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Abstract

Constant amplitude axial fatigue tests were conducted on SAS533B3 steels with four levels of sulfur content at room
temperature and 300 °C. Fatigue life was significantly affected by the inclusions. Fractographic examination results
suggested that inclusions near the specimen surface served as the crack initiation site for a majority of the fatigued
specimens tested at room temperature and that for those tested at 300 °C, some cracks were identified to initiate around
the inclusions even in the interior of the fatigued specimens. Under the cyclic deformation, the dynamic strain aging
(DSA) prevailed in the first few cycles at 300 °C, then the interactions among dislocations became dominant. Carbide or
nitride precipitation in SA533B3 steels was enhanced synergistically by thermal energy and mechanical stress. It was
shown that the combined effects of DSA and grain size reduction are responsible for the better fatigue resistance of

SA533B3 steel at 300 °C.
© 2003 Elsevier B.V. All rights reserved.

PACS: 61.72.Ff; 61.72.Qq; 62.20.Fe; 62.20.Mk

1. Introduction

SA533B3 steel is the material most commonly used
for nuclear reactor pressure vessels (RPV) whose integ-
rity governs the safety of nuclear power plants. Fatigue
is one of the main degradation mechanisms affecting the
pressure vessel integrity of pressurized water reactors
(PWR) and boiling water reactors (BWR) [1-10]. The
most significant metallurgical variables affecting fatigue
strength are manufacturing defects. Inclusions in steels,
particularly sulfides, serve as crack initiation sites and
sources of enhanced crack growth rates [2,3,11-13]. The
nuclear plants were built in different periods of time. In
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the early stage little attention was paid to the sulfur
content in the manufacturing of steels [14,15]. In the past
30 years, low-cycle fatigue behavior of the pressure
vessel steels in high-temperature and high-pressure water
environments was extensively studied [16-18]. Corrosion
fatigue was generally performed under the conditions of
low frequency and slow strain rate. The low frequency
or slow strain rate provided a long-term interaction
between sulfides and the water environment that would
shorten the fatigue life of pressure vessel steel [17].
However, little work has been done to study the high-
cycle fatigue behavior of RPV steel. Cyclic deformation
in this study was conducted at a relatively higher strain
rate than that for corrosion fatigue. To investigate the
effect of sulfide on cyclic deformation behavior at room
temperature and 300 °C, reactor pressure vessel steels,
SA533B3, with four levels of sulfur content, were stud-
ied. In this paper, fatigue behavior was investigated
in air. The effects of water chemistry environment and
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cycling frequency on fatigue performance will be inves-
tigated and reported in subsequent papers.

Light water reactor pressure vessels are operated at
about 300 °C, where carbon atoms in the steel matrix
can interact with dislocations to form Cottrell atmo-
spheres. Dynamic strain aging is the phenomenon
commonly observed with low carbon alloy steels at a
temperature range from 150 to 340 °C [19-23]. The dy-
namic strain aging phenomena are characterized with
the increase of strength, reduction of ductility and dis-
continuous yielding during the serrated flow known as
the Portevin—Le Chaterlier effect. The higher fatigue
resistance of SAS508 class 3 steel tested under the low-
cycle fatigue conditions at 300 °C has been accounted
for by the dynamic strain aging effect [19]. The strain
rate for high-cycle fatigue testing is generally higher than
that for low-cycle fatigue. Does dynamic strain aging
still have an effect on the high-cycle fatigue resistance of
SA533B3 steels? A microstructural evolution, with
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), has been studied to account
for the improved fatigue resistance of SA533B3 steels

Table 1
Chemical compositions of SA533B3 steels

tested at 300 °C than those tested at different tempera-
tures.

2. Experimental procedures
2.1. Materials

SA533B3 steel plates with four sulfur content levels
ranging from 0.006 to 0.034 wt% were manufactured by
the China Steel Corporation according to the specifica-
tions of ASTM AS533. The materials were rolled from a
thickness of 150 to 13 mm and solution treated at 900 °C
for 1 h, then quenched and tempered at 670 °C for 1 h.
Their chemical compositions and mechanical properties
are given in Tables 1 and 2, respectively.

