen was cooled at a rate of
approximately 1 9C/sec, and removed for examination. Uron
reinitiaticn of the test, the procedure above was fcllcwed.
After the 15 minute hold period, the load was increased to
the 1cad recorded just after test interruption and the
strain was zeroed. The controller was switched tc¢ strain
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Figure 3.7 Typical Bysteresis loops with Strain Hardeneéng.

contrcl, the X-Y recorder was started and c¢ycling tegan.
This superimposed the hysteresis of <c¢ycles after the inter-
rupticn c¢cn to that just prior to the interruption. This
gave immediate indication of how well the two matched. With
the exception <¢f scme softening, the hysteresis 1loops
patched and within a few cycles, strain hardening krcught
the new hysteresis lcop to coincide with those pricr to test
interurtiocn.

Without this frocedure, the plastic strains left in
the sample when the test was interupted would have been
cumulative, and sould have made the results suspect.
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5. Scapning Electron Micrcscope Procedure

The specimen was placed in the SEM stage with the
top e€nd (as loaded ip the MTIS) oriented away from the feed-
through flange. The specimen was moved to center the upger
therwmal cougrle cn the SEM screen, and the indices of the
axial and rotatiocnal feed-throughs were recorded. This gave
a repeatable reference point for viewing the specirmen gage
length. At 20X ncrmpinal magnification, the entire gage
length was mapped in a 50 frame matrix (10 frames axial by 5
frames radial). The matrix was labeled using the indices
from the feed-throughs, so that a single spot on the saamgle
could be repeatedly examined as more and more cycles were
accupulated by the srecimen.

The viewing procedure used was to examine the entire
gage length at 20X ncminal. Any area that lcoked fpromising
for a crack was exarined at- higher magnification. If a
crack or possible initiaticn site was found, a mhicrograph
was taken and the area was marked on the map, for sulsequent
compariscn as cycles increased and crack growth progressed.

D. SEECIMEN SECTIONING FOR OPTICAL MICROSCOPY

One sfpecimen was sectioned into two semicylindrical
halves, each containing a portion of the major fatigue
crack, as shown in Figure 3.8. This allowed a profile view
of the crack with one section and examination of the cxide
layer and associated substrate on the other. One of the
halves was mounted, curved surface down. A flat was ground
cn the curved surface using a Buehler Surfmet II with an 80
grit kelt, then a 180 grit belt, and successively grcund by
band cn 240, 320, 400, and 600 grit paper. The specimen was
polisted in three sters on Buehler polishing wheels and tlen
etched with 2% Nital solution. The surface wvas repolisted
on the final wvheel and re-etched in the same solution. This
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Figure 3.8 Specimen Sectioning Diagranm. T

frocedure geometrically magnifies the oxide layer since a o

short cord was ground on the <cylindrical surface. This —

. allowed detailed micrcscopy of the oxide layer at lower o
N magnificaticns, which is recessary due to the rounding of :
fi the edges of the specimen as a conseguence of the polishing ‘
= procedure. The specimen was then examined optically on a .

Zeiss Cptical Microsccpe. -
The longitudinally cut surface of the other half was

ground ard polished in a similar manner except that the two

telt grinder steps were omitted. The specimen crack was

- coated with lacquer to prevent damage in the subseguent -

 ' polishing and etching. The srecimen was polished, etched, -

}S fFolisbed and re-etched as above. The lacquer was dissclved

.
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in acetore and the prcfile of the fracture path was examiped
cn the Cambridge SEM.

-t
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= A. GEBEFRAL

Deternination of the c¢cycles to crack initiation has Ei
uncertainty, since the method used would only bracket the
actual numker of cycles to crack initiation. Additiorally,
there is uncertainty that the first crack observed was in ‘
fact tle first crack initiated. In general, a crack uwould oL
te first okserved early in the rropagation stage, and the
initiaticn point was assumed to occur at the number of
¢ycles cf the previous examination. In one specimen (spec-
o imen #25 tested at a 0.4% total strain), the crack had i
o propagated substantially (about a 609 arc length) befcore it
- was detected. The initiation point in this specimen was
extraprolated using «crack growth information from sfpecimen S
#31 (1% total strain) and specimen #18 (0.5% total strain). s
In ancther specimen (specimen #24 tested at 0.35% total o
S0 strain), failure occurred at the specimen grip during the '
fropagation stage. The nusber of cycles ¢to failure was
extrarclated by again using crack growth information from —
specimen #31 (1% total strain). These extrarolatiocns
assumed that the fraction of the number of cycles fcr fprora-
gation of a crack tc a given arc length, divided Ly the
total cycles of rropagation, was the same for all specinmens. N
Details of the extrapolations are given in Appendix A for -
€ach specimen.

