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ABSTRACT

Fatigue test bars fabricated from a SA508 class 3 low carbon steel plate
were cyclicly deformed at 300°C (constant low cyecle fatigue, total strain
range Ae-0.78%, 0.48%) to crack initiation {100% cumulative damage, CD} and
to the ractors, 75, 50, and 25% CD. The test bars were, cut perpendicular
to the stress axis at the center of the gauge length. The XRD (X-Ray
Diffraction line-broadening) was performed on the cross sections created by
the cuts. Thin foils (~0.1um thick) were prepared from each cross section,
and used for the TEM and SAD (Selected Area Diffraction) study. The half-
value line breadth change measured by the XRD increased with the CD
inerease up to 50%, beyond which a significant reduction was obszerved for
the 75, and 100% CD sample regardless the incident L-ray beam angle. By
the TEM, the undamaged material (0% (D) was characterized by high angle
boundaries, small carbide precipitates, and dislocation cell was net works
in grains. These characteristies did not show any appreciable changes in
all samples with fatigue damage of the respective levels. Micrao-
orientation changes of the dislocation cells studied by the SAD of the
Toils and a statistical data analysis clearly demonstrated that the mean
orientation difference in the cells, and its standard deviation increased
gradually as the CD increased.

1. INTRODUCTION

The objective of the present study is to identify effective methods of
measuring the fatipgue damage accumulation state in a typical pressure
vessel material by microstructural examination. The ASME Boiler and
Pressure Vessel Code section Il for the design and use of components
subjeect to fatigue in service relies on the standard fatigue ftest data,
namely cyelic strain, S, versus number O eycles, N. The microstructure
change 1n the fatigue process created by induced dafects and their
distribution in the material would represent a realistic picture of the
damage accumulation state, but has not been well investigated for
engineering materialsi-3, Several techniques for the damage assessment have
been found effective to detect cracks and voids, but in general ineffective
for deteection of microstructural changes due to relatively small
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signal/noise ratio. The observations and analyses, tend to be often
conflicting in literatures and to date have difficulty in quantifying
mechanisms with respect to the fatigue damage accumulation.

It is intended in this paper to demonstrate the capability of the SAD
method in guantitative detection of damage.

2. EXPERIMENTAL

Fatigue test bars were machined from a SA508 class 3 low z2lloy steel plate
used for reactor pressure vessels. Fatigue damages were induced Iin the
test bars by constant strain low cycle fatigue with two total strain
ranges, As=0.78%, 0.48% to crack initiation (100% cumulative damage, CD),
and to the factors, 75, 50, and 25% CD. The CD level was determined by the
numher of cycles relative to that of the crack initiation. The tests were
performed in a closed-loop electrohydraulic machinz under triangle push-
pull strain controlled eondition at 300°C. The frequency of g¢ycling was
0.1% strain/sec. The test resulis are summarized in Tahle 1.

411 the test bhars were cut at the center perpendicular to the stress
axis. An additional cut was made for the 100% CD bar ab the location where
the cracking took place. The XRD was conducted on the cross-gection planes
made by cutting and electro-pelishing, measuring line broadening of the
diffraction peaks from (211) planes. The equipment used for the XRD was
Rigaku~PSPC/MSF systemm operated at 0.3KW with a c¢r-K§ target. The
measurement was done at incident beam angles, ¢, 30, and U5 degree relative
to the normal of the cut planes.