2.2. Metallographic and fractographic examinations
To reveal MnS morphology and precipitates distri-

bution, the as-received and fatigued specimens were
polished following standard metallographic practice,

Designation  Composition (wt%)

C Si Mn P S Ni Mo Al N Cu Fe
11 0.207 0.22 1.28 <0.02 0.006 0.61 0.52 0.015 0.005 0.03 Balance
12 0.203 0.23 1.34 <0.02 0.015 0.50 0.53 0.015 0.005 0.01 Balance
13 0.200 0.22 1.29 <0.02 0.027 0.62 0.51 0.013 0.005 0.04 Balance
14 0.214 0.22 1.29 <0.02 0.035 0.61 0.51 0.012 0.005 <0.05 Balance

Solution treated at 900 °C for 1 h, then quenched and tempered at 670 °C for 1 h.

Table 2
Mechanical properties of SA533B3 steels

Designation  Temperature Ultimate tensile Yield strength Total elongation Uniform elon-  Charpy energy (J)
0, 0, M () _—
(°C) strength (MPa) (MPa) (%) gation (%) 40 °C 260 °C
11 25 722.0%£2.7 650.0%0.0 29.5+0.2 10.2+0.3 103 69
150 7185+ 1.5 632.5+2.5 22.0£0.2 7.6£0.4
300 751.5%£0.5 600.0 0.0 30.2£0.2 11.0+0.2
400 665.8 546 29.2 7.9
12 25 715.6£0 645.0%5.0 29.0%0.1 10.2+0.1 49 43
150 683 605 22.7 8.8
300 727.1 573.0 30.2 11.7
400 629.5 510 28.9 7.3
13 25 714.6 £4.6 640.0£10.0 28.9+0.1 9.7+0.5 30 23
150 690.0 618.0 19.6 7.9
300 740.0£3.0 584+4 28.7+1.0 11.4£0.2
14 25 722.1+1.0 644.0+11.0 28.1£0.3 9.6%0.3 31 23
300 742.5 583 28.6 11.46
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Fig. 1. Dimensions of the fatigue specimen.
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then etched in a 5 vol.% Nital solution (5 vol.% nitric
acid and 95 vol.% ethanol) for about 20 s and examined
with optical and scanning electron microscopy. After
fatigue tests, the fractured specimens were further in-
vestigated with scanning electron microscopy.

2.3. Cyclic deformation test

According to the ASTM E 466 specifications, plate-
type fatigue specimens with a gauge length of 30 mm
and thickness of 5 mm were manufactured, as shown in
Fig. 1. Before fatigue testing, all specimens were well
polished as per the recommendations of ASTM E 466.
Constant amplitude axial fatigue tests at room temper-
ature and 300 °C were performed with a 100 kN MTS
810 close-loop servohydraulic machine under a sinusoi-
dal load control and at a load ratio R (= 0min/0max) Of
0.2, frequency of 20 Hz. The specimens were heated to
300 °C and then maintained for 2 h to homogenize the
temperature distribution. The steel specimens were loa-
ded in the rolling direction. Fatigue tests were stopped
when specimens broke or the fatigue cycles reached 107
cycles. Based on test results [6], if a specimen could
withstand the fatigue test to 107 cycles, it would last out
the test well over 1x10® cycles. So, in this study, the

Table 3
Microhardness (Vickers) of SA533B3 steels

fatigue strength at the level of 107 cycles was taken as the
pseudo-fatigue limit.

2.4. Microhardness test

Vickers microhardness testing was conducted on the
as-received, fatigued and tensile fractured specimens
surface with different sulfur content levels. The hardness
measurements were made at locations away from the
necking region to avert the plastic deformation compli-
cations. The microhardness testing was performed at a
deadweight of 300 g, loading speed of 100 pum/s and
loading time of 10 s. The results were summarized in
Table 3.