B. SFEECIMEN TEST RESULTS

Six specimens were successfully tested to completion.

Five <specimens were unsuccessful for reasons as followus:

'ti Two buckled, one necked due to a procedural error, and one
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necked rresumably due to sliprage of the extensometer and
then kuckled, and one fatigue cracked at a thermocougle
spotweld. Additionally, three button heads failed due to
fatigue cracks initiated at the fillet. However, a thread
was machined on the specimen shank and a thread type grip
was used tc continue testing. One of these screw ends
failed due to fatigue initiated by the threads Lefore
failure was obtained on the gage length. One of the urnsuc-
cessful specimens, (srecimen #14) provided a lower limit to
crack initiation at 0.3% total strain and is therefcre
included in the results. Appendix A contains detailed
descriptions of the specimens included in this thesis and
picrcgrarhs obtained during testing. A summary of the
results cktained are contained in Table VI.

TABLE VI
Suamary of Results

Numker of Number of
Cycles to Cycles to
Total Inltiatlon aﬁ%ure

umb (2) n Nf Nn/Nf
Tests without Dwell
31 1.00 574 1049 0.453
1s 0.80 650 1430 0.488%
18 0. 50 3300 5322 0.620
25 0. 40 93001 12376 0.800
24 0. 35 29236 393001 0.744
14 0.30 >73908
2 Minjute Maxipum Strain Dwell

32 0.50 <300 1949 <0.1%4
1 Extrapclated frcm crack growth data from Specimen #31
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Tlese results are glotted as total strain vs. opuyr
cycles, superimposed on data from hour glass shapcd speci-
gens cenerated by ORM, shown cn Fiyure 4.1. Notice that Nf
for the uriform gace length specimens of this thesis is
always less than Nn for the hour-glass shaped specirgers.
Hour-glass shaped specimens will have the cxide «crack witn
subsecuert dinitiaticr at the pcint at miniau diazetex.
Since czxide cracking is caused by randos defects it tke
cxide lajer, the number of cycles to oxide crackirg aand

crack ipitiation in the substrate is expected to Le larcer

than fcr a uniform gage length tyfpe sgecimen, as the likely-
hcod c¢f a crack initiating defect in the oxide is ircreased
due tc tke greater vclumn of uriformally stressed oxide ir a
sample with uniform cecmetry.

Figure 4.2 shows Nn/Nf plotted against total straar,
superimrcsed on tke estimate proposed Lty Challencer

Y

[Ref. 7]. The experimental data for Nm/Ni was generaily to
the right cf that predicted Ly Challenger, Lut the jereral
trend vas the saze, and a best fit line is nearly fparaliel

to tbhe rrecicted curve. Due to tne few nuaber of data ]
foints, the statisical nature cf oxide cracking and subse- A
guent c¢rack initiaticn, and uncertainties associated with -
Kn, a Letter plot cf Nn/Ni verses total strain ccnnct be
constructed. Therefcre, the estimate of Challanger [Ref. 7] T
should te used until further research can refine the {ix
relaticnshig. :

C. CBHACK EICROSCOPY

Arrerdix A.2 <ccrtains micrograghs of cracks that have f;:
rropacated into the substrate. Thexe are nuderous exaaggles .
as well, c¢f oxide cracks leading to the formatior cf cxide
"fingers" also fenetrating the substrate, but 0nc¢ evicence
shatscever that crackinj occurred in the substrate first.
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Figure 4.2 Bo/Nf verses Total Strain.

ili In particular, there were no steéps at the interface to indi-
cate that the crack could have been initiated by a persis-
tent slip-tand i- *he substrate, and no evidence of cracking

1 in the <substrat hout associated cracking of the cxide
{.. layer. Further, cracks appear to occur randomly both in -
- grains and at grain Lcundaries. This again indicates that 5 ?

the crigin of the cracks was the oxide and pot the ;ﬁ?

