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NOTICE

This report was prepared as an account of work spon-
sored by an agency of the United States Government.
Neither the United States Government nor any agency
thereof, or any of their employees, makes any war-
ranty, expressed or implied, or assumes any legal liabil-
ity or responsibility for any third party's use, or the
results of such use, of any information, apparatus,
product or process disclosed in this report, or repre-
sents that its use by such third party would not infringe
privately owned rights.
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'The views expressed in this report are not necessarily
those of the U. S. Nuclear llegulatory Commission.
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Microscopic studies were undertaken to characterize the failure processes and to establish
correlations with fatigue crack propagation data of Type A302 B ferritic steel tested in air at room
te mperatu re. A cooperative program was established between the Naval Research Laboratory (NRL)
and the Centro informazioni Studi Esperienze (CISE) to investigate the fatigue properties of this
ferritic steel for nuclear pressure vessel applications. Failed specimens have been examined by
scanning electron microscopy (SEM), by metallographic techniques, and by energy dispersive x ray
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microanalysis. SEM examination of the fracture surfaces of specimens cut in the T.L direction i

revealed the presence of inclusion bands above an observed AK threshold value. Subsequent x-ray
image scans and corresponding energy spectra showed that the bands were manganese-sulfide inclusions
De inclusion bands resulted in increased crack growth rate in these specimens compared to those cut
in the L.T orientation specimens. The AK threshold value necessary to activate the inclusion bands
is thought to be a measure of the cohesive strength between the inclusions and the material matrix.
He failure mode of all the specimens tested was transgranular; extensive microcracking was also
present in the fracture surfaces. The microcracking did not appear to have affected the crack
propagation behavior.
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FRACTOGRAPillC AND MICROSTRUCTURAL ANALYSIS OF
FATIGUE SPECIMENS OF A302 GRADE B STEEL

TESTED IN Altl AT ROOM TEMPER ATURE

INTRODUCTION

The studies of fatigue crack propagation (FCP) behavior in ferritic steels for
pressure vessel applications are of primary importance to light water reactor
safety. One of many objectives of current FCP studies is to test the validity of
ASME Code Section XI curve for materials in nuclear environments. In addition,
these studies are aimed at understanding the complex mechanisms of fatigue
failure as a function of the significant variables which include material condition
and environment.

The light water reactor safety programs involving the ferritic steels are of
interest to many countries. In Italy, a research program in this field is sponsored
by The Italian Electric Power Company (ENEL) and is being carried out at the
Centro Informazioni Studi Esperienze (CISE) Research Laboratory in Milan, Italy.
At the CISE laboratory an autoclave system for conducting fatigue tests at
elevated temperatures in pressurized water environment will soon be operational.
In support of the planned CISE research program for ENEL, preliminary FCP tests
in air at room temperature were performed on low-shelf A302-B steel procured by
the Naval Research Laboratory (NRL) to characterize early production nuclear
pressure vessels. In connection with fatigue and fracture studies on the ferritic
steels for pressure vessel applications, a cooperative research program has been
established between NRL and CISE. The results reported are part of this
cooperative program which is sanctioned and encouraged by the U. S. Nuclear
Regulatory Commission (NRC).

Since the rolling procedure used in steel making is known to affect the
microstructure of A302-B steel [1], preliminary tests were designed to investigate
the effect of rolling direction on the FCP behavior of this ferritic steel. The FCP
tests included in the present study were conducted at the CISE laboratory; the
fractographie, metallographic and X-ray microanalysis studies on the failed speci-
mens have been carried out at NRL.

In the present study, the fractographic and microstructural observations are
| correlated to the corresponding mechanical data in order to characterize the

failure processes and to gain additional insight into the mechanisms of fatigue
failure of this ferritic steel.
Note: Manuscript submitted July 11,1979.
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EXP ERIMENTAL PROCEDURE

The chemical composition of the A302-B steel plate is given in Table L Two
sets of 1/2-in. compact tension specimens were tested. Each set consisted of two
specimens, one cut in T-L and the other in the L-T orientation (Fig 1).* All fatigue
tests were conducted in air at room temperature using a constant specimen
deformation procedure; the applied load was sinusodial with a frequency of 13.3 IIz.
In this procedure, the value of AK increases with crack length, even though the
applied load is gradually decreased as the length increases. Additional details
concerning the testing procedure are reported elsewhere [2] .