2.5. Transmission electron microscopic examination

To examine the fatigue effects on the evolution of
the dislocation structure, TEM samples were cut from
different locations along the fatigue-tested specimens
with their sample surfaces normal and parallel to the
loading axis, respectively. The TEM samples were pol-
ished with fine emery paper to a thickness of 0.1 mm,
then chemically thinned with a double jet polishing
machine in 10 vol.% perchloric acid (HCIO4) and 90
vol.% methanol (CH;OH) at —30 °C. The current was
controlled at approximately 0.1 A and voltage 10 V. The
transmission electron microscope used in this study is a
JOEL 2000FX operating at 200 kV.

3. Results and discussion
3.1. S—N curves

The S-N curves for SA533B3 steels with four levels
of sulfur content at room temperature and 300 °C in air

Sample designation Average Vickers hardness

G (ASTM grain size no.) Average diameter (pm)

11 218.6%5.5
2 217.6% 1.4
13 214.7£6.0
14 222.4+2.6
TI4U1 218.5%3.0
HFII (669.5 MPa) 28.7+2.1
HFI1 (682.5 MPa) 2277421
THFII (650 MPa) 263.7+4.0
THFI1 (669.5 MPa) 264.7+5.4
THFII (682.5 MPa) 255.1£4.0

Heat treated at 300 °Cfor 140h  224.0£54

11.9 5.8
N.A. N.A.
N.A. N.A.
N.A. N.A.
13.4 3.5
13.3 3.6
N.A. N.A.
N.A. N.A.
13.8 3.0
N.A. N.A.
12.9 4.1

11, 12, 13, 14: As-received, TI4U1: tensile tested at 300 °C, HFI1: fatigue tested at room temperature, THFI1: fatigue tested at 300 °C

applied maximum stress (o,,.x) Were noted in parentheses.
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are shown in Fig. 2. The fatigue limit is observed around
650 MPa at room temperature. There is no significant
difference between the S-N curves for the steels with
various sulfur contents. The data were observed to
scatter around the fatigue limit. At different stress levels,
the standard deviations of the fatigue life for SA533B3
steels with four sulfur contents were calculated accord-
ing to the conventional statistical equations.
Mean value of log-life:

standard deviation of log-life:

6=

n—1

> _(logN; = NY?, (2)
=1

where 7 is the number of tests and »; is the measured
fatigue life.

Demonstrated below are the examples for SA533B3
steels at different stress levels.

B
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Fig. 2. S-N curves of SA533B3 steels with four sulfur content levels at room temperature and 300 °C.

Table 4

Effects of inclusions on fatigue life for SA533B3 steels
Sample no. Frequency (Hz) Maximum stress (MPa) N; (cycles) Remark?®
HFI2-4 20 650 354,297 w
HFI2-5 20 650 10000000 wlo
HFI3-15 20 656.5 292051 w
HFI3-11 20 656.5 10000 000 wlo
HFI14-3 20 656.5 181873 w
HFI14-4 20 656.5 333284 wlo
HFI14-2 20 669.5 206071 w
HFI4-5 20 669.5 431894 wlo

*w = with inclusions at the crack initiation site, w/o = without inclusions at the crack initiation site.
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Fig. 3. Fatigue fracture surface of the 12 specimen at 300 °C: (a) overview of fracture surface, (b) fatigue crack initiated at inclusions

and (c) inclusions at a higher magnification (A =inclusion).

and
at o = 656.5 MPa, N= 5.943, 6 = 0.690. (4)

Apparently, the higher the maximum applied stress, the
smaller the scatter of the fatigue life data. The reason
why the fatigue life data are more scattered at low stress
is that at lower stresses, the fatigue life is generally
controlled by the crack initiation behavior. Crack initi-
ation is very sensitive to the specimen surface conditions
and the amount and distribution of inclusions
[2,3,11,12], which could vary significantly from specimen
to specimen, as shown in Table 4. At higher stresses, the
fatigue life is greatly influenced by crack propagation
characteristics, which are not sensitive to specimen
variation. Therefore, the fatigue data at lower stresses
are more scattered.