= substrate.

The cracks which were formed are in gemeral transgran- ”fl
alar, cutting through both fpearlite and ferrite grains.
This was confirmed by both optical and SEM examinaticns, and
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is consistent with tte findings of Armitt et al [Ref. 13] as S

" well. <
. D. SEECIMEN WITH COMERESSIVE DWELL i
f With a compressive dwell, two factors tend to fprcacte :;ﬁ
- . . s e . . -
. oxide cracking and subsequent crack initiation earlier in =
fatigue life. First, the time at temperature and tkerefcre
oxide grcwth per cycle is greater. For comparison, the tinme -

. at tenmperature to failure of specimen #18 (0.5% total strain '

: without dwell), equates to arrroximately 63 cycles cn spec- ;,g

z imen #32 (0.5% total straim with a five minute compressive
dvell). Second, tle oxide grows at a "stress free" state

. while the substrate is in conmfression. When the cycle is
- completed after the dwell, the oxide is subjected to a long-
itudipal tensile strain equal to the total strain range.
This prcduces circucferential cracks ir the oxide, which
surve to dinitiate tle <crack in the substrate. Detailed

- description of specimen #32, tested with a five minute dwell
i. at maximum compressicn and a total strain range of 0.5%, is
13 contained in Aprendix A, with a summary included in this
= section. At 300 cycles, numerous circumferential cracks
were cbserved throughcut the gage 1length, with crack pene-

_ traticn visible into the substrate. Substrate cracking had
j{ clearly deeped at 5S% cycles. Clearly the oxide cracking
: proncted «crack 1initiation 4into the substrate since the ?ﬁﬂ

nunber of cycles +to crack initiation was at 1least a factor
- of 11 1lower than that for specimen #18, which was cycled -

4
- without dwell at the same strain range. Additionally, exam- :é
- ipatico cf the fracture surface for the continuously cycled .f
;i specimens indicated a single <crack initiation origin, with _i
% the crack front concaved toward the origin. In this spec- -

.
P

N imen with the compressive dwell, initiation occurred on
numerous sites, These cracks joined to produce a single

. Y]




crack frcnt convex tcward the initiation sites. This is
typical of a fatigue crack front found on a shaft with a
circumferential groove. This clearly indicates that the
crack ipitiation is directly caused by the oxide «cracks
which prcfusely form with ccmpressive dwell periods. Since
fatigue loading histcry of this material in service is vari-
able and wunknowr, it is reasonable to expect that crack
initiaticn can cccur very early in the life of the ccmfpo-
nent. Therefore, fatigue life estimations which 1lumf
together the crack initiation and propagation stages are
likely tc ke erroneously high.
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ND RECOMMENDATIONS

A. CCNCI1USIONS
The results of this thesis 1leads to the fcllcwing
I conclusicns:

1. ¢Cxide cracking promotes crack initiation

In all specimens tested, oxide <cracking was a

Erecursor tc the initiation of a crack in the substrate. 1In

particular, sample #32 tested with a 5 minute wmaximunm
compressive dwell period had an initiation point decreased
ry a factor of at least 11 conpared to sample #18 which had
no dwell period. Additionally, the fracture surface sltoved
that the crack initiated on numerous sites on the circumfer-
ence cf the specimen. These individual cracks grew togetter
and rroduced a single crack, with the crack front ccavex
i toward tke specimen surface. All specimens tested withcut
dwell bad a single crack initiation site and the frcnt of
- the crack was concaved toward the origin. These affects are
N directly attributable to the eprhanced cracking in the oxide
I layer resulting from the dwell, proving that fatigue crack
' initiaticn is caused ly oxide cracking.

