
. - . __ _ .--

.

. .
.

NUREG/CR-3945
MEA-2055

'

.

: .

0

Fatigue Crack Growth Rates of-

i Low-Carbon and Stainless Piping
Steels in PWR Environment

i

,

I

I

Prepared by W. H. Cullen

j

Materials Engineering Associates, Inc.

!,

Prepared for
,

U.S. Nuclear Regulatory i;

] Commission
!

- ,

!

!

i

L

hh hhkkh 0228
CR-3945 R PDR

_ . - - _ - _ . _ ._. .. -_- -. . -. - . . - - , - . . . - , _ - . _ . . . -



. . ..

-

* ., -
*

.

NOTICE

This report was prepared as an account of work sponsored.by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclos, in this report, or represents that its use by such third party would

. not infringe privately owned .,ghts.

i

NOTICE

- Availability of Reference Materials Cited in NRC Publications

Most documents cited .in NRC publications will be available from one of the following sources: ,

t

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

,

2. The N RC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical information Service, Springfield, VA 22161
~

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu.
ment Room include NRC correspondence and internal N RC memoranda; N RC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and

i licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC bool,lets and brochures. Also availab!e are Regulatory Guides, NRC regulations in the Code of ,

1Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical information Service ir:clude NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission. >

Occurnents available from oublic and special technical libraries include all open literature items,
such as book s, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reporis can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free, to the extent of supply, upon written request
to the Division of Technical information and Document Control, U.S. Nuclear Regulatory Com-
mission, Washington, DC 20555.

Copics of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are esually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards Institute.1430 Broadway, New York, NY 10018.

GPO Prmted copy price:M30.

,p , , . , . .- -- , ,.-r.,. _c, , , ,,, c.. .

,,,



-

|

NUREG/CR-3945
MEA-2055
RF,R5

I

Fatigue Crack Growth Rates of
Low-Carbon and Stainless Piping
Steels in PWR Environment

,

m

Manuscript Completed: November 1984
4 Date Published: February 1985

Prepared by
W. H. Cullen

|

Materials Engineering Associates, Inc.
;9700-8 George Palmer Highway

Lanham, MD 20706
)

!

Prcpared for
;

Division of Engineering Technology
Office of Nuclear Regulatory Research

!
U.S. Nuclear Regulatory Cominission'

Wcshington, D.C. 20555
NRC FIN B8900

i

__. - -_ .



,

1 ABSTRACT

Fatigue crack growth rates of A 106 Gr. C and A 516 C r. 70 carbon
steels, and A 351-CF8A stainless steel in PW2 environments have been
determined over _ a load ratio range (R) of 0.2 to 0.85, a _ temperature
range of 93*C to 338'C, and a test frequency range of 17 mHz to 1 Hz
using sinusoidal waveforms. In addition, growth rates have been
determined for various orientations of the crack plane with respect to
the product form. Crack growth rates in 288'C air environments have
been measured in order to provide a reference baseline. These results
define the magnitude of and major influences on tha environmentally-
assisted fatigue crack- growth rates for these piping steels, and are
supported by fractographic observations of the fatigue . fracture

*

surface.

Crack growth rates in A 106 Gr. C show . the expectrd increase in
growth rates with an increase in load ratio. At lw load ratios,
however,- the growth rates also increase with a decrease in test
frequency. At higher load ratios, there is little measureable
frequency dependence. Over the temperature range of 93*C to 338'C,
crack growth rates ~ at R = 0.2 decrease by a factor of about six to
eight. There is little, if any orientation difference between
radial, circumferential and longitudinal crack growth directions.

Crack growth rates in A 516 Cr. 70, on the other hand, show a large,

and highly variable dependence on crientation. Fractographic studies
indicate that this may be attributed to the density and distribution
of the manganese sulfide inclusions in the steel. Most manganese
sulfide inclusion sites on the fatigue fracture surfaces
are surrounded by areas of brittle-like features which commonly _
characterize hydrogen-assisted -suberitical crack growth in steel
alloys. For this steel, growth rates at 1 Hz test frequency equaled
those at 17 mHz for R = 0.2, and exceeded those at 17 mHz for R = 0.7.

which is an inversion of " normal" behavior for steels in aqueous
environments.

Crack growth rates in A 351-CF8A show more customary dependencies on
load ratio and test frequency, specifically, growth rates increase
with an increase in load ratio or a decrease in test frequency.

