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1. INTRODUCTION

Thermo-mechanical fatigue problems are encountered in many
engineering applications. Temperature and load cycling may occur in
turbine blades, piping, pressure vessels, railroad wheels due to brake
shoe action and other components which experience high temperatures in
service. Fatigue damage (crack initiation and growth) under thermo-
mechanical 1loading has not been examined as extensively as fatigue
damage under isothermal loading. As a result, while isothermal tests at
high temperatures have been performed and results are available for many
materials, conditions exist where 1sothermal data fails to adequately
predict thermo-mechanical damage. Further work is needed to establish
the differences in material behavior for the two cases and provide a
better understanding of the problem.

Since the interaction of many mechanical and environmental factors
influence different materials in different ways, previous workers have
used a variety of parameters to compare isothermal and thermo-mechanical
fatigue. Some of the parameters used in previous studies to predict
thermo-mechanical fatigue 1lives based on isothermal data include
mechanical strain range (Aem) [1-4], plastic strain range (ﬂEp) f1,5-8],

stress amplitude (ac/2) [4,7], maximum stress (o___) [9], combination of

max

maximum stress and mechanical strain range (o *Asm/Z) [10], and the

max
strain range partitioning approach [11]. While isothermal tests were
usually performed at the maximum or mean thermo-mechanical test temper-
ature, several researchers have also suggested equivalent temperature
levels at which isothermal and thermo-mechanical fatigue would be

similar [7,12]. In an earlier paper on the 1070 steel examined here, it



was shown that the use of the mechanical strain range parameter and
isothermal data at the mean temperature of the thermo-mechanical tests
resulted in nonconservative predictions [13]. The predictions improved
when isothermal data corresponding to the maximum thermo-mechanical
temperature was utilized [13]. Recently, bithermal experiments have
been performed by NASA workers where tensile and compressive portions of
the hysteresis loop occurred at high and low temperatures respectively
(or vice versa) [14]. These tests combine high temperature and low
temperature mechanisms with tension or compression and provide further
insight into thermo-mechanical behavior. Multi-temperature tests where
the temperature was stepped up and down in the range 20°C to 700°C
during fisothermal strain cycling have been reported [15,16]. These
experiments examined the effects of temperature history on subsequent
stress-strain response.

The influence of environment appears to be a key factor in inter
preting experimental results and component behavior at high temperatures
for many materials. Various environments may be present under service
conditions and many have been studied in relation to thermal fatigue
[17,18,19]. This study is concerned with material behavior of Q.7
percent C steel (Class U wheel steel) at high temperatures in air en-
vironment. As a result, the effects of air environments on steel at
high temperatures will be emphasized below. However, the mechanisms and
trends discussed here are applicable to cases involving other materials
and environments, where additional mechanisms may also be present.

Surface oxidation of steels during thermal loading can accelerate

crack initiation [10]. While there are numerous papers on oxidation



kinetics in steel [10,20-39], only a few have dealt with oxides formed
during fatigue [34-39}. Iron oxides form by cation diffusion from the
metal/oxide interface to the axide/air interface, with a corresponding
vacancy diffusion from the oxide/air interface to the metal/oxide inter-
face. These vacancies migrate tc vacancy sinks such as dislocations or
Tattice steps, which are abundant in coid worked materials. If in-
sufficient vacancy sinks are available, as in an annealed material,
pores are nucleated between the oxide and the metal leading to oxide
decohesion.

The Pilling-Bedworth Ratio (PBR) of a metal-oxide system can be
used to approximate the sign and magnitude of the oxide growth stresses
due to differences in lattice dimensions between oxide and metal [21].
The PBR is defined as the ratioc of the volume of the oxide to the volume
of the metal for a constant number of metal ions. If the PBR is greater
than 1, compressive stresses would be expected in the oxide layer.
Reported values of PBR for iron-iron oxide range between 1.7 and 2.1
[21,22], indicating that compressive oxide stresses would develop during
growth. Specimen geometry (local convexity of the surface, specimen
diameter) can also affect oxide integrity [28]. For a cylindrical steel
sbecimen, when the metal cations diffuse to the oxide/air interface, the
diameter of the cylinder is reduced causing compressive hoop stresses in
the oxide. This compressive hoop stress can result in delamination and
subsequent buckling of thin oxide layers. If this layer detaches from
the surface, the oxide layer is considered to have undergone spalling.
The stress state would be different if the oxide growth occurred at the

metal/oxide interface. Another factor which can contribute to oxide



stresses and decohesion is thermal expansion coefficient mismatch be-

tween oxide and metal, a problem accentuated in thermal cycling. It has

been reported recently that between 470°C and 610°C the thermal expan-

sion coefficient of Fej0p is almost twice as large as that of steel,

while below 470°C the coefficients of expansion match closely [34]. It

is 1ikely that other oxide/metal systems exhibit similar effects.

Cracking of an oxide layer could affect the subsequent oxidation rate by

increasing the partial pressure of oxygen at the interface and thus

affect crack initiation and growth into the metal. Compressive oxide

stresses may lead to buckling of the oxide layer away from the metal
substrate [35,36]. Exposed metal surfaces under buckled sections of the-
oxide layer may be subject to additional environmental attack forming

new oxide layers, affecting crack initiation and promoting internal

oxidation.

In addition, recent work has shown that the diffusion of gaseous
species into a metal can lead to internal oxidation of impurities or
precipitates [40,41]. As a result, high internal cavity pressures
develop and act along with appliied stresses to accelerate cavity growth
due to creep [40,41]. Cavity formation and growth at precipitate
particies is the dominant creep mechanism observed in this study.

Railroad wheels experience thermal 1loading during brake shoe
applications. Thermal cracking of wheels under these conditions is a
serious concern and has been studied extensively [42-46]. During brake
applications, brake shoes would contact localized variations on the
tread surface. These areas would be preferentially heated as compared

to the surrounding material. Therefore, in addition to global temper-



ature cycling, hot spots develop on the tread of the wheel as it passes
under the brake shoe. Thermal streses on the hot spots are higher than
the relatively cooler surrounding material. The hot spots and other
critical regions experience many smail thermal cycles within major
thermal cycles due to repeated brake applications, This process is
simulated in this study by performing thermo-mechanical block tests,
where minor temperature cycles occur at the high temperature end of the
major cycle. ~In addition, environmental effects such as surface and
internal oxidation can be important. While oxide formed on the tread is
removed by the action of the brake shoe, oxide formation in the flange
regions may be extensive and influence crack nucleation. In Fig. 1,
oxide penetration intoc the wheel in the form of long thin intrusions is
observed in a section of material taken from the tread of a railroad
wheel which failed 1in service. High temperatures experienced in
railroad wheel service could Jead to increased oxygen diffusion and
accelerated damage. Time-dependent deformation at high temperatures
also influences residual stresses which develop upon cooling. The
temperatures chosen for this study are in the range 150°C to 700°C and
reflect those experienced by critical regions in railroad wheel service.