The mechanism for fatigue crack dinitiaticr is
thought tc froceed as followus: The oxide cracks, expcsing
the sulkstrate material to the air, causing localized and
accelerated corrosion. On the next cycle, the oxide is
again cracked and oxide "fingers" grow into the sulstrate.
The effect of this mechanism is to initiate the crack and
increase the crack propagation rate, in agreement with the
results c¢f this thesis.
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2. (crack Propagation is Tramnsgranpular

In examipaticn of the profile of the cracks, all
Il cracks vwere found to re transgranular, cutting across botn
pearlite and ferrite grains. This is consistent with the
findings of Armitt [Ref. 13].

- 3. Fatigque Life Calculations Must be Based o
E a

In service, c¢xide grcwth and cracking is a function

of time, temperature, and fatique loading history. Since

Ez the fatique loading history is variable, oxide cracking and
subseguent crack initiatiom can be expected very e€arly in
the ccofcnent's life (ie first few thermal cycles).
Clearly, estimations of fatigue life based on lumped crack
! initiaticn and [propagation stages experimentally generated
in the 1laboratory, can be a drastic overestimaticn.

Therefcre, estimaticns must be based on the crack fropaga-

tion characteristics of this material to be valid wunder

il cperatioral conditions.

E. RECCMBENDATIONS

Much can be done as a follow on to this work. The
following recommendations are pade:
1. Yodify the Srecimen Geometry if&

i Most of the specimens which were unsuccessfully

Ffl tested had rroblems arising from the specimen geometry. The

N ruckling problem was found to be due to an oversized button
head diameter, which caused a slight cocking of the specimen Eﬁﬁ
when inserted. This can be eliminated by making the Lutton -
head diameter 0.745 1.C02 inches. Secondly, the button head
fillet radius must ke increased to 0.040 $.005 inches, to
prevent fatique cracking in the fillet region.
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2. Conduct Furtler Tests at 538 9oC

Since fatigue is statisical in nature, further tests D
and 538 OC need to e performed to refine the data of ttis ]
work, rarticularly fcr total strain ranges less than 0.05%. o

To further study crack initiation of this allcy, ]
further tests need to be conducted at other temperatures. A -]
temperature of 427 9C is recommended since extensive fatigue
fracture data is available from the ORNL tests, In addi- S
tion, Challenger [Ref. 7] has extrapolated the Nn/Nf versus
total strain range fcr this temperature. This gives data
for ccmparison of the results cobtained.

4. sStudy Short

10

rack Growth

)

Bost of the crack growth data for this material has ;ﬂq

teen cn long cracks whkere LEFM is valid. Detailed amalysis

of shert crack growth needs to be performed to be able to PO
accurately rredict fatigue life based on the crack proraga-
tion stage alone, as recommended above.

S. Study the Effects of Ccatings

Further research on the effects of coating and
surface treatments such as shot peening needs tc Dbe
rerformed. This wculd give information concerning their
effects cn the crack initiation phase in fatigue, T[ossitly -
resulting in an extepded fatigue 1life cf components made of -
this allcy. f&;

b
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SPECIMEN DATA

1. SEECIMEN #31- 1% TOTAL STERAIN

Sgecimen #31 was cycled with a total strain range of 1%.
The test was interrujpted and examined at 250, 325, 4€0, 475,
€50, ¢€z%5, 775, and 925 cycles. At 475 <cycles one area
showed c¢xide layer cracking as shown in Figure A.1.
Examination of the area at higher magnification showed cxide
cracking but no confirmed cracks in the substrate, Figure
A.2. At S50 cycles a crack was clearly visible at 95X,
Figure 4.3, confirming that the crack did initiate at about
475 cycles and was ncw prcpogating. At 775 <cycles, the
crack had grown substantially, Figure A.4. By 925 cycles,
the crack was vicible to the upaided eye, Figure A.S5. Note
also that substantial secondary cracking was occuring near
the majcr crack, Figure A.6. There was one other area moni-
tored that showed a fatigue crack in earlier stages of
formation. Figure A.7 shows this area at 625 cycles, Figure
A.8 shows that the crack is propagating at 775 cycles and
Figure A.9 shows the same crack at 925 cycles. Ncte that
all micrcgraphs of this area show the same banana shared
spot to the right of the crack, which served as a benctmark.