Small disks (3mm¢XO0.immt) were made from Imm thick plates ocut parallel
to the eross sections at which the XRD measurements were done. The foil
gamples of 2~1000A thick were prepared by c¢lectro-polishing the small
disks, and supplied for the TEM and SAD using Hitachi T700H operated at
200KV. The procedure of the SAD method used in this study is schematically
illustrated in Figure 1., The SAD was performed inside of graing at <1115
diffraction orientation. 1In each grain a large number of dislocation cell
structures were observed by the TEM as shown in Figure 2. Placing a
selector aperture which covered few cell structures, small differences of
erystallogrpahic orientation among the cells appeared as small displacement
of the diffraction spot, and the pattern was recorded on a negative film,
The selector aperture, then, was placed in the neighboring area, and the
diffraction pattern was recorded on the same negative. Thig SAD was
repeated five times exposing one negative for diffraction spots of five
different areas. The maximum angular deviation, ©, on one negative where
the five diffraction patterns were superimposed was measured as seen in
Figure 3, and regarded as cne data. This five-diffraction superimposition
procedure was repeated about twenty times for <i11> oriented grains Cound
in a set of foils made from each fatigue bar at respective CD level, and
thus twenty data originated from 100 SAD were collected. A statistical
analysis for the data was made by the normal distribution plot from which
the mean value and the standard deviation of 8 was obtained for each CD.

Te compare the microstructure of Bsubsurface layers of Gthe fatigued
samples with the bulk microastructure for which all the other TEM and SAD
were performed, thin foil samples were made from the surface layers of
about ‘mm deep of the fatipgue tested bars with the 50 and 100% CD,

3. RESULT
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The result of the XRD measurement with incident beam angle at 30° for the
cross-section planes of the samples fatigued at the two sbrain levels is
illustrated in Figure 4. The diffraction lines with cother incident beam
angles displayed a similar dependence on the life fraection. The half-value
line breadth Increased with Increasing CD up o 50% beyond wich a
significant reduction was observed (the 75% and 100% CD sample}.

TEM microstructures of the undamaged material (0% CD) was characterized
by high angle grain (several pm size) boundaries, ecarbide precipitates
(~0.1 um), and dislocation wall cells (0.5 um) which in some diffraction
conditions were observed to be forming columnar parallel net works. The
structure was considered to be developed during the heat treatments Tor the
thick plate fabrication. The characteristics of the structure did not show
any appreciable changes in the TEM photographs taken from the samples
Ffatigued both at Ae=0.78% and at Ae=0.48% with the CD. If there was any,
the cell ©o gell contract increased slightly as the CD increased, which
could be noticed only to a TEM eupert.

The series of diagrams in Figure 5 are the 3AD data expressed in the
normal distribution plot for the samples fatigued at Ae=0.78% of 0, 50, and
the near crack of the 100% CD, respectively. One data point represents the
maximum angle difference, 06, obtained from one 5-3AD superimpesition. The
mezan value of the difference in the crystallographic orientation of each
dislocation cell, 8, and their standard deviations, ¢, were chtained from
the plots, and the correlations with the CD levels were illustrated
together with the lower strain range (As=0.48%) fatigue results in Figures
6 and 7, respectively. It can be seen that the statistical distribution of
the differénce 1in the ecrystallographic orientation of each cell is
initially narrow (0% CD}, and as the CD levels increases the mean value of
the difference increases as well as the width of the distribution
regardless of the used strain range levels.

4. DISCUSSIONS

The XRD measurement results described in Figure 4 was not clearly
understood; but confusing for the fatigue 1life assessment. One of the
reasons is considered to be 1€s inability to differentiate the structural
changes oceuring in betwWeen Che macroscopic and the microscopic scale,
Since the beam size used for the XRD is in the range of 0.1~10mm diameter,
the broadening of the diffraction line is related te inftegrated changes in
the macroscopic strain (sample surface to bulk, grain to grain, formation
of the persistent slip bands) as well as in the microscopie strain (in
grain, precipitation sub-grains, dislocation, transformation and ete.).
This would make the results a rather complex if a major changs in the
structure is not identified simultaneously. Since these was no significant
change observed in the present TEM, the reduction ¢f the line width may
have been associated with more macroscopic structural changes, but the
detail was yet to be known.