While there are substantial benefits of simulating temperature-
strain histories on specimens and examining thermo-mechanical fatique
Tives, it 1is chosen 1in this study to consider the simplest of
temperature-strain histories. This provides a first step in under-
standing material behavior, crack growth, and environmental effects in
thermal Tloading. In the future, more compiicated histories could bhe

devised and the interaction of a variety of mechanisms may be studied.



This study will compare fatigue Tives, surface oxidation character-
istics, and oxygen diffusion controlled cavity formation and growth
under (&) isothermal constant amplitude, (b) thermo-mechanical constant
amplitude, and (c) thermo-mechanical block loading conditions. The
relationship between surface oxidation characteristics and internal
cavity formation and growth will also be explored. In addition, dis-
criminating tests under conditions of zero applied load (a) at constant
temperature and (b) under thermal cycling will be performed to investi-
gate the effect of oxide growth stresses on oxide structure. Inter-
rupted 1isothermal and thermo-mechanical tests where specimens are
sectioned after a certain fraction of the lifetime will provide insight

into the accumulation of damage in oxide and metal.



2. EXPERIMENTAL PROCEDURE

2.1 Material

The material examined was a 1070 steel typically used in railroad
wheels (class U wheel steel). The chemical composition of the steel is
given in Table 1. The specimens were cut from the vim of a railroad
wheel (50 mm below the tread) in the circumferential direction. The
machined specimens had a uniform gage length of 25.4 mm and a diameter
of 7.62 mm. The specimen geometry is shown in Fig. 2. A typical
pearlitic microstructure shown in Fig. 3 was obtained. Pearlite colony

size was 50 um, with an average pearlite spacing of 0.5 um.

2.2 Equipment

Tests were performed on a 20 kip MTS testing machine controlled
with a POP-11/05 computer. In thermo-mechanical tests, induction
heating (Lepel 2.5 kW capacity) was used to heat the specimens. Thermo-
couples attached to the specimen provided input to the temperature con-
troller which received the command signal from the PDP-11/05 computer.
The temperature gradient over the gage section was minimized by opti-
mization of the coil configuration. No forced cooling, which would
generate thermal gradients, was used. The strain was measured over the
gage length with a 25.4 mm axial extensometer utilizing quartz rods.
The schematic of the test system is shown in Fig. 4. In isothermal
tests certain specimens were tested using a resistance furnace {clam-
shell type) while induction heating with temperature control was used on
other specimens. A1l specimens used for oxide comparison were tested

using induction heating. The same specimen design was used for iso-



thermal and thermo-mechanical tests, allowing direct comparison of oxi-
dation characteristics and crack growth behavior. Stress-strain data
was recorded on floppy disk for later analysis.

After removal from the test frame, the specimens were sectioned
using a low speed saw and were mounted in epoxy. The composition of
oxides in the corrosion layers were identified by etching with a 1
percent solution of HC1 in ethanol. A 5 percent Nital etch was used to
evaluate the microstructure of the 1070 steel before and after
testing. Scanning electron microscopy was used to obtain pictures of
the specimen surface and oxidation characteristics. Auger spectroscopy

was utilized for internal oxidation study.

2.3 Test Conditions

Experiments were conducted under isothermal and thermo-mechanical
loading conditions. The isothermal fatigue 1ife tests were performed
under strain control in the temperature range 20°C to 700°C at strain
amplitudes ranging from 0.0015 to 0.01. The strain rates considered
were 0.02, 0.002, and 0.0002 sec™l.

The thermo-mechanical tests were performed under total constraint
and were out-of-phase (maximum strain at minimum temperature). A total
constraint experiment invelved ciamping the specimen at the low temper-
ature end and cycling the temperature while the net strain is maintained
at zero. A1l the thermal strain is converted to mechanical strain in
this case. An illustration of total constraint is given in Fig. 5
(paraliel bar model) where Bar 1 is heated and cooled, while Bar 2

remains isothermal and has large stiffness (A,/A; large) as compared to



Bar 1. Other loading conditions are possible with this model (Ax/A1 not
large) and have been considered in Ref. 47,

Two sets of thermo-mechanical fatigue life tests were performed:
(a) constant amplitude tests with minimum temperatures of 150°C, 400°C,
or 500°C and maximum temperatures ranging from 450°C to 700°C, (b) block
tests where one block consisted of one major temperature cycle (Tmin =
150°C, Tn,e = 500°C, 600°C, 650°C, or 700°C) followed by one hundred
minor temperature cycles (temperature range = 100°C, 150°C, or 200°C) at
the high temperature end. Combinations of maximum and minimum temper-
atures were chosen to simutate thermal cycling conditions experienced in
railroad wheel service. Strain rates for heating were higher than
strain rates for cooling, but the average strain rate for these tests
was on the order of 0.0002 sec~l. Heating and cooling times for thermo-
mechanical tests ranged from 30 to 50 seconds and 120 to 180 seconds
respectively. A typical example of experimental temperature-time
variation is given in Fig. 6.

Two sets of interrupted tests were performed to examine the
progression of surface oxidation and internal cavitation under thermal
loading: (&) isothermal constant amplitude tests to 10 percent and 40
percent of fatigue 1life at 600°C with a strain amplitude of 0.0035
(Nf = 700 cycles, tg = 15 hours), (b) thermo-mechanical constant ampli-
tude tests to 10, 20, 30, 40, and 60 percents of fatigue 1ife with a
minimum temperature of 150°C and a maximum temperature of 600°C
(Ng = 735 cycles, te = 30 hours). Temperatures chosen for the thermo-

mechanical tests were indicative of those seen in raiiroad wheel

service. Lower maximum temperatures would have made test time pro-
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hibitive, while higher maximum temperatures would be unrealistic as
compared to railroad wheel service temperatures. The mechanical strain
range in the isothermal tests was approximately equal to that of the
thermo-mechanical tests, and strain rates in all interrupted tests were
on the order of 0.0002 sec~l for both cases.

In addition, two tests were performed to investigate the effect of
oxide growth stresses on oxide structure and cavity formation. The
first test involved holding a specimen at 600°C while maintaining zero
load. The duration of this test was 16 hours and was approximately
egqual to the test time for the 600°C disothermal test with a strain
amplitude of 0.0035, The second test performed under zero load con-
ditions involved subjecting a specimen to temperature cycling between
150°C and 600°C under free expansion conditions (em = 0). The duration
of this test was approximately equal to the test time for a total con-

straint test with identical temperature cycling (t = 30 hours).
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3. EXPERIMENTAL RESULTS

3.1 Fatigue Life Tests
3.1.1 Fatigue Test Results And Predictions

Isothermal test results are shown in Tables 2 through 4. Strain-
lTife curves were established from isothermal constant amplitude data for
strain rates of 0.02 sec~! and 0.0002 sec‘l, respectively. Above 400°C,
a decrease 1in strain rate resulted 1In shorter fatigue lives for all
strain amplitudes considered. The strain-life curves were represented
by the total strain-life equation [48]}. The resulting coefficients and
exponents were established as a function of temperature and are Tlisted
in Tables 5 and 6. In general, fatigue lives decreased with increasing
temperature. However, at /00°C (¢ = 0.0002 sec'l) lives are longer than
at 600°C at corresponding strain levels.