Figure 3.10 shows an interesting defect in the oxide
layer. There were several of these lines oriented at about
a 309 angle to the specimen axis, and distributed thrcughcut
the gage length. None of these showed oxide «cracking
throughout the sgecimen's life and their origin is unknown.
Failure cf the specisen occurred at 1049 cycles.
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Figure .1 Specimen #31 475 Cycles.

Figure 1.2 Specimen #31 475 Cycles.




Figure A.3

Figure A. 4

Specimen

Specimen

31

#31

550 Cycles. .

775 Cycles.




Figure A.5

Specimen #31

925 Cycles.
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Pigure A.6

Specimen #31

925 Cycles.




R N T P T ———————w ——— e e e St iy A S dac i Sl
. e T - e .

p -
L -

A
.

-
- -

Figure A.7 Specimen #31 625 Cycles.
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Figure

A.10

Specimen #31

925 Cycles.

Specimen %31
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Oxide Defect.

.
s

’
L
o g

S




2. SFECIMEN #15 0.8% TOTAL SIRAIN RANGE

Sprecimen #15 was continuously cycled with a total strain
range of 0.8%. The test was interrupted and the specigen
examined at 500, 550, 600, 650, 700, 750, and 850 cycles.
The =specimen appeared smooth and featureless until 600
cycles, at which tize some oxide cracking had occurred in
one area. Figure A.11 shows a representative crack at a
pagnificaticn of 1800X. Figure A.12 shows the same crack at
650 cycles, with no change, and the area in general showed
more severe oxide cracking, but no crack growth. The crack
initiaticn cccurred at about 650 cycles, since the crack had
clearly renetrated tlte substrate, and was propagating at 700
cycles, as shown in Figures A.13 to A.15. At 750 cycles the
crack had further prcpogated, Figures A.16-A.19. At €50
cycles tle crack had dgrown and widened further, Figures
A.20-1.22. The specimen was then continuously cycled to
failure, which occurred at 1430 cycles.

A ccmposite micrcgraph of the failed area was made in
Preparation for secticning the specimen. Figure A.23 s=hows
the result. Note that the <crack extended around the spec-
imen, making an arc cf approximately 2009. The specimen was
secticned and a cord vas ground on a portion of the cylin-
drical gage length and prepared for optical micrescopy as
discussed in Section III.D. This gave a geometrical oxide
magnificaticn factor of approximately three. Figures A.24
to A.35 show the details of the oxide and associated
substrate. Notice the oxide "fingers" growing into the
substrate where the oxide has been breached by a crack.
There 1is ro evidence of cracking within the substrate
uithout asscciated cracking of the oxide layer, or stefs on
the interface which could have been caused by persistent
slip tands within the substrate. The oxide "fingers" appear
to be randcmly distributed along the surface, showing no
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freference to grain boundary or intergranular fcrmaticn.
L This indicates that «c¢racking of the oxide layer 1is a
:‘ . Frecurscr tc crack iritiaticn..

Exemination cf thke cracks, Figures A.35 and &aatc show
that the cracks proragated transgranularly, cutting FEoth
pearlite and ferrite grains. Scanning Electron Micresccpe
examipation of the fprofile of the «crack revealed sirilar

findings, Fiqures A.Z3€ to A.41. Figure A.36 shows one such
crack that is less than one grain diameter in length.

Figure A.11 Specimen #15 600 Cycles.
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Figure A.12

Figure A.123

Specimen #15 650 Cycles.

Specimen #15 700 Cycles.




Figure A. 14

Figure A.15

Specimen #15

Specimen #15
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700 Cycles.

700 Cycles.
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Figure A. 16 Specimen #15 750 Cycles.

Figure .17 Specimen #15 750 Cycles.
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Figure A. 18

Figure A.19

Specimen #15

Specimen #15

750 Cycles.

750 Cycles.
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Figqure 1.20

Figure A.21

Specimen #15

Specimen #15

850 Cycles.

850 Cycles.




Figure A.22Z Specimen #15 850 Cycles.
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1430 Cycles.