'

Growth rates increase at both low and high temperatures and show very
little environmental assistance in the range 200*C to 288'C. However,
the fractographic examination showed brittle-like features on the
fracture surfaces for those specimens which exhibited a large degree
of environmental sensitivity, as well as those which did not.
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1.0 INTRODUCTION, OBJECTIVE AND SCOPE

Resear'ch on. the fatigue crack. growth characteristics of pressure
vessel and piping steels in pressurized, . high-temperature, simulated
reactor coolants is an important aspect of . reactor safety assurance
studies. Over the- course of the 1970's, most of this work was focused
on studies . of pressure. vessel steels A 533, A 508,- and compatible-

.

welds and heat-affected zone specimens. As a result of that research,.

many . Important effects of critical ~ variables have been identified.
i Among . these are the effects of waveform and frequency, temperature

steel composition, orientation, and water chemistry, especially
'

dissolved oxygen content (Refs. 1-4). Many of these effects are not
in accord with well-known trends, due to these same variables . acting
on structural steels in a marine environment, or pipeline steels in
subterranean water (Refs. 5-9). Several recent reviews have focused

; on the f atigue crack growth of nuclear reactor pressure vessel steels
= in their applicative environments, and research is continuing on many

yet unexplained phenomena (Refs. 10-11).
3

However, as the collection. of data on pressure vessel steels
I increases, and the upper bounds of these data sets become better

defined, some research interest has shifted to the piping steel
question. The objective of this study was to measure fatigue crack
growth rates (FCGR) on low-carbon and stainless steels in a simulated
pressurized water reactor environment. The results described below
are from an ongoing scoping study, and describe effects of load ratio,
temperature and orientation on FCGR results. The scope of this effort
was confined to testing on SA 351-CF8A cast stainless steel,.A 106

! Gr. C and A 516 Gr. 70 carbon steels. In each case, only particular
variables were selected for the test matrix. This series of tests was
not intended to be an exhaustive matrix to cover both materials and
critical variables. The steels selected are in wide use, and this

i compilation of data provides an index of the fatigue crack growth
behavior of these steels relative to the more-investigated pressure

; vessel steels.

Some fatigue crack growth rate data on stainless piping steels in PWR
environments have been published previously. Bamford has ' published
results of a frequency and load rate study which shows the usual
increases in growth rates vs. applied cyclic stress intensity factor
with increasing load ratio and decreasing test frequency (Ref. 12). =

,

Amzallag has published the initial results of a study of aging effects,

"

in cast stainless steels, and has shown that aging (7500 hours at
400'C) does lead to a significant increase in growth rates (Refs. 13-
15). Hale and associates at General Electric-San Jose have been
working with low-carbon and stainless piping steels for several years
and have released several series of reports documenting effects found
at very low cyclic periods (Ref. 16). Coffin and Prater at General

:
'

Electric-Schenectady have described results in part-through crack*

geometries, showing the effects of environment. on crack shape and
growth rates (Refs. 17-19). Nearly all of the General Electric4

! research has been with water containing various amounts of dissolved
oxygen, simulating the various phases of BWR operation.

i
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2.'O SPECIMENS,. FACILITIES DESCRIPTION'AND TEST PRACTICE

2.1 Specimens and Materials>

The parent . material for this study 'came -in three different forms. The-
~

A' 106 Gr. C came~ as _ rings which were; 0.81-m _ (0.D) x 0.2-m long and '-

83-am thick (32 in. x 8 in. x 3-1/4 in. ). There -were two shipments - of
A.1061 received and -used in this program. Specimens with serial codes
FOP-57 through' FOP-62 were- from Lot. #1; specimens -F0P-63 through
F0P-94 _were from Lot #2.- The A 516 Gr. 70 came as a . plate which was

, _

_

0.'4 m x 0.9 m x 0.15 m (16 in. x 36 in. 6 in.). ' The A 351-CF8A was a
segment from a research pressure vessel which was '0.8 m (32 in.) in'

' diameter and 57-am (2-1/4-in.) thick.

| Compact specimens .and the two-pin, wedge-opening _ load (CT and WOL)
specimens were used throughout this research. Specimens were 25.4-am
or 50.8 nmi (1-in. or 2-in.) thick '(IT or 2T-) with machined notches
to a normalized depth (crack length to width, or a/W) of 0.25 . to

t 0.35. In all cases, the specimens were precracked in air by at least-
i- 1.2 am . (for IT specimens) - or 2.5 mm (for 2T specimens) at a low AK
; with respect to the initial AK of . the' actual test. The size of the

' specimens, orientation with ~ respect to the rolling direction and other
; pertinent information is contained .in ' captions of the appropriate

figures. Figure 1 shows a schematic of the orientation codes, in
;

relation to the product form, which are taken f rm ~ ASTM E 399. The
; material chemistries are given below in Table 1.-

!

| Table 1 Chemical Composition of the Low-Carbon Piping Steels
Examined in this Study

i

!