In order to minimize any possible effect of a crack initiation phenomenon,
the specimens were precracked to a length of L25 mm using the same waveform
and frequency as employed for the tests themselves. One set of specimens was
machined to a relative crack depth, a/W, of 0.44 and the other to an a/W of 0.30.
Starting AK values for the two sets of specimens were 22 MPa/m (20 ksi /in.)and
16.5 MPa/m (15 ksi/in.), respectively. During cycling, the crack length was
monitored by means of a travelling microscope When the crack length, a, had
increased by about .25 mm (0.01 in.), the test was temporarily stopped and the
values of maximum load, minimum load, and crack length were recorded. The
values of AK were then computed according to the formula listed in ASTM E-399
[31. For each test, the log da/dN vs log AK curve was obtained by using a 7 point
incremental polynominal technique, as recommended by ASTM E647-78T [4] .

]
After completion of the tests, the first set of specimens were fractured at

liquid nitrogen temperature. The fracture surfaces were then examined with a
scanning electron microscope (SEM), using an ISI Super II SEM operated in the high <

voltnge mode. The second set of specimens were used for metallographic
examination. Transverse sections were cut perpendicular to the fracture surface
along the specimen midplane and polished. The sections were etched with a
solution consisting of 1 percent nital and 2 parts of 4 percent picral solution. The
polished and etched sections were examined both optically and with the SEM. The
optical micrographs were taken using aBausch and Lomb Research II metallograph
Once the examination on the polished sections was completed, the sections were
broken apart at liquid nitrogen temperature and their fracture surfaces were
examined with the SEM.

RESULTS AND DISCUSSION

The FCP data obtained from the specimen tests are presented in Figs. 2 and
3. As shown by both figures, all of the crack growth data fell close to the ASME
Section XI air line. The crack growth rates for the first set of specimens (Specimen
VADAl, cut in the T-L direction, and Specimen VADA2, cut in the L-T direction)
ran roughly parallel to each other for most of the AK range, with the T-L
specimen (VADA1) exhibiting the higher crack growth rate (Fig. 2). The crack
growth rates for the second set of specimens (VAB1, cut in the T-L direction, and
VAB2. cut in the L-T direction) were about equal for AK values below 33 MPa/m
(30 ksi dn.). Above this AK value, the crack growth rate of the T-L specimen

*The identification convention used is that suggested by ASTM E-399 (3) and is
illustrated in Fig.1.
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TABLE 1

Osnical CaTposition of A302-B Steel

Elements Content (wt-%)

C 0.210
Ntt 1.460
P 0.010
S 0.021
Si 0.240
Ni 0.230
Cr 0.060
ht) 0.540
V 0.012
Cu 0.059
As 0.004
Sn 0.009
Al 0.034
Ti 0.008
Cb 0.012
Ta 0.020
B 0.001
Pb 0.004
(2) 0.007
Fe Bal.

3



____ . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ -

(VAB1) was higher (Fig. 3). The difference in the crack growth behavior in the two
sets of specimens was not large. It is interesting to point out however, that a
lower starting AK resulted in a higher growth rate (the starting AK for VABI and
VAD2 was 16.5 MPa /m while for VADAl and VADA2 it was 22 MPa /m). Since the
basic objective of the mechanical tests was to investigate the effect of specimen
orientation on the fatigue behavior the effect of starting AK on FCP will not be
critically evaluated in this report.

The relationships between the crack path and the microstructure are illus-
trated by the photomicrographs shown in Figs. 4 and 5. The photomicrographs in
Fig. 4 refer to specimen VABI (T-L) while the micrographs presented in Fig. 5 refer
to specimen VAB2 (L-T). The two crack profiles show that extensive crack i
branching is present in both specimens. The degree of crack branching, as
indicated by the secondary cracks, becomes more pronounced in the high AK
region. In the region of high A K, where the crack propagation rate is higher, the
microcracks associated with crack branching are smaller in size and required a
higher magnification to reveal their presence. The reduction in the average size of
the microcracks in the high AK regime did not appear to have affected the crack
propagation behavior. Crack branching usually has the effect of slowing the crack
propagation rate by distributing the stresses at the crack tip; this did not seem to
have been the case in these two specimens.

The significant fractographic features observed in the SEM examinations of
fracture surfaces are summarized by the micrographs presented in Figs. 6-8. In the )
T-L specimen (VADAl), a microstructural texture running parallel to the macros-
copic crack propagation direction is present (Fig.6). In the second set of tests the
T-L specimen (VAB1) shows an increase in the crack growth rate at AK values of
25-30 MPa/m (Fig. 3) that coincides with the appearance of the parallel texture in

,

the fracture surface (Fig. 7). In the L-T specimen (VAB2), whose corresponding
crack growth rate was lower the parallel texture was absent. The failure mode for
T-L specimen was transgranular with secondary cracking perpendicular to the
macroscopic crack propagation direction (Fig. 8). Similar fractographic features
have been cbserved in other ferritic steels tested under analogous experimental
conditions (5,6] .