The fatigue limit for the R ratio of 0.2 is around the
level of the yield strength. A small amount of plastic
deformation was observed in the first few cycles [5,6],
then became saturated till final rupture. The reduction
of area for the unbroken fatigue-tested specimens is
around 0-9%, which depends on the loading level. In
this work, the applied stress, higher than the yield
strength of the RPV steels, will induce strain hardening
in the first few cycles. The yield point becomes higher
with cyclic loading when the applied stress is higher than
the yield strength due to strain hardening. After the first
few cycles, the applied stress remains below the hard-
ened yield strength and most of the fatigue cycles result
in little plastic deformation. Thus, the fatigue life could
last up to more than 10° cycles, which is the lower limit
for high-cycle fatigue.

The fatigue limit for the steel with sulfur content
higher than 0.006 wt% at 300 °C and the R ratio of 0.2 is
around 669.5 MPa which is slightly higher than that
tested at room temperature, 650 MPa. The fatigue limit
for the steel with sulfur content 0.006 wt% is even
higher, up to 702 MPa. This result suggests that the

effect of sulfur content on fatigue life became saturated
when the sulfur content is higher than 0.01 wt%, which is
consistent with the corrosion fatigue behavior of the
SAS533B3 steel in the high-temperature and high-pres-
sure water environment [10,16].

3.2. Effects of inclusions on fatigue life

Previous results show that inclusions have a delete-
rious effect on the fatigue life of steels [2,3]. SEM frac-
tographs of the fatigued specimen at 300 °C, Fig. 3,
indicate that the fatigue crack initiated around inclu-
sions. The inclusions were randomly distributed in the
interior of the specimen and around the surface. They
were analyzed by the energy dispersive spectrum, EDS,
to be composed of O, Al, S, Ca, P, and Mn, as shown in
Fig. 4. Sulfur can easily react with Mn, Ca, Si, and Al to
form hard, brittle compounds [24,25]. Over one hundred
fatigued specimens were examined, the results show that
no fatigue crack initiated at the inclusions of the speci-
mens with a sulfur content level 0.006 wt%. It could be
explained by the observations that the sulfide distribu-
tion becomes sparse and that the inclusions are relatively
small when the sulfur content level is below 0.01 wt%, as
demonstrated in Fig. 5. The results of Charpy impact
tests also show that the Charpy energy drops dramati-
cally when the sulfur content level is higher than 0.006
wt% and become saturated with sulfur content higher
than 0.015 wt%, as shown in Table 2.

3.3. Dynamic strain aging, carbidelnitride precipitation
and grain size reduction

The fatigue strength and fatigue limits of SA533B3
steels at 300 °C are apparently higher than those tested
at room temperature. This could be due to the increase
in the ultimate tensile strength at 300 °C, as listed in
Table 2. The negative strain rate sensitivity was observed
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Fig. 4. Energy dispersive spectrum for the compositions of inclusion shown in Fig. 3.

at 150 and 300 °C, at which the tensile strength in-
creased with decreasing strain rate, as shown in Fig. 6.
Furthermore, the serrated flow was observed on the
tensile stress—strain curve with strain rates of ~1-
5x 107" s7! at 300 °C. It is well established that the
negative strain rate sensitivity and serrated flow are the
common characteristics of dynamic strain aging (DSA)
[26,27]. Kim and coworkers [19,28] demonstrated that

(d) S 0 035 wt%

(c) S=0.027 wt%
Fig. 5. Metallographs of SA533B3 steel with different sulfur

contents: (a) I1, (b) 12, (c) I3, (d) 14 (the arrows indicate the
sulfide).