Element C S Si Mo Ni Mn' Cr V P-'

|

f A 106 Gr. C-
Code F0P

Lot #1 0.25 0.017 0.22 0.033 0.25 0.88 0.10 _0.003 -0.016,

Lot #2 0.25 0.016 0.18 0.049 0.26 0.92 0.22 0.003 0.018

A 516 Gr. 70 0.25 0.017 0.23 0.065 0.27 1.05 0.10 0.002 0.018
Code FOK

A 351-CF8A 0.06 0.018 1.17 8.58 0.68 20.42 0.020.
Code A9

2.2 Test Facilities

All tests were conducted unde r . - load-cont rolled , constant amplitude
cycling. Specimens were tested in ovens, for air tests, or in
environmental chambers which contain the simulated reactor coolant i
environments under the required temperature and pressure conditions. ,

2
.
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Fig. 1 A scher.atic showing the orientation nomenclature
used in this report. This is the standard nomen-
clature from ASTM E 399.
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i
Both single _ specimen tests and multiple-specimen, daisy ' chain _ tests

' were . utilized in - these studies. The multiple-specimen test technique
~has been described previously (Ref. 20).

Air tests were conducted in resistance-heated convection ovens with a
control- . thermocouple _ mounted in the wall, of the - oven and monitoring

,

thermocouples_ spot-welded to the specimen itself. An LVDT* was*

! attached to the, specimen front face in order' to' determine crack mouth
- opening. In the case of the . water . environment tests. at 93*C, a

,

j 6-liter capacity, stainless steel vessel, equipped with an internal'

! LVDT, _ and a . dedicated . water circulation -loop was employed. This
chamber - was kept at the slightly positive pressure of 35 kPa, using
nitrogen as . a cover. gas in the feedwater tank. This chamber was

i mounted in a 55-kN (10-kip) four-column load frame. Only IT specimens
were tested in this system.

In the case of tests. at higher temperatures, autoclaves capable of
containing pressurized water were - used. Two such autoclave systems

,

I were utilized in this study. The smaller:of the two contained four
liters of water; the larger was. a three-chamber, multispecimen system
with each autoclave accomodating four specimens and . holding about 150*

liters of water. The small autoclave is capable of 55-kN loads and-
the ' larger autoclaves are capable of 550-kN (10-kips and 100-kips..

respectively); an LVITI was attached to each specimen. Both systems
; operated in essentially the same way. Water from a fecdwater tank is

pressurized to 13 to 18 MPa, preheated and pumped to the autoclave.
! Water returning from the autoclave is cooled in a heat exchanger,
! passed through a pressure-control valve and returned to the feedwater

tank. Each feedwater tank is equipped with a separate --loop for' on-

: line evaluation of dissolved _ oxygen content, -_ pH and - conductivity of
$ the water. More complete details and illustrations of these systems

f can be found in Reference 21.

The water for these autoclave tests is prepared by piping city water. 1

| through four mixed-bed ion exchange columns and into a storage tank.
| Two hundred-liter quantities of this water are then pumped to a second
| container and mixed with the boric acid and lithium hydroxide to
| produce the nominal chemistry shown in Table 2. During the test,
I these systems are monitored 'on-line for pH, conductivity and dissolved

oxygen. Grab samples are taken at occasional intervals to check for

i chloride and fluoride content. More recent, and far more accurate

i analyses indicate that chloride contents may. have been in the range of
! 150 to 200 ppb, or a factor of about 2 over the specification. In

| addition, sulfate contents (for which there is no specification) were

j probably between 100 and .150 ppb. Recent results from the UKAEA
laboratories at Harwell, which are not yet available as a reference,'

suggest that relatively low levels of sulfate . do not . af fect growth
,

rates, but that 1000 ppb levels, attained by deliberate additions .of
sulfuric ' acid to the autoclave environment, may- have a . significant
effect. on the growth rates. A recent result from Van Der Sluys
(Ref. 22) indicates that deliberate addition of 135 ppb chloride ion

Linear _ Variable D_ifferential ,Trsnsformer*

4
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did not increase crack growth rates at a test frequency of 10 mHz in a
specimen containing 0.025% S.