In the present study the TEM microstructures of the subsurface layers
about 1mm deep from the surfaces of 50 and 100% CD samples fatigued at

Ae=0.47 were observed to he close to those of the bulk, it ecan be
concluded that the migrostructure have no marked local variation in the
samples.

In the TEM microstructure, the initial dislocation cell structure was
surprisingly stable, and remained even in the 100% CD sample a®t the near



crack area. The initial structure was probably brought in through the heat
treatments for the plate. Martensitic transformabtion by guenching induced
high dislocation density and the characteristic lath-like structure. The
successive tempering and the stress reliefing resarranged the disloeations
into the net works, yet maintaining the lamella directionality in some of
the grains. During fatigue, the flow stress of the sample increases with
the number of cyeles to a saturation, usually completing hardening at
20~50% CD levels. In this hardening stages, the dislocation density should
have increased markedly, but this was not observed by the TEM because the
starting material already contained a large number of dislocations, and the
newly created dislocations were immediately incorporated inte the
dislocation bundles ({(cell wallg). It was believed, thus, that major
changes, rearrangement of the dislccations, took place in the bundles, were
the bundles shook down inio fragmented dipoles and prismatic loops., Due to
the high dislocation density in the bundles, these structursl changes would
not be observed even by a high resolution TEM, hut would result in the
crystallographic microorientation change of the cells. In conktrast te the
ARD, the SAD supplies crystallegraphic orientation information from
typically 1lpm diameter area, particularly suited for detecting the
mizorientation existing among few cells. The results of the present SA&D
shown in Figure 6 and 7 are encouraging in terms of the fatigue damage
assesswent since the mean value of the degree of the c¢ell miscrientation
and the associated standard deviation pletted as a functlon of the eysles
lie eclose to a single line. In a mechanistic point of view, it is
interesting to see if the SAD technique can characterize explicitly the
stabte of 100% CD at which initiated c¢racks ean grow in the structure.
Crack initiation is GChought to be associzted with by macroscopic
parameters, large inclusions, surface damsges or roughness, and may be
excluded from the argument of the microstructural damages.

The SAD techmique is currently applied to samples with a composite of
cyclic strains simulating a LWR plant service strains &to validate this
method, and the results will be included in the presentation.

5. CONCLUSIONS

Fatipue Gest bars fabricated from a SA508 steel plate were cyclically

deformed at the two strain amplitude levels (Ae=0.48%, 0.78%) to crack

initiation (1004 CD} and to 75, 50, and 25% CD. The test bars were cut
perpendicular to the stress axis at the center of the gauge length. XRD,

TEM, and SAD performed on the cross-sections made by the cuts showed,

regardless of the strain amplitude levels, that

1. The half-value line breadth change measured by the XRD peaked at 50% CD
yielding no simple correlation with the €D increase.

2. By TEM the undamaged (0% CD)} material was characterized by high angle
boundaries, small carbide precipitates, and dislocabtion cell networks in
grains. These characteristies did not show appreciable changes in the
fatigued samples.

3. Miero-crientation changes of the dislocablon cells studied by the 38D
and a statistical data analysis demonstrated a gradual increase of the
mean cell orientation differences with increasing CD.

4. There was no significant change in the migrostructures (TEM and SAD) of
the subsurface area from Those of the bulk of the fatigued samples.
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Table 1. Test Results for Fabricating the Fatigue Damage Samples

Ni N Number
Specimen Test Temperature Total Strain Number of Cycles to N1
Number °C) Range, Ac (pet)  of Cycles Crack Initiation Damage Factor
10 300 0.78 2100 2100 1.0
07 300 0.758 1575 — 0.75
09 300 0.78 1650 - 0.50
01 300 0.78 525 - 0.25
03 300 (.48 33,389 33,389 1
05 300 0:48 25,041 - 0.75
06 300 0.48 16,694 — 0.50
N2 300 0.48 8347 - 0.25

Frequency of cycling: 0.1 pet/s
Wave: Strain-controlled push-pull triangle wave
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