Thermo-mechanical constant amplitude test resulfs are presented in
Table 7. The correlation between experimental constant amplitude
thermo-mechanical lives and predicted lives calculated from isothermal
data, as shown in Fig. 7, was discussed in a previous article (Ref. 49)
and will only be menticned briefliy in this paper. The predicted lives
were calculated based on isothermal tests at the same mechanical strain
range and comparable strain rates, and at the maximum thermo-mechanical
temperature. Experimental and predicted lives for the case Tmin = 150°C
show good agreement over & wide range of mechanical strain. When the
mechanical strain range is small, the predicted lives are slightly non-
conservative {experimental 1lives shorter than predicted Tives). When
the minimum temperature is 400°C or above, the predicted lives are

highly nonconservative, as indicated in Fig. 7.
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The experimental resu]ts of the thermo-mechanical block tests are
shown 1n Table 8. Predicted blocks-to-failure for thermo-mechanical
block loading were calculated using Miner's linear damage rule. Iso-
thermal constant amplitude data was highly nonconservative in predicting
thermo-mechanical block test lives, while predictions based on constant
amplitude thermo-mechanical data were within a factor of 1.5 of experi-

mental lives [49].

3.1.2 Material Response

Material response was discussed in a previous article [49] and
will be considered briefly here. Typical stress-strain response for
jsothermal and thermo-mechanical loading are shown in Fig. 8. Maximum
stresses and stress ranges for isothermal and thermo-mechanical loading
are different even when mechanical strain ranges are similar. Material
response in 1070 steel changes s{gniFicant1y with temperature {13] and
strain rate [50] above 400°C. In thermo-mechanical loading, tensile
mean stresses develop in all cases considered (Tables 7 and 8}, while
under fully reversed (R = -1) isothermal loading mean stress is zero
(Tables 2-4). The maximum stresses in the major temperature cycies of
the thermo-mechanical block tests are approximately equal to the maximum
stresses in the thermo-mechanical constant amplitude tests. However,
the maximum stresses in the minor temperature cycies are generally
higher in thermo-mechanical constant amplitude tests. Thermal recovery
effects present at high temperatures decreased the maximum stress upon

cooling (at T

min) when maximum temperatures were above 500°C for thermo-

mechanical constant amplitude and block loading (Tables 7 and 8). This
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behavior 1is specific to materials that exhibit significant thermal
recovery at high temperatures. Alloys tailored for high temperature

resistance should operate at temperatures below this regime.

3.1.3 Surface Oxide Structure

Surface oxide structure in (&) isothermal strain cycling tests,
(b) thermo-mechanical fatigue tests, and (c) isothermal and thermo-
mechanical zere applied load (free expansion) tests will be described
below. Oxide structure in interrupted tests will be discussed in
Section 3.2. Oxide thicknesses measured on failed samples were in the
range 0.05 mm to 1.0 mm depending on the temperature and time. The time
of oxidation varied in the range 2 to 100 hours respectively. If the
equivalent oxidation time is taken to be equai to the time to failure of
the specimen, oxide thicknesses measured in thermo-mechanical tests are
lower than those observed in corresponding isothermal tests. However,
if the oxidation time is interpreted as the fraction of time the
specimen was subjected fo temperatures between 600°C and 700°C, oxide
thicknesses 1in isothermal and thermo-mechanical tests match closely.
The test time (in hours) is indicated in the subsequent figures.

After etching the oxide layers, the types of oxide present could be
evaluated. In isothermal tests, oxide Tayers Tlarger than 10 um have
been observed only above 400°C (tox > 2 hours). The oxide layers for
all isothermal tests are stratified and contain Yarge proportions of
Fes04. A schematic of a stratified oxide layer is shown in Fig. 9.
Buckled sections of oxide are present at the oxide/air interface with

occasional spalling of these sections observed. The majority of the
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oxide Tlayer is made up of stratifications with some accompanying
porosity. Numerous short, tightly closed oxide cracks which do not
extend completely through the oxide layer are observed. Stratified
oxide layers exhibit wide, semi-circular oxide intrusions. An example
of a stratified oxide layer ohserved in isothermal loading is shown in
Fig. 10. The specimens were sectioned parallel to the loading direction
as indicated in Fig. 10.

Thermo-mechanical constant amplitude tests exhibit stratified oxide
layers (shown schematically in Fig. 9} in the case of high mean temper-
atures (Tpaan > 400°C), with mostly Fe;0, present (Fig. 11). When the
mean temperature is lower (Tmean < 400°C), the oxide layer is non-_
stratified (Fe0 and Fes0, ) as shown schematically in Fig. 12. These
oxide layers exhibit some small amount of porosities, but no stratifica-
tions are observed. Oxide intrusjons are long and thin as opposed to
the wide intrusions cobserved in stratified oxide layers. Oxide cracks
are open and extend completely through the oxide layer to the metal. An
example of a non-stratified oxide layer is shown in Fig. 13. Etching of
the oxide and metal did not identify any preferential intrusion growth
along grain boundaries.

In thermo-meéhanica] block tests, oxide layers are continuous when
the magnitude of the minor temperature cycle is 100°C (Fig. 14), with
very few oxide cracks. When the magnitude of the minor temperature
cycles is greater than 100°C fragmented oxide layers are observed (Fig.
15). Only block tests with minor temperature cycles greater than 100°C

exhibit extensive oxide intrusion formation.
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Oxide cracks and qxide intrusions are preseﬁt in all specimens sub-
jected to external loading in the form of fully reversed strain cycling
or total constraint temperature cycling. In some cases oxide cracks and
oxide intrusions exhibit a one-to-one correspondence, while in other
cases the number of oxide cracks is greater than the number of oxide
intrusions. Average cxide crack spacing and oxide intrusion spacing are
listed in Table 9 for some of the tests performed in this study.

Tests performed under zero applied load conditions resulted in non-
stratified oxide layers with no evidence of oxide cracks, oxide in-
trusions or oxide buckling., (Fig. 16). Oxide layers in these tests are
lower in depth than oxide layers in the corresponding tests where
stresses are present (due to applied strain or imposed constraint),
indicating that oxide failure (in the form of buckling or fatigue
cracking) does lead to accelerated oxide growth rate. No evidence of

oxide buckling is observed in either test under zero load conditions.

3.1.4 Internal Oxidation and Cavity Growth
Examination of virgin material showed precipitates with average
diameters of 5 um distributed throughout the pearlite structure, in most
cases situated in or near small ferrite grains of average diameter
20 ym (Fig. 17). Very small cavities (d = 1 um) are observed in these
precipitates, along with some decchesion between the iron and the pre-
cipitates. Further analysis using an x-ray attachment on the scanning
electron microscope indicated the precipitates were MnS particles.
All specimens in this study exhibit some degree of cavity formation

after exposure to high temperatures. In the case of specimens tested
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under conditions of zero applied load, cavities with maximum diameters
of 3 um are observed inside MnS particles. No cavities Targer than the
precipitate size were observed in either of these tests. In isothermal
strain cycling tests cavities range in size from a fraction of the pre-
cipitate size to as large as 15 um. However, thermo-mechanical loading
resuited in extensive cavity formation when non-stratified oxide layers
with open oxide cracks are observed. Cavities as large as 50 um were
observed in these cases. In thermal cycling tests where oxide layers
are stratified (Tmean >500°C), less extensive cavity formation is ob-
served. Specimens subjected to thermo-mechanical block Tloading ex-
hibited pronounced cavitation when fragmented oxides (Fig. 15) are ob-
served. Auger analysis of a failed sample revealed oxide formation

inside cavities (Fig. 18).