Table 2 Water Chemistry Specifications

Boron (as boric acid) 1000 ppm
Lithium (as lithium hydroxide) I ppm
Chloride ions < 0.15 ppm
Fluoride ions < 0.10 ppm
Dissolved oxygen ~ l ppb
Dissolved hydrogen (saturation) 30 to'50 cm3/kg water

All other metallic or ionic species should be at about
trace levels. Some iron, both in solid and soluble form
is the inevitable result of a corroding specimen.

A computerized data acquisition system was used to measure the crack
mouth opening displacements, loads, cycle counts and water chemistry
parameters during the course of the tests. Crack lengths were
computed from standard specimen compliance to crack length equations
(Ref. 23). A complete description and illustrations of these systems
can be found in References 21 and 24.

2.3 Test Practice and Data Processing

Each specimen was mounted in the oven or autoclave system and exer-
cised at low load to assure that the servchydraulics, displacement
gage, and data acquisition systems were in good working order.
Following this, the autoclave chamber was bolted shut and filled with
water. The low temperature system was filled with deoxygenated water
directly from the feedwater tank. For the high-temperature water
systens, the temperature was brought to 93*C (200*F) for about 12
hours in order to partially deoxygenate the water. The high t'empera-
ture systems were then pressurized and the water was allowed to
circulate back to the feedwater tank until fully deoxygenated. The
tempera:ure was then brought to the desired value.

Tests f n 288'C air environment were conducted at 1 Hz. Some aqueous
environment tests were also conducted at 1 Hz as indicated below.
Other aqueous environment tests were begun by cycling at 1 Hz at the
desired test loads to achieve about 5 mm of crack extension. The
purpose of this practice is threefold. First, the crack is extended
into a region of higher stress intensity factor (K) gradient, which
means that a proportionally larger range of AK can be covered with
less crack extension and hence, less test time. Secondly, useable
data sets are produced, and many of them are plotted and described in
the next section. Lastly, the cycling at 1 Hz might provide some ,

environmental conditioning of the specimen or the water in the crack-
tip enclave. This latter consideration has no proven basis at the
present time, but it appears to be a beneficial procedure.

5
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in the multispecimen autoclaves, . the , test is -In the . case ; of the L tests
.

. ..

periodically interrupted as each specimen. reaches the desired terminal--

crack . length. At each interruption, the loads are reduced to about
50% of | the ~ test values, the frequency is increased to 1 Hz, and the
cycling is . applied until the specimen being terminated has completely:

j broken. Under the usual circumstances, the specimens remaining in the
.

2 daisy chain . exhibit little ~or no crack growth. Although crack growth ;

- is monitored during this phase, . it is not considered valid because of
the significant.. reduction. in loads. These data' sets are not included ,

;.
i . in the following plots unless that is specifically indicated.

During _ the course of . the tes t , ' the data acquisition system acquires
| four or five times the amount of data which will actually be used .in
1 the final calculation of the . crack growth data set.. This is princi-~

pally to assure that no significant aspect of the test will' be
i missed. After completion of the . tes t , each . data set is purged of

excess data in order to meet the criteria for increments between cracki

. lengths as presented in ASTM Standard E 647 (Ref. 25). Each specimen

f is measured for initial and final crack length and any significant
beachmarks in between, and. the data sets are post-test corrected using*

j' the methodology described in Reference 20.
!

; Throughout this report, fatigue crack growth data are most of ten

| plotted in two ways:

i (1) Log (da/dN) vs. AK - f atigue crack growth rate vs. applied

| cyclic stress intensity factor. This is the'most conventional
method of plotting crack growth rates which have; been developed
using fracture mechanics type specimens such as CT or WOL speci- >

mens. This type of plot has the , advantage - that. it shows the
| stress-based variable which is needed in most engineering calcu-

| lations. But it does not show time-based phenomena which may - be
| compounded with the crack growth rates, nor does it ~ show any

time-based comparison of two or more specimens ' in a multiple;.
! specimen test. As with all environmentally-assisted mechanical
i testfng, graphs such as these are subject to the misinterpreta-
; tion that AK is the only independent variable. Indeed, this is

! .orne out by some of the data sets showr, later in this report,

i for which two nominally identical tests exhibit a factor of
twenty difference in crack growth rates, at the same value of - ;

AK. This difference may be due _to microstructural influences,
'

many of which are not well understood at the present time.

i

j. (2) Log (da/dN) vs. N - crack growth rate vs. cyclic count. This
graph is very useful for the intercomparison of specimens in ai

j multispecimen test, or_ for the determination of the time-wise
; , response of the specimen to changes -in the test parameters.