As observed above, the fracture surface of T-L specimen (VAB1) is charac-
terized by a parallel texture when A K cxceeds a minimum value in the range of
25-30 MPa/m. This texture is thought to arise from inclusion bands that are
present in the rolled material. These inclusions became elongated during the
rolling procedure. To see if the parallel texture is indeed the result of the

inclusion bands, the fracture surface was analyzed with an X-ray microanalyzer
that is attached to an AMR 1000 scanning electron microscope. The results of the
X-ray microanalysis are summarized in Fig. 9. The analysis confirms that the
parallel features were manganese-sulfide inclusion bands,

it appears, therefore that inclusion bands are the primary cause for the
increase in the crack growth rate above a minimum AK value. It is believed that a
preferential decohesion process occurs at the inclusion-matrix interface, which
become activated above some threshold stress level and resulted in higher crack
growth rates. This threshold stress is probably a measure of the bond strength
between the inclusion and the material matrix. The inclusion effect is directional,

4
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due to the strong directionality of the inclusion band that is related to the rolling
process (1). Therefore, the T-L specimens showed a higher crack growth rate when
compared to the L-T case.

The SEM micrograph shown in Fig.10 typifies the fractographic features
observed in the L-T specimens (VADA2 and VAB2). As illustrated by the
micrograph, only a small inclusion band was present though some lamina-shaped
holes were seen. These holes are believed to represent the inclusion bands that are
oriented perpendicular to the crack plane. Since most of the inclusion bands in the
L-T specimens are preferentially oriented perpendicular to the main crack path,
the few bands that resided along the crack plane did not seem to have had an
affect on crack propagation behavior.

SUMMARY AND CONCLUSIONS

The fracture surfaces and the microstructure of A302-B ferritic steel FCP
specimens tested at room temperature have been examined by scanning electron
microscopy (SEM), by metallographic techniques, and by energy dispersive X-ray
microanalysis. The crack propagation was taken in the T-L and L-T test directions
to permit an investigation of the effect of rolling direction on the fatigue crack
growth. The results may be summarized as follows:

(1) Inclusion bands in the T-L specimens were strongly aligned in the
rolling direction and were observed in the fracture surfaces. The
composition of inclusion bands was determined by energy dispersive
X-ray microanalysis; the X-ray microanalysis showed them to be
manganese-sulfide inclusions. These bands indicate a preferential '

decohesion process at the matrix-inclusion interface that resulted in
higher crack growth rates in the T-L specimens when compared to
the crack growth rates of the L-T specimens.

(2) In the T-L specimen which had been tested with a lower starting A K
value, inclusion bands were not observed unless AK exceeded a
minimum value in the range of 25-30 MPa /m (22.7-27.3 ksi An.). The
minimum AK value is probably related to the bond strength between
the inclusions and the material matrix

(3) A few small inclusion bands were seen in the fracture surfaces of the
L-T specimens. These small inclusions did not appear to have
affected the fatigue crack growth behavior of the material cut in L-T
direction. Ilowever, some lamina-shaped holes were present and are
thought to represent the inclusion bands oriented perpendicular to the
crack planc. The presence of few inclusions and the lamina-shaped
holes showed, as anticipated, that the inclusion bands in the L-T
specimens were mostly oriented perpendicular to the main crack
path.

(4) Consistent with similar fatigue studies in other ferritic steels, the
failure mode in all the specimens tested was transgranular with
extensive secondary cracking. The secondary cracking did not
appear to affeet the fatigue properties.

5
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value. Arrow shows direction of macroscopic crack propagation. Series of SEM
micrographs show transition region corresponding to 25-30 MPa/m a K value, where -

inclusion bands begin to appear in fracture surface. ""
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i Fig. 9 Fracture surface and corresponding energy dispersive X-ray point maps
I of T302-H ferritic steel spreimen cut along T-I. direction (V AHl). Arrow shows

mueroscopic crack propagation direction. SEV1 micrograph on top of the figure
j (micrograpn a) clearly shows inehtsion bands in the tracture surface that run

parallel to the mueroscopio crack propagation direction. Lower two micrographs
are image scans obtamed through energy dispersive X-ray microanalysis showing
tha t inclusion bands are . nag inese (lef t) and sulf ur (right) second-phase particles.
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