the dynamic strain aging would improve the low-cycle
fatigue resistance and deteriorate the fracture toughness
around 300 °C for the pressure vessel steel SA508 class
3. Mohan and Marschall [29] also reported that carbon
steels, which are susceptible to dynamic strain aging,
exhibit improved strength, creep resistance and fatigue
resistance within the DSA temperature range. The phe-
nomena of DSA are believed to be associated with the
interactions between moving dislocations and solute
atoms. Dynamic strain aging may occur when the dif-
fusion rate of interstitial atoms keeps pace with the
moving dislocations. The data in Table 2 were obtained

800

Strain Rate

y 54015
11071
760 — T 4103

True Stress (MPa)
~N
3
|

680 —

T T T T T T T
0 100 200 300 400

Temperature (°C)

Fig. 6. Strain rate effects on the true stress at true strain 7% for
12 specimen.
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at a nominal strain rate of 4x 1073 s~!. It is reasonable
that DSA occurs at such a strain rate [19,28]. But in this
cyclic deformation, the strain rate measured using a
high-temperature capacitance type extensometer was to
be at ~1x 107! s7! at 300 °C. At such a high strain rate,
does DSA still occur and have effect on the fatigue re-
sistance of SAS533B3 steel? From Fig. 6, the negative
strain rate sensitivity was observed at 300 °C, and the
serrated flow was noted at the strain rate 1 x 107! s7! for
the monotonic loading. Serrated flow was also observed
on the hysteresis stress—strain curves for the first 12 cy-
cles of the fatigue tests at 300 °C, as exemplified in Fig.
7. After 12 cycles, the interactions between the solute
atoms and the dislocations became saturated and cyclic
stress induced multiple dislocations. The interactions
between dislocations became dominant, thus serrated

flow disappeared, as shown in Fig. 7(a) and (c). For the
first 12 cycles, the additional strain increment was ob-
served during unloading, as shown in Fig. 7(b). That
could be accounted for by the dragging stress between
the solute atoms and dislocations. The dislocations were
dragged by the solute atoms during loading that resulted
in different levels of dragging force upon the dislocations
by the solute atoms. Under loading, the leading dislo-
cations moved forward with smaller drag force than
the dislocations following behind. Upon unloading, the
leading dislocations kept moving forward because of the
inertia, but the dislocations following behind reversed
their moving direction by dragging force. Thus, a small
strain increment was observed with each unloading on
the hysteresis stress—strain curves. This result is consis-
tent with those observed by Liaw and coworkers [5,6].
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3 5
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Fig. 7. Stress—time and hysteresis curves for I1 specimen at 300 °C: (a) stress—time curve, (b) hysteresis curve for the third cycle, and (c)

hysteresis curve for the 24th cycle.
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Fig. 8. Strain increment during the unloading of the first 12
cycles for 11 specimen fatigued at 300 °C.

The strain increment during unloading increased to
larger values in the first 5 or 6 cycles and then decreased
quickly with the fatigue cycles, as shown in Fig. 8. From
the above discussion, it is believed that DSA indeed
occurred in the first few cycles and could have effects on
the fatigue resistance of SA533B3 steel at 300 °C.

In addition to the DSA effect on the fatigue resis-
tance, microstructure examinations using SEM show
that the carbide or nitride precipitation could play a role
in the steel fatigue behavior, as shown in Fig. 9. The
precipitation is much less significant in the as-received
SA533B3 11 steel specimen, Fig. 9(a), than those tensile
tested at 150 and 300 °C, as illustrated in Fig. 9(b) and
(c), respectively. Fatigue testing at 300 °C for 107 cycles
induced more carbide or nitride precipitates and a sig-
nificant reduction in grain size than tensile testing did, as