3.2 Interrupted Tests

In an effort to better understand the progression of surface oxi-
dation and %nterna! cavity growth under thermal loading, two series of
interrupted tests were performed. The first series of tests were iso-
thermal constant amplitude tests at 600°C with a strain amplitude of
0.0035 and a strain rate of 0.0002 sec™1i. Specimens were cycled to 10
percent and 40 percent of the fatigue 1ife. Oxide formation and oxide
buckling are aobserved at 10 percent of the fatigue life, as shown in
Fig. 19. At 40 percent of the life, a stratified oxide layer with
closed oxide cracks is already observed (Fig. 19(b)). After failure,
the oxide 1is quite thick with extensive stratification and multiple

oxide cracks. The oxide layer at 100 percent of life for this case is
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shown in Fig. 10. Oxide thickness, oxide intrusion depth, and crack
length are shown as a function of fatigue life fraction (and time) in
Fig. 20 and Table 10. Under isothermal loading, oxide cracks do not
correspond directly to cracks in the metal substrate. The definitions
of oxide thickness (ho), oxide intrusion depth (h}-), and crack Tlength
(a), applicable to isothermal loading are shown in Fig. 21. While oxide
intrusions begin to form at about 10 percent of the 1ife, cracks in the
metal substrate do not form until sometime after 40 percent of the
1ife. The failure crack in the specimen tested to 100 percent of the
faligue 1ife initiated at the tip of an oxide intrusion, but no other
significant cracks in the metal substrate were observed.

Cavity size at each portion of the 1ife 1is shown in Table 10.
While cavity formation is observed at 10 percent of the life, at 40
percent of the life cavity diameters are still only a fraction of the
MnS particle size. After failure, cavity diamweters are 15 um, which is
slightly smaller than the ferrite grain size (20 um).

The second series of interrupted tests consisted of thermo-
mechanical constant amplitude loading where the temperature was cycled
between 150°C and 600°C with an average strain rate on the order of
0.0002 sec‘l. Tests were performed to 10, 20, 30, 40, and 60 percents
of fatigue life. Oxide structure is continuous during all portions of
the life (Fig. 22), with oxide cracks and oxide intrusions present as
early as 10 percent of the life (Fig. 22(a)). iinlike isothermal
behavior, oxide cracks under thermo-mechanical Toading continue directly
into the metal substrate even before 10 percent of the fatigue life.

Oxide thickness, oxide intrusion depth, and crack length are identified



in Fig. 23 and are shown as a function of fatigue life fraction (and
time) in Fig. 24 and Table 11, Crack growth 1s accompanied by intrusion
growth up to about 60 percent of the life. After 60 percent of the
1ife, cracks grow at a faster rate than oxide intrusions and eventually
Tlead to failure. Initial oxide growth is approximately linear with
subsequent growth following a parabolic curve. Oxide growth is siower
under thermo-mechanical loading than under isothermal Tloading since
specimens are only subjected to high temperatures during a portion of
the thermal cycle.

Furthermore, it is interesting to note that the growth rates of
small cracks {as shown in Fig. 24} and the accompanying intrusions are
very high, Crack growth rate decreases as the cracks grow longer
{during the middle portion of the fatigue 1ife), with high growth rates
again observed late in the 1ife (Fig. 24). C(rack growth rate of small
cracks in interrupted isothermal tests is much lower {Fig. 20) than that
observed under thermo-mechanical loading.

Cavity formation and growth for thermo-mechanical interrupted tests
are shown in Fig. 25 and Table 11. Internal oxidation and cavity
formation are seen as early as 10 percent of the 1ife (3 hours) as shown
in Fig. 25(b). At 40 percent of the life, internal oxidation is pro-
nounced (Fig. 25(d)). Figures 25(e) and 25(f) show the progression of
internal oxidation and cavity growth with time, and upon closer
examination it is quite evident that oxide formation has occurred in

cavities at 60 percent and at 100 percent of the 1ife,
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4. DISCUSSION
4.1 Oxide Characteristics (IF versus TMF)

A1l specimens in this study which experienced temperatures of 500°C
or greater exhibited significant oxide formation. Since oxidation in
steels can accelerate crack initiation, comparisons of oxide structure
and characteristics for various loading conditions can provide insight
into the differing mechanisms of damage that may develop. Compressive
stresses can lead to buckling of oxide layers and subsequent stratifi-
cation if new oxide layers form under the buckled sections [35,36].
Factors which may influence oxide stresses include Pilling-Bedworth
Ratio, thermal expansion coefficient mismatch between oxide and metal,
and mechanical strains in the form of isothermal strain cycling or
temperature cycling under constraint.

The effects of oxide growth stresses and thermal expansion co-
efficient mismatch stresses on oxide structure in the absence of
externally applied loading were explored in tests performed under zero
applied load cenditions. The oxide layers observed in these tests
exhibited non-stratified oxide layers with no evidence of oxide cracks,
oxide intrusions, or oxide buckling (Fig. 16). This indicates that
oxide growth stresses and thermal expansion coefficient mismatch
stresses are not sufficient to cause oxide failure in the absence of
external loading.

When externally applied lcading is considered, either in the form
of fully reversed isothermal strain cycling or totally constrained
thermo-mechanical cycling, oxide failure does occur. Extensive oxide

cracking perpendicular to the applied loading direction (Mode I), and in
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some cases oxide buckjing and stratification parallel to the applied
strain direction are the main failure features observed in the oxides.
Often the oxide is assumed to behave elastically up to failure, axial
oxide stresses would then be linearly related to axial oxide strains.

Isothermal loading does not invelve any temperature variation so
oxide constraint temperature and thermal expansion coefficient mismatch
do not affect oxide strains in these tests. However, external loading
in the form of strain cycling is imposed on the oxide. Approximate
oxide strains which develop during typical isothermal tests are shown
are Figs. 26 and 27. The oxide strains represented in Figs. 26 and 27
do not include those due to oxide growth, which would be similar for
isothermal and thermo-mechanical loading. Oxide mean strains are zero
in both cases since all isothermal tests were performed under fully
reversed strain cycling. Oxide structure in these tests is stratified
with oxide crack flanks fully closed. These c¢racks become naon-
propagating as they approach the oxide-metal interface. Extensive oxide
buck1ing has occurred in these cases upon loading into compression (Fig.
10). In isothermal loading cases, crack growth begins after 40 percent
of the life and initiates at the tip of an oxide intrusion.