Specimen #15
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Figure A.23
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Figure A.24 Specimen #15 1430 Cycles. .

Figure A.2S Specimen #15 1430 Cycles.
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Figure 1.26 Specimen #15

Figure A.27 specimen #15

1430 Cycles.

1430 Cycles.
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Figure A.28

Figqure 1.29

Specimen #15

Specimen #15
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1430 Cycles.

1430 Cycles.
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Figure A.30 Specimen #15 1430 Cycles.

Figure A.31 Specimen #15 1430 Cycles.

73

e . .
ty e el MO

CE T " e LN . . - -~ .

- d . Ad - - - - - -

NI IR A e N NN N L T TN
ROPL P P PP AU P s PR P WP R AT




Figqure A.32 Specimen #15 1430 Cycles.

Figure .33 Specimen #15 1430 Cycles.
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1430 Cycles.

imen #15
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Figure A.34
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Figure A.35

Specimen #15 1430 Cycles.
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Figure A.36

Figure A.37

Specimen #15 1430 Cycles.

Specimen #15 1430 Cycles.
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Figure A.38 Specimen #15 1430 Cycles.

Figure A.39 Specimen #15 1430 Cycles.




Figure A.490 Specimen #15 1430 Cycles.




Figure A.41
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Specimen #15 1430 Cycles.
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3. SEECIMEN #18 0.5% TOTAL STRAIN

Specimen #18 was cycled with a tctal strain range of
0.5%. The test was interrurted and the specimen examined on
the SEM at 3153, 3300, 3450, 3600, 3750, and 3930 cycles.
At 31E3 cycles, mcst of the specimen surface was feature-
less, excegt one area which had some oxide crackirg and
spalling, Figure A.4Z. This area however did not keccme a
site for fatigue cracking. At 3300 cycles, a small crack
was detected, but its depth was not discernable, Figure
A.43. This was considered the crack initiation point since
at 3600 cycles, the crack had clearly propagated and rene-
trated the substrate. Figure A.44 shows the area at low
magnificaticn and Figure A. 45 shows the crack tip at higker
magnjification. At 3750 cycles, continued propagatiocn is
evident in Figures A.46 and A.47. At 3930 cycles, ccntinued
growth ard widening was observed as shown in Figures 1.48 to
A.51. Figure A.52 shows the same area after failure at 5322
cycles.
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» Figure A.42 Specimen #18 3153 Cycles. b
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: Figure A.43 Specimen #18 3300 Cycles.
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Figure A.44 Specimen #18 3600 Cycles.

Figure A.45 Specimen #18 3600 Cycles.




Figure 1.46

Figure A.47

Specimen #18

Specimen #18

3750 Cycles.

3750 Cycles.




Figure A.48 Specimen #18 3930 Cycles.

Figure A.49 Specimen #18 3930 Cycles.
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Figure A.50 Specimen #18 3930 Cycles.

Figure A.51 Specimen #18 3930 Cycles.




Figure A.52

Specimen

#18

5322 Cycles.
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4. SEECIMEN #25 0.4% TOTALl SIEAIN

Srecimen #25 was continuously cycled at 0.4% total
strain. The test was interrupted and the specinen examined
at 60CC, 7CCO, 8000, 8750, 9500, 1025, 11000, and 11750
cycles. At 6000 cycles, a defect in the oxide was visuvally
noted ccrsisting of a helical line running aprroximately 3/4
cf tke gage lergth and with approximately one rctaticn.
Figure «%3 shcws cre porticn of this line. This is
telieved to be caused by the ©machiring of the gage length
and it did not show any signs of cracking throughcut the

specimen's life. In additicn, one area showed oxide defects
vhich seer to correspcnd to grain boundaries, Figures A.54