demonstrated by a comparison of Fig. 9(b), (c) and
10(a). Which factor, temperature or mechanical stress or
both, would have a more significant effect on the pre-
cipitation of SA533B3 I1 steel? The metallograph for the
SA533B3 11 steel specimen heat-treated at 300 °C for
140 h, which is equivalent to the elapse time of fatigue
test for 107 cycles, was compared to those of the fatigued
specimen at room temperature, as shown in Fig. 10(b)
and (c). The precipitation did not increase significantly
in both conditions. From Figs. 9 and 10, the precipita-
tion of SA533B3 steels strongly depends on the syner-
gistic effects of temperature (at 150 and 300 °C) and
mechanical stress (static and cyclic). Thermal energy (at
300 °C) or mechanical stress alone would not enhance
the precipitation significantly. However, the hardness of
the specimens subjected to the fatigue test at 300 °C for
107 cycles indeed increased as shown in Table 3. Rao
et al. [26] reported that the cyclic deformation enables
the massive precipitation to proceed quickly because of
the enhanced diffusion of solute elements with the aid of
non-equilibrium vacancies generated during deforma-
tion. The precipitates of tempered martensite will
decrease the strength of the steel. The precipitates in
high-cycle fatigued SAS533B3 steels also decrease the
strength in a way similar to the tempering of martensite.
The strengthening of martensitic steel is due to solution
hardening, in which solute atoms (carbon or nitrogen)
are trapped in the solid solution leading to lattice dis-
tortion. While carbides or nitrides precipitate at 300 °C,
the strength naturally decreases as a result of the re-
duction of lattice distortion. But the grain size reduction
generally increases the strength of the steel. Thus, the
hardness as revealed in Table 3, is the combined effects
of grain size reduction and carbide or nitride precipita-
tion. From the above discussions, it could be inferred
that the higher fatigue life for SA533B3 steel at 300 °C
was the result of combined effects of DSA and grain size

Fig. 9. Microstructural features of 11 specimen: (a) as-received, (b) tensile tested at 150 °C, and (c) tensile tested at 300 °C.
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Fig. 10. Microstructural features of I1 specimen: (a) fatigue tested at 300 °C, (b) fatigue tested at room temperature, and (c) heat
treated at 300 °C for 140 h.

reduction. The increased strength of SA533B3 steel, in
turn, improved the fatigue limits for the specimens at
300 °C relative to those at room temperature.

3.4. Dislocation structure and sub-grain misorientation

A lot of researchers [3,11,30-36] have observed a
strong dependence of dislocation structures on the fa-
tigue test conditions. The fatigued specimens were ex-
amined by TEM and the misorientation between two
neighboring sub-grains also analyzed. In order to pre-
vent the final plastic deformation complicating the fa-
tigue structure, the sampling positions should be as close
to the final fracture site as possible, but kept away from
the necking region. Fig. 11(a)-(d) are the TEM micro-
graphs typical of the as-received and the fatigued spec-
imens at room temperature, respectively. A significant
number of particles were observed to precipitate along
the sub-grain boundary and grain boundary. As with the
observations made by scanning electron microscopy,
precipitates were distributed along the grain boundary
and in the interior of grains. Further details of the
precipitates along the sub-grain boundary have been
revealed through TEM examinations. No apparent dis-
tinction was found of the morphology of precipitates
before and after fatigue tests at room temperature. This
result is consistent with those observed by Fukuoka et al.
[31]. However, the grains became smaller and elongated
in their major axis after fatigue tested at 300 °C, as
shown in Fig. 11(e) and (f), which is consistent with the
SEM examinations as shown in Fig. 10(a) and also in
good agreement with the higher hardness values sum-
marized in Table 3. The cyclic loading at 300 °C induced
numerous dislocations, dislocations tangling and poly-
gonization as well as carbides/nitride precipitates at the
sub-grain boundary and grain boundary. The sub-grain

boundary became more discernible with the cyclic de-
formation through SEM examination, as shown in Fig.
10(a). That could be accounted for by the theory that the
sub-grain boundary accommodated more dislocations,
leading to the increase in the sub-grain boundary energy.
The sub-grain boundary for the fatigue-tested specimens
at 300 °C was easily etched in the Nital solution. The
sub-grain boundary could be regarded as the grain
boundary to impede the dislocation motion. The smaller
grains improved the material strength and hardness,
thus increasing the fatigue resistance.