Under thermo-mechanical Tloading, oxide constraint temperature and
thermal expansion coefficient mismatch dictate the sign and magnitude of
oxide stresses. The oxide strains which develop in two particular
therme-mechanical tests (shown as dashed lines) are illustrated in Figs.
26 and 27. In strain calculations, the coefficient of thermal expansion
of the oxide (Fe304) js assumed to be approximately twice that of steel

between 470°C and 610°C [34], whiie outside this regime it matches the
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expansion coefficient of steel (l.7x10'5/°C). The solid lines represent
oxide strains in comparable 1sothermal tests (described above) where the
mechanical strain ranges in the metal for both types of loading are the
same and the isothermal tests are performed at the maximum thermo-
mechanical temperature. The oxide is assumed to be constrained at B00°C
since most oxide forms at higher temperatures while the metal is con-
strained at the minimum thermo-mechanical temperature. The constraint
temperature for the oxide was chosen mainly for qualitative comparison
in Figs. 26 and 27, while actual behavior is probably somewhat more
complicated (with strain varjation across the oxide thickness). Oxide
cracks which remain open during the cycle lead to cracks in the metal
substrate as early as 10% of the fatigue 1ife. This may accelerate
damage in the metal substrate to a greater extent than stratified oxide
Tayers with closed oxide cracks ({typically observed in isothermal
cases). Experimental results of tensile and compressive loadings on
iron oxides reported in the literature [30] show a relatively Tow strain
to fracture in tension (0.0004), while that in compression is about a
factor of three higher. Therefore, oxide cracking may occur more
readily in thermo-mechanical loading cases considered in this study.
When the mean temperature in thermo-mechanical Tloading 1is above
400°C (Fig. 26), the axial oxide strain is similar in isothermal and
thermo-mechanical cases. Oxide mean strains are near zero or
compressive in these cases. This results in an oxide layer which is
stratified with closed (non-propagating) oxide cracks (Fig. 11).
Similar to the isothermal cases discussed above, extensive oxide

buckling has occurred in these cases.
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Under thermo-mechanical block Toading, oxide strains would be a
combination of those sﬁown for constant amplitude Tloading in Figs. 26
and 27. During the major temperature cycle, a non-stratified oxide with
open (propagating) oxide cracks would form. During subsequent minor
temperature cycles these layers would be subject to buckling due to low
oxide mean strains associated with these cycles, allowing stratifi-
cations to form. The subsequent major temperature cycles would result
in new open oxide cracks in this stratified layer, causing the frag-
mented oxide shown in Fig. 15. Therefore, thermo-mechanical block
toading may exhibit higher oxide damage than in fisothermal and/or

thermo-mechanical fatigue cases.

4.2 C(Cavity Formation And Growth

Some level of cavity growth is seen in all specimens subjected to
high temperatures in this study. If cavity growth is controlled mainly
by applied stress, the most severe cavitation would be expected under
high temperature 1isothermal 1loading in this study. The high tensile
stresses developed in thermo-mechanical tests (Tables 7 ane 8) occur at
the low temperature end of the thermal cycle (Fig. 8), where creep
damage is minimal. In isothermai tests, high tensile and compressive
stresses both occur at high temperatures (Tables 2 through 4 and
Fig. 8). While the compressive stresses may result in some recovery of
cavitation creep damage [38], tensile stresses associated with these
tests should result in more extensive cavitation than the stresses asso-
ciated with thermo-mechanical tests. The results of this study show the

most extensive cavity growth occurring under thermo-mechanical loading,
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while cavitation in isothermal tests is much less extensive. Therefore
some other mechanism szt be the driving force behind cavity growth.

Several recent studies have considered cavity formation and growth
due to chemical attack on precipitate particles in metals [40,41}. If
internal chemical attack 1is the driving force behind cavity growth,
gaseous access to the metal substrate would be an important factor when
oxides are present. Cavitation should be most extensive in cases where
the oxide layer is nonprotective, allowing the access of gaseous species
to the metal substrate through out a major portion of the test. In this
study, the most extensive cavitation is observed in thermo-mechanical
constant amplitude tests which exhibit open oxide cracks and thermo-
mechanical block tests where oxide is fragmented and stratified. Both
of these oxides allow easy access of the atmosphere to the metal sub-
strate. Less pronounced cavitation is observed in cases where the oxide
layer may be considered partially protective, resulting in less exten-
sive atmospheric access to the metal substrate. Examples include zero
applied load tests where oxide is continuous with no oxide cracks or
oxide buckliing, isothermal tests where oxide is stratified but oxide
cracks are tightly closed, and thermo-mechanical constant amplitude
tests (high mean temperature) where oxides are stratified with closed
oxide cracks. This indicates that internal chemical attack is a likely
driving force for cavity growth in this study.

If chemical attack is occurring in this material, the following
reactions are possible and must be considered: (a) hydrogen attack of
carbon, (b) oxygen attack of carbon, {(c)} oxygen attack of sulfur present

in MnS particles. These reactions may occur in the following forms:
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(a) Fe3C(s) + 2H2{g) +~ 3Fe(s) + CH4(g)
() C(s) + 0,(g) ~ CO,(g)

(c) C(s) + % 0,(g) ~ CO(g)

(d)  MnS(s) + 3 0,(g) ~ MnO(s) + & 5,(g)
(&)  MnS(s) +30,(g) - MnO(s) + SO,(q)

where (s) refers to a solid and (g) refers to a gas. The partial
pressures of the gases produced from each of these reactions may be
quite large in some cases and lead to the growth of cavities in the
metal [40].

The calculations of the internal partial pressures of the gaseous
products in the above reactions are shown in APPENDIX 1. The result of
these calculations are shown in Table 12 for a temperature of 600°C and
partial pressures of the gaseous reactants equal to the atmospheric
values. It 1is obvious from Table 12 that reaction {a) results in the
Towest partial pressure of product gas, indicating that this reaction
would be the least 1ikely driving force behind cavity growth. O0Of the
remaining four reactions, (b) and (d) resuit in the highest partial
pressures of product gases and so would be most likely to cause cavity
growth. The pressures listed for a1l four of the oxygen reactions are
too high to realistically be expected in an internal cavity. This is a
rasult of the fact that calculations in APPENDIX 1 assume equilibrium
conditions. If the solubility of oxygen in Fe is too low to aliow these
reactions at equilibrium rates, the values of partial pressure for the

product gases would be greatly reduced. It was found in Ref. 51 that
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the solubility of oxygen in Fe at 600°C is quite Tow, indicating that
actual values of partial gas pressures would be several orders of mag-
nitude or more lower than those listed in Table 12.

Another factor which could influence the reactions listed above
would be the rate of diffusion of oxygen into the metal substrate. The
rate of lattice diffusion, D, of oxygen in Fe can be calculated at any

temperature using the following equation,

D =D, exp (-Q/kT), (1)

where D0 is the diffusivity constant and Q is the activation energy.
For the diffusion of oxygen in Fe, a diffusivity constant of 3.7 x 10-12
cmzlsec, and an activation energy of 23.2 kcal/mol were used [51]. Sub-
stituting these values into Egq. (1)} results in a diffusion rate of 6.16
x 1078 cmz/sec at 600°C.