- and A.55. 1This area uas monitored and later in life was the
: crack iritiation site. At 10250 cycles, this area showed
i little change at low gagnification, as shown in Figures A.56

and 3.%7. At 11750, this area had several cracks, Figures
A.58 and A.S9. Examiration at higher magnification revealed

a large crack extending over a 60° arc, Figures a.60 and
A.61, indicating that the crack had been propagating over
several cf the fprevicus examinations. A calculaticn was
sade to extrapolate the initiation point. Crack grcwth was
sonitered in specimen #31, cycled with 1% total strain.
Apprciimately 75% of the cycles to propagate the «<crack to
failure were required to propagate the crack to a 609 arc
lengtk. Using the same prcpcrtion, would indicate that the
crack initiated at alkout 9900 cycles. This estigate is
suppcrted ky two other cbservaticaos. First, fatigue groga-
gaticn cccurred over 2022 cycles in specimen #18 cycled at
0.5% total strain. It is reasonable to assume that crack
Fropagaticn in this sample would reguire at least as many
cycles, and prokably more. Second, at 10250 cycles, a
spalle area is visille on the lower portion of Figure 13.57.
This corresponds to the spalled portion of Figure A.S%59,
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indicating that the crack was probaply preseat at 19250
cycles, but not observed. The specimen was ther cycled
withcut dinterruption to £failure which occurred at 12370

cycles.

6000

Figure A.52 Specimen #25 Cycles.




Figure A.54

Figure A.5¢%

Specimen #25 6000 Cycles.

Specimen #25 6000 Cycles.




Figure 1.56 Specimen #25 10250 Cycles.

Figure 1.57 Specimen #25 10250 Cycles.




Figure A.58

Specimen #25 11750 Cycles.

Figure A.59

Specimen

11750 Cycles.
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Figure .60 Specimen #25 11750 Cycles. »

Figure A.61 Specimep #25 11750 Cycles.



S« SEECIMEN #24 0.35% TOTAL STRAIN RANGE

Specimen #24 was cycled with a tctal strain rance of
0.35%. 1lesting was interrurted and the specimen exanined on
the SEM at 22750, 25500, 27222, 29236, 32000, and Zz4€34
cycles. At 22750 cycles, the cxide layer showed one area cf :
crackingy, bcwever no femnetraticn of the sukstrat: was ncted, iﬁ
Figure A.62z. At 255C0 cycles no changje was noted. At 27222
cycles, the upper button head of the specimen failed due to
a fatigue crack whiclt initiated at the button head fillet.

A thread was machined onto the specimen shank and a thread -

type c¢rip was used fcr further testing. No change was noted
cn the scrface of tte specimen upon examination at 27222
cycles. At 29236 cycles, the lower button head failed for
the same reason, ané a thread was machined in the specizen
shank as tefore. Examinaticn of the specimen at 29236
cycles cskowed that tlke oxide remained intact despite the
thermal transients associated with the button head failures.
Additicpnally, the oxide crack noted previously appeared to
grow Lut no penetration into the substrate «cculd be -

confirmed, Figures A.63 and a.64. By 32000 cycles, the -
crack had bceth grown, and widened, Figures A.65 to A.67, and

bad fenetrated the =sukstrate, indicating that the crack o
initiated at about 29236 cycles. At 34634 cycles, fatigue -

failure cccurred on the upfrer screw on the specimen shank,
and nc fvrtter testirg could ke conducted, giving a iower
tound to the number c¢f cycles to failure of this sfpecimen.
The specimen was ther exanmined and the crack had clearly
xg [ropacated, Figures 2.68 and A.69. For this th2sis, it is
h: useful tc extrapolate the failure point wusing the crack
b growth informaticn derived frcm specimen #31. Approximately
? £3% «¢f the propagaticn life was reqguired to proragate a -
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crack in <srecimer #3:1 to a comparable lenytan as those in

&

this specimen at 34034 cycles. Jsinjy the same progcrtica, .

[} —-

failure shculd have cccurred at about 39300 cycles.  This ’

. gives a Lest estimate for ccomparison with the other data. o
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Figure 1.62 Speciuen #24 22750 Cycles. o
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Figure A.63 Specimen #24 29236 Cycles.

Figure A.64 Specimen #24 29236 Cycles.
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Figure .65 Specimen #24 32000 Cycles.

Fiqure A.66 Specimen #24 32000 Cycles.
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Figure A.67 Specimen #24 32000 Cycles.

Figure A.68 Specimen #24 34634 Cycles.