Based on one-parameter selected area diffraction
(SAD) examinations of the fatigued specimens, Fu-
kuoka et al. [33] proposed that the misorientation, O,
increases with fatigue damage accumulation even below
the fatigue limit, exclusive of those tested at stresses
lower than 50% of the fatigue limit. In this study, an
SAD analysis, using a technique integrating Fukuoka’s
approach with the double-tilt method, was performed to
evaluate the fatigue loading effects on the misorienta-
tion. @, was determined by double exposure of
the neighboring sub-grains at the same negative film.
The double-tilt method was employed to examine the
neighboring grains by adjusting 0, and 6. till both sub-
grains displayed the same zone axis and symmetrical
diffraction pattern, as illustrated in Fig. 12. Misori-
entation was then calculated by a three-dimensional

formula of /62 + @i + ©2. In this work, the misori-

entation ranges from 1 to 5°. From TEM results, it is
very difficult to tell any distinction of misorientation
before and after fatigue tests, although misorienta-
tion increases with the grain boundary energy [37].
There are a large number of precipitates inhomoge-
neously distributed in the grain boundary and sub-grain
boundary of SA533B3 specimens. Complicated defect
structures of precipitates, dislocations, dislocation cells
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Surface

Cross section

Fig. 11. TEM images of SA533B3 showing sub-grain structures in (a) and (b) as-received specimens, (c) and (d) fatigued specimens
with o = 682.5 MPa at room temperature and (e) and (f) fatigued specimens with g,,,x = 669.5 MPa at 300 °C (all the scales are the

same).

and sub-grains were observed to be prevalent in both the
as-received and fatigued specimens. Currently, there is
no general theory/model available to account for the
observed defect structures.

4. Conclusions

(1) At room temperature, the fatigue limit for the
SA533B3 steels was observed to be 650 MPa, around the
yield strength and showed little or no dependence on
sulfur content. At 300 °C, the fatigue strength and fa-
tigue limit (669.5 MPa) was higher than those tested at
room temperature, specifically the fatigue limit for the
SA533B3 steel with a sulfur content 0.006 wt% is even
higher, up to 702 MPa.

(2) Fatigue life is significantly affected by the inclu-
sions which are composed of O, Al, S, Ca, and Mn. The

inclusions were randomly distributed either on the sur-
face or in the interior of the specimen. A great number
of fatigue specimens tested at room temperature show
that the fatigue cracks initiated at the sites of inclusions.
At 300 °C, the crack were observed to initiate at the
inclusions even in the interior of the specimen.

(3) Fatigue resistance of SA533B3 steel at 300 °C was
improved by the combined effects of dynamic strain
aging (DSA) and grain size reduction.

(4) Thermal energy and mechanical stress synergisti-
cally enhanced the precipitation of SAS33B3 steel. A
great number of precipitates were found distributed
along the sub-grain boundary. There was no or little
change of the morphology of precipitates before and
after fatigue tests at room temperature, but the grains
became smaller and elongated in their major axis of the
fatigued specimens at 300 °C. The misorientation be-
tween two neighboring sub-grains ranges from 1 to 5°,
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Fig. 12. Demonstration experiments showing the procedures of
measuring three angular deviations (@,, ©. and 6,): (a) TEM
bright-field image with inset diffraction patterns showing grain
A very close to zone axis, while grain B close to [1 1 1] zone axis.
(b) TEM bright-field image after tilting grain B through @, and
0. to the beam direction very close to [111] zone axis. (c)
Superimposed diffraction patterns (very close to [111] zone
axis) from grain A and grain B for measuring 0,.

bears no obvious relation to the accumulated fatigue
damage.
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