To calculate the time required for oxygen to diffuse completely to
interior of the specimens used in this study, the following equation may

be used,
t = x?/2D, (2)

where t js the time required for oxygen to diffuse to a distance x. At
600°C, the time required for oxygen to diffuse through the lattice to
the center of a specimen {(x = 0.38 cm) would be greater than 350
hours. This 1is significantly longer than the 1longest test in this

study. However, if grain boundary diffusion occurs, diffusion rates
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could be as much as four orders of magnitude faster [52]. Therefore
complete oxygen diffusion along grain boundaries could occur in a matter
of minutes as opposed to days. Lattice diffusion would then be required
to move oxygen from the grain boundaries to the center of the grains.
If Eq. {2) is once again used with the distance x equal to one half the
ferrite grain size {x = 10 um), the resulting diffusion time would be
tess than 10 seconds. This indicates that complete diffusion of oxygen
to all areas of the specimen is possible shortly after the start of a
test.

Using the information stated above, oxygen could be present through
out the material shortly after the start of a test, leading to internal
oxidation, probably in the form of reaction (b) or (d). It is most
Tikely that the reaction of oxygen with sulfur occurs first since small
cavities in the MnS particles and some particle decohesion was seen in
virgin material (Fig. 17). These small holes would act as potential
sites for the nucleation of reaction (d) since sulfur is readily
available. However, after the cavity size exceeds the MnS particle
size, the reaction of oxygen with carbon could aiso readily occur.
Evidence of this mechanism is shown in Fig. 28 for cavity growth in the
interrupted thermo-mechanical tests. Up to about 35 percent of the
1ife, cavities grow slowly inside the MnS particles, with limited oxygen
solubility and oxygen diffusion rate having some effect on the reaction
rate. After 35 percent of the 1life, the rate of growth increases as

cavities grow through the proeutectoid ferrite and the pearlite.
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5. CONCLUSIONS

Oxide structure is dependent on temperature and strain. Conse-

quently, isothermal and thermo-mechanical loading cases result 1in

differing oxide structures even when applied mechanical strains and

strain rates in the metal are similar for both cases.

d.

Oxides formed under zero applied load conditions experience
oxide strains which are not high enough to cause buckling or
cracking of the oxide.

Oxides formed under fully reversed isothermal strain cycling
experience reversed oxide strains with oxide mean strains
approximately zero. Oxide structure is stratified, with exten-
sive oxide buckling throughout the layer. Oxide cracks grow
perpendicular to the applied strains and become nonpropagating
as they apprecach the oxide/metal interface.

Uxides formed during total constraint thermo-mechanical fatigue
where Tmean > 400°C experience reversed oxide strains with
oxide mean strains near zero. Oxide structure is similar to
that observed under isothermal loading, with stratified oxide
layers and closed oxide cracks that do not propagate into the
metal substrate.

Oxides formed during total constraint thermo-mechanical fatigue

where T < 400°C experience reversed oxide strains with mean

mean
tensile oxide strains., Oxide structure in this case is rela-
tively nonstratified with (open) oxide cracks that propagate

into the metal substrate eariy in the life.
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Internal cavities form by oxygen attack of MnS precipitate par-
ticles. Cavity growth is accelerated due to high partial pressures
of product gases which develop in the cavities. This mechanism is
pronounced in cases where oxide Tayers are non-protective (open
(propagating) oxide cracks) since the partial pressure of oxygen at

the metal/oxide interface approaches the atmospheric value.

The mechanism of surface and internal oxidation driven crack
nucleation and growth is 1ikely to be present in the tread and
flange regions of railroad wheels, and would explain the large

number of fatigue cracks observed in service.

Further experiments are needed where isothermal fatigue and thermo-
mechanical fatigue under the absence of environment effects are
examined. This would allow a realistic assessment of the contri-

bution of oxidation to crack nucleation and growth.
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Table 1 Chemical Composition of Class U Wheel Steel

C Mn - Si - Cn Cr P S Ni Mo
0.64 0.8 0.2 0.08 0.06 <0.05 0.047 0.03 <0.02



Table 2 Isothermal Constant Amplitude Fatigue
Test Results ¢ = 0.02 sec™!

b}

d)

H

It

20°¢
pe/2 Ac/2 (MPa) Ne (cycles)
0.0015 344 1.30 x 108
0.0020 360 55102
0.0025 386 24046
0.0035 413 5503
200°C
aef2 Ac/2 (MPa) Nf(cycles)
0.0015 298 1.0 x 105
0.0020 375 196483
0.0025 385 27686
0.0035 454 11189
400°C
Ac/2 Ac/2 (MPa) Nf(cyc1es)
0.0015 285 1.71 x 108
0.0020 318 40354
0.0025 377 8502
0.0035 413 6262
600°C
Ae/2 A0/2 {MPa) Nf(cycles)
0.0015 173 27166
0.0020 165 7748
0.0025 219 6054
0.0035 255 2631
700°¢C
aef2 ao/2 (MPa) Nf(cycles)
0.0015 108 21486
0.0020 123 9633
0.0035 106 5629



Table 3 TIsothermal Constant Amplitude Fatigue
Test Results ¢ = 0.002 sec™ .

b)

c)

d)

f)

[t}

1)

It

It

20°C
Ae/2 Ag/2 (MPa) Nf(cycies)
0.005 459 2786
0.010 485 84
100°C
ae/2 Ag/2 (MPa) Nf(cyc1es)
0.010 568 245
200°C
Ae/2 Aaf2 (MPa) Ne(cycles)
0.005 542 2081
0.010 690 125
300°C
he/? ag/2 (MPa) Nf(cycIes)
0.010 728 89
400°C
e /2 Ag/2 (MPa) Nf(cyc1es)
0.002 307 19046
0.005 480 2323
0.010 566 309
500°C
Ae/2 Ac/2 (MPa) Ne(cycles)
0.clo 448 188



g)

h)

T

600°C

700°C

Ae/2

0.002
0.005

0.010

Ae /2

0.0035
0.002
0.010

Table 3 (Continued)

ac/2 (MPa) Nf(cyc1es)
168 4190
264 822
292 156

ha/2 (MPa) Nf(cycies)
94 2392
142 942
143 283
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b)

T

T

[}

]

400°¢

600°C

700°C

Table 4

Ae/2

0.0020
0.0035
0.0050

Ae/2

0.0020
0.0035
0.0050

bae/e

0.0020
0.0035
0.0050

Isothermal Constant Amplitude Fatigue
Test Results ¢ = 0.0002 sec ™

Ac/2 (MPa) Nf(cyc1es)
282 21000
359 1474
407 1370

aa/2 (MPa) Nf(cyc1es)
127 1286
155 700
105 228

ag/2 (MPa) Ne(cycles)
62 2600
70 1028

72 617

33
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Table 5 Strain-Life Equation Constants
for 1070 Steel ¢ = 0.02 sec