Figure A.69 Specimen #24 34634 Cycles.
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6. SFECIMEN #14 0.23% TOTAL STRAIN

:‘ ¢ Srecimen #14 was cycled at 0.3% total strain range. The
. test uas interrupted and the specimen examined on the SEM at
%Z 30000, =000, 36300, 39900, 43900, 48410, 53200, 5¢9s¢C,
fﬁ 70800, 7€330, 7977¢, and 79%08 cycles. This sarnfrle was

plagued sith problems and was not cycled to failure. The
cycling rrogressed ncrmally until 76330 cycles, at which
time the  upper buttcn head failed due to a fatigue crack
initiated Ly the button head fillet. This caused the MTS
systew and induction heater to trip, and resulted in ragid
cool dcwn of the specimen. There was some increased
cracking of the oxide but the oxide was generally intact. A
thread end was machined on the upper specimen shank which
allowed reinsertion c¢f the specimen with a threaded grip.
Hhén the specimen was examined on the SEM, no fatigue cracks
vere evident. At 7¢S08 cycles, the specimen formed a small
neck rresugably due to the extensometer slipping. Rarid
cperator action minimized the cool down, however the oxide
layer spalled off. The speciven was reinserted and cycling
began again, since the strain range was small and the neck
vas outside the externsometer wmonitoring length. At 79,6508
cycles, the specimen started to buckle and the cycling was
stopged. Subsequent examination showed no cracking or even
any fpctential irpitiation points. This indicates a lower
: tound on the number cf cycles to crack initiation at 0.3%
?Z total strain range, and is included since an additional data
Foint at 0.3% strain was iapossible to runm.
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E. 7. SEICIMEN #32 O0.S5% TOTAL STRAIN FITH COMPRESSIVE DWELL
<. Sgpecimen #32 was cycled with a tctal strain range of
.' 0.5% and a S minute dwell on each cycle at the maxioum

comrressive strain, The test was interrupted and the spec-
imen exazined at 300 and 595 cycles. At 300 cycles, intense
circumferential oxide cracks were visible to the unaided eye

. LR T R
A
LR

- MU A

in the top 1/3 of the specimen gage length. This cbserva-
tion was ccpfirmed op the SEM, Figure A.70. Oxide cracking
was also ctserved thrcughout the gage length, but was less
intense cn the lower 2/3, Figure A.71. Examination at
higher magnification showed penetration of the sukstrate,
Figures A.72 and A.73, indicating that crack dinitiation
_ occurred at less than 300 cycles. At 595 cycles, many of
;; the cracks tad widened and deepened while others seemed to
seal with cxide, as shown in comparing Figures A.7C and
A.74. Figures A.75, A.76, and A.77 clearly show cracking of
the substrate. The specimen was then cycled to failure,
with visuval monitoring. At 750 cycles, three areas showed
i- spalling of the oxide layer, with increased spalling as the ‘
) test fprogressed. Failure of the specimen occurred at 1949 : i;J

cycles. :

Exanination of the fracture surface showed that the ;;;
fatigue crack initiated on numerous points on the surface of ==
the specimen. These individual cracks grew to form a single ;

crack which was convexed toward the specimen surface, which
is tyrical of a fatigque initiated by a circuaferential
-- groove, Figure A.78. All specimens cycled without dwell had 731
a single crack initiation site and the crack front was
concaved toward the crigin. This clearly shows that cxide
cracks must initiate the cracks in the substrate, since the ;
conpressive dwell's initial affect is to promote [prcfuse T

circuzferential cxide cracks. %Qﬁ
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FPigure A.70

Fiqure A.71
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Specimen #32

Specimen #32

300 Cycles.

300 Cycles.




b Figure 4.72
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. Figure A.73

Specimen #32 300 Cycles.

Specimen #32 300 Cycles.
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595 Cycles.

Specimen #32

Figure A.74
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595 Cycles.

Specimen #32

Figure A.75




Pigqure A.76 Specimen #32 595 Cycles.

10 pm

f; Pigure A.77 Specimen #32 595 Cycles.
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Figure A.78 Specimen #32 Fracture Surface. .
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