1(°¢) E(MPa) b c et of (MPa)
20 200860 -(}.093 -0.464 0.0996 958

200 198280 -0.095 -0.466 0.1005 1173

400 189340 -0.121 -0.630 0.4310 1255

600 145200 -0.141 -0.516 0.1575 647



400
600
700

Tahle 6 Strain-iLife Equation Constants

E(MPa)

189340
145200
116640

for 1070 Steel ¢ = 0.0002 sec'1

b ¢ €
-0.114 -0.526 0.1426
-0.004 -0.659 0.2583
-0.062 -0.752 0.9339

ot (MPa)

936
112
98
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Table 7 Thermo-Mechanical Constant Amplitude

Fatigue Test Results e. = 0.0002 sec™!

av
Temperature Mechanical o Ao N
SErain max f
Range (°C *m {MPa) {MPa) {Cycles)
150-450 0.0051 538 771 3048
150-500 0.0060 550 745 1524
150-600 0.0076 526 681 735
150-650 0.0085 517 668 436
150-650 . 0.0085 R22 674 573
150-700 0.0094 477 659 410
400-600 0.0034 358 465 2937
400-700 0.0051 354 449 1099
500-600 0.0017 188 264 10709
500-650 0.0026 245 335 2010
500-700 0.0034 250 334 1271

550-650 0.0026 131 177 13287
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Table 8 Thermo-Mechanical Block Loading Fatigue
Tests Results ¢ , = 0.0002 sec !

d

a) Major Temperature Range = 150°C - 500°C

Minor Cycles

Umax Ag
(MPa) {MPa}

Minor Major Cycles

Temperature Be Ymax Ao
Range {Blocks) (MPa) (MPa)
400°C - 500°C 325 + 545 744
350°C - 500°C 86 525 715
300°C - 500°C 68 545 739

+ no fajlure occurred

b} Major Temperature Range = 150°C - 600°C

174 296
309 472
394 562

Minor Cycles

Gmax Ao
(MPa) (MPa)

Minor Major Cycles

Temperature Be % max Ao
Range (Blocks) (MPa) (MPa)
500°C-600°C 144 484 661
450°C-600°C 62 508 654
400°C-600°C 21 531 676

160 250
252 354
330 447



Table 8

c) Major Temperature Range = 150°C - 650°C

(Continued)

Minor Major Cycles

Temperature Bs Imax o
Range {(Blocks) (MPa) {MPa)
550°C - 650°C g2 516 672
500°C - 650°C 38 526 676
450°C - 650°C 19 521 663

d) Major Temperature Range = 150°C - 700°C

Minor Cycles

%max Ag

(MPa) (MPa)

Minor Major Cycles

Temperature Bs Imax Ao
Range (Blocks) (MPa) {MPa)
600°C - 700°C 69 436 590

151 224
220 3G5
311 402

Minor Cycles

Gmax Ao

(MPa) (MPa)

108 162

38



Temperature
Range °C
150 - 500
150 - 600
150 - 650
150 - 700
500 - 600
550 - 650
Temperature
£0)
600

39

Table 9 Average Oxide Crack Spacing and
Oxide Intrusion Spacing

a) Thermo-Mechanical Constant Amplitude Loading

Oxide Oxide

Mechanical Crack Intrusion

Stgain Spacing Spacing
sI‘\'l !mml gmmi
0.0060 0.05 0.05
0.0076 0.10 0.10
0.0085 0.13 0.13
0.0094 0.24 0.24
0.0017 0.47 1.0
0,0017 1.0 1.0

b) Isothermai Constant Ampiitude Loading

Oxide Oxide
Mechanical Crack Intrusion
StEg1n Spacing Spacing
m gmm! gmm!

0.0070 0.20 0.35
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Table 10 Oxide Thickness, Intrusion Depth and Cavity Diameter
for Interrupted Isothermal Constant Amplitude Tests
T = 600°C; ae_ = 0.0070, & = 0.0002 sec™t

Oxide Intrusion Cavity
N N Time Thickness Depth Size
(Cycles) Ne (hours) (um) (um) (um)
70 0.10 1.5 35 40 <5
280 0.40 6.0 150 210 <5

700 1.00 15.0 550 800 15



N N
(Cycles) __ﬂf_
75 0.10
100 0.20
225 0.30
300 0.40
450 0.60
735 1.00

41

Table 11 Oxide Thickness, Intrusion Depth and Cavity Diameter

for Interrupted Thermo-Mechanical Constant Amplitude
Tests,

T = 150°C - 600°C

Time

{hours)

12
18
30

Oxide
Thickness

Lum)

15
21
16
35
40
50

Intrusion
Depth
{(um)

17
21
40
80
230

Cavity
Diameter

Lum)

15
30
50



Reaction
(a)
(b}

(c)
(d)
(e)

Table 12 Partial Gas Pressures

Partial Gas Pressure

p =
PCH4 -
co,

Pco
P

PS2
50,

7
6

PO Y

.4 X 107 Mpa

.0 x 102} mpa
6.7 x 10° MPa
.9 x 1011 mpa
.7 x 1027 MPa

42
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o0 um

- P
Circumferential Direction

Figure 1  Oxide Penetration and Crack Growth into Railroad Wheel Tread
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Typical Microstructure of 1070 Stea]

Figure 3
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Stress (MPa)

250 T ; T T T T
1070 Steel
- Constant Amp. IF .
T=600°C
- £€=00002 sect -
Stable
0
__250 1 | 3 1 ] 1
-0.005 0 0008

Mechanical Strain

(a) Isothermal Fatigue

Figure 8 Typical Material Response
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Stress (MPa)

500}~ Constant Amp. TMF

i

1070 Steel

Trmin=150°C
Tmax=600°C

€=0,0002 sec™*
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¢ ]

(o]

500

I |

"0.01

(b) Thermo-Mechanical Fatigue

Mechanical Strain

Figure 8

(continued)
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‘ Oxide Cracks
=
= (T emm—

T Str_aTifitedm,““"
! //:{, Oxide Pores
Layers ~ P

Figure 9  Schematic of Stratified Oxide Layer



Figure 10

-
Loading Direction

A, Buckled Oxide lLayer
B

. Non-propagating Oxide Cracks

™
*

Stratified Oxide lLayers

D. Wide Oxide Intrusion

Stratified Oxide Layer Observed in Isothermal
Constant Amplitude Loading, I = 600°C,

Ae = 0.0070, ¢ = 0.0002 sec™*, Test time = 16 hours
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01l mm

Loading Direction

Figure 11 Stratified Oxide Layer Observed in Thermo-Mechanical
Constant Amplitude Loading with T ean 400°C,
Toip = 500°C, Tpo, = 600°C, Test Lifé = 98 hours



Figure 12 Schematic of Non-Stratified Oxide Layer
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0.1l mm

-
| oading Direction

Figure 13 Non-Stratified Oxide Layer Observed in Thermo-Mechanical
Constant Amplitude Loading with T an < 400°C,
Tpin = 150°C, T = 600°C, Test LTR8 = 30 hours



(a)

Figure

Major Temperature Cycle: Tmin = 150°C, Trrlax = 600°C

Minor Temperature Cycles: T,.. = 500°C, Thax = 600°C

Major Temperature Cycle: Tmin = 150°C, Thax = 650°C
Minor Temperature Cycles: Tmin = 550°C, Tmax = 650°C

14 Non-Stratified Oxide Layers Observed in Thermo-

Mechanical Block Loading with aT_, = 100°C
minor



(a) Major Temperature Cycle: Tp;. = 150°C, T, = 650°C
Minor Temperature Cycles: Tmin = 500°C, Tmax = 650°C

(b) Major Temperature Cycle: T.. = 150°C, Thax = 650°C
Minor Tgmperature Cycles: Tmin = 450°C, Tmax = 650°C

Figure 15 Fragmented Oxide Layers Observed in Thermo-

Mechanical Block Load1ng.w1th ﬂTminor > 100°C



(a) Isothermal Zero Appiied Load Test
T = 600°C, Test time = 16 hours

(b) Thermal Cycling Zero Applied Load Test
Toin = 150°C, Thax = 600°C, Test time = 30 hours

Figure 16 Non-Stratified Oxide Layers Observed in
Zero Applied Load Tests



Figure 17 MnS Precipitate Particles Surrounded by
Ferrite Grains in 1070 Steel



(a) SEM Photograph of Cavity

lOym

(b) Oxygen Map of Cavity Area

Figure 18 Oxide Formation in Cavity




(a) 10 percent of life, Test time = 1.5 hours

(b) 40 percent of 11fe,'Test time = 6 hours

Figure 19 Oxide Growth During Interrupted Isothermal Fat
Tests, T = 600°C, ae = 0.0070, ¢ = 0.0002 sec™

1gue
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IF, 1070 Steel
T=600°C, N¢=700 cycles
e——0——= Oxide Thickness q
e == == |ntrusion Depth }]
== = Crack Length
|
1000+

10H

L/

0. 0.20 040 O.GQ 080 10

o Froc*{ion of lLn‘e c !

0 3 6 9 12 15
Time (hours)

Figure 20 Oxide Thickness (hy)s Oxide Intrusion Depth (hy),
and Crack Length (&) Ouring Isothermal Eat1gue Tests,
T = 600°C, Ae = 0.0070, ¢ = 0.0002 sec”
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—_— - e hg h
. ‘ T — i
Oxide =
o
Metal a
Stratified Oxide Layer (IF+TMF) ‘f
ho = Oxide Thickness
hi = intrusion Depth
a =Crack Length

Figure 21 Definitions of hys hy, and a for Stratified Oxide Layers
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ZOpm

(a) 10 percent of 1ife, Test time = 3 hours

1

20m

(b) 20 percent of life, Test time = 6 hours

Figure 22 Oxide Growth During Thermo-Mechanical Fatigue_ Tests,

Tmin = 180°C, Thax = 600°C, éav = 0.0002 sec~



(c) 40 percent of life, Test time = 12 hours

(d) 100 percent of Tife, Test time = 30 hours

Figure 22 (continued)
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Non- Stratified Oxide Layer (TMF)
ho = Oxide Thickness

hi = Intrusion Depth

o = Crack Length

Figure 23 Definitions of ho, hi' and a for Non-Stratified Oxide Layers
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TMF, 1070 Steel
TMn:15O°C
Ty = 600°C, N¢=735 cycles /5

—{— Oxide Thickness
o w e e |Ntrusion Depth

1000 =<0-— Crack Length /

Length (pm)
o
S
]
\
|

, ] i i |
1O 020 040 060 080 10

: Frqc’rion of Life | :
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Figure 24 Oxide Thickness (h,), Oxide Intrusion Depth (hy), and
Crack Length (a) during Thermo-Mechanical Fatigue Tests,
= 150°C, Tg,, = 600°C, s = (0.0002 sec

Or



{(a) Virgin sample R (b}
Test time = 0 hours 10 fem

{c) 20 percent of 1life (d)
Test time = 6 hours

Figure 25 Cavity Formation and Growth During Thermo-Mec
Tqin = 190°C, Tmax = 000°C, Cav = 0.0002 sec
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10 percent of life
Test time = 3 hours

40 percent of life
Test time = 30 hours

Tanica1 Fatigue Tests,



(e)

60 percent of 1ife, Test time = 18 hours

100 percent of 1ife, Test time = 30 hours

Figure 25 (continued)
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Temperature (°C)
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650 ; , :
\ L
S—— > IF
550} —~ ~ ]
T
—
450 TM,_—\\ -
1070 Steel, Oxide Strains
30 |F T=600°C .
TMF, Tmin=400° C
250 Tmax=000°C .
150 l | |
-0004 -0.002 0 0.002 0004

Mechanical Strain

Figure 26 Axial Oxide Strains for IF and TMF (T

mean

> 400°C)
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Cavity Diameter {(pm)

60 L - ] LA T I [

1070 Steel ’
Thermo-Mechanical
O T = 150°C

T mox =0600°C

N¢ =735 cycles

40+ -
30 -
B Pearlite A
Structure
20— e e — —_—— e e e e
Ferrite Grain Size
10+ —

IMlnS Porticlle Size

1 l 1 l I
. OO 0.20 040 060 0.80 1.0
N/N;
L | | ! | !
0 6 12 18 24 30

Time (hours)

Figure 28 Cavity Growth during Thermo-Mechanical Fatigu? Tests,
Toin = 150°C, Tpa, = 600°C, e = 0-0002 sec”

/3



74

APPENDIX 1

Partial Pressure Calculations
The reactions under consideration include:

(&) Fe3C(s) + ZHz(g) + 3Fe(s) + CH4(g)
() C(s) + 0,(t) ~ CO,(g)
(€)  C(s) + 3 0,(g) + CO(g)
(d)  MnS(s) + 3 0,(g) » MnO(s) + % 5,(9)
() MnS(s) + % 0,(g) + MnO(s) + $0,(g)

The partial pressure, P, of the product gas in the above reactions
is related tc the fugacity of the reactions, f, and the activity

coefficient, 1, in the following manner [40}:

f

rP,

where the value of r is 1 for low partial gas pressures. For the

general reaction,

A(s) + mB(g) -~ C(s) + nD(g),

the partial pressure, P, of the product gas D may be calculated as

follows [40]:
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where K = exp (-AGO/RT). The values of the activities ay and ap are
assumed to be approximately 1 in these calculations. For reactions (b)
through (e), the values of G, may be found in Ref. 53. For reaction
(a), the value of K may be found directly in Ref. 54. Table Al 1lists
the values of Go’ K, PB’ and PD for the reactions under consideration.
The temperature used jn all calculations was 600°C and the partial
pressures of the reactant gases were assumed to be those found in the

atmosphere.



Reaction
(a)
(b)
(c)
(d)
(e)

AG

-94375
-44989
-26100
-97600

Table Al
K Py
(wpa~t) (MPa)
2.9 x 1022 5.0 x 1078
3. x 1073 0.02
1.5 x 10!l 0.02
3.1 x 108 0.02
1.9 x 1024 0.02

76

MPa
7.4 x 107
6.0 x 1081
6.7 x 10%
1.9 x 1ol
1.7 x 1022
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