This type of graph will be used to show that stainless steel,

| specimens -can exhibit a large degree of environmental assistance
! at the same time that . low-carbon steel specimens are exhibiting -

! little environment effect. This graph does not convey' any
information about crack growth rate dependence on AK. It is

'
also very easy to indicate the . occurrence of :significant
incidents during the - conduct of . the test, such as changes in

6

.
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load or. test frequency values, , or interruptions which may induce
transients in the growth rate data.

I

3.0 -RESULTS AND DISCUSSION

3.1 Low-Carbon Steels - A 106 Gr. C and A 516 Gr.~ 70
.

3.1.1 Frequency-and Load Ratio Effects
,

Data ' sets which _ describe effects of frequency, load ratio, orienta-
# tion, and temperature are included below. .In order to establish a

baseline against which to compare the aqueous environment test
results, 288"C air tests, using a load ratio (R) _.of 0.2, were
conducted on specimens of each of these steels. Those . results are,

shown in Figs. 2a and 2b. In subsequent figures, these essentially
linear results are represented by a line which referenced the best. fit
through the air environment data. Crack- growth data trend lines from,

other published research (Refs. 26-28) on A 516 and A 106 Gr.~B are
i included in Fig. 2. Figure 3 shows results from 1-Hz tests on . five
: specimens of A 106 in a water environment. .The data sets, for load
! ratios of 0.125, 0.2 and 0.7, show the usual load ratio ef f ect ,: in
I which higher load ratios show higher growth' rates at lower AK
| values. .However, there -is a strong indication that for all load

ratios, the . data sets bend over to the right, as AK increases, and'

that- the growth rates for all load ratios may blend together at some
j higher _value of growth rate which was out of- the range of this
j investigation. Figure 4 shows data for a 17-mHz -sinusoidal waveform

and load ratios of 0.2 and 0.7. Here the separation due to load ratio
: is clearly evident, but in the case of the data for FOP-61, there is a |
j noticable bending over of the data set at the highest growth rates,
| indicating that the rapid increase in growth rates with AK' cannot be
; sustained..
!

1 Figurea 5 through 8 show a feature which recurred rather often, '

[ especially at the higher load ratio. In many cases, the crack growth
rates at the high test f requency were higher than the growth rates for,

the lower frequency. Normally, the- somewhat 'timewise-dependent,

envi ronmental aspects of these tests causes the opposite result.
j Figure 5 shows a da/dN vs. AK plot for specimen FOP-60, in which the
| overall higher growth rates at the 1-Hz test frequency can be se.en.. A
1 similar test on specimen _F0P-61 produced somewhat more ambiguous ?

| results, shown in Fig. 6. Figures 7 and 8 are plots of crack growth ' -
rates vs. cyclic count in which the differences can be seen more
clearly. Unlike the test of F0P-60, the test - of FOP-61 was conducted I

in two stages,-separated by a long residence of the specimen outside
the autoclave. Although the initial- phase of testing of specimen

|
:

} F0P-61 - at :1 Hz showed a tendency toward high growth rates, the-subse- '

! quent test _ phases seem to blend together, showing little. effect r of
frequency._ Comparison of 1-Hz and 17 mHz data for specimen FOP-62 in

i Fig. 4, tested at _ load ratio of 0.2, shows that these data sets also
'

blend together with little dependence on frequency. _Many other data
sets for R = 0.2, presented later in this report, exhibit the same
feature.

;

i
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Similar results for A 516 are shown in Figs. 9 and 10. Figure 9 shows
data for a 1-Hz test frequency for two orientations of the crack
planc, together with 288'C trend line for air results on the same
steel. These results demonstrate that there can be a significant
environmental effect even at the relatively high test frequency of
1 Hz. Figure 10 contains data from 2T specimens for both 1-Hz and
17-mHz test frequencies, and load ratios of 0.2, 0.7 and 0.85, the
last for a test f requency of 50 mHz. There is a general layering of

the data sets as a function of load ratio. The 1-Hz and 17-mHz data
sets for the R = 0.2 test (specimen FOK-16) blend together quite
smoothly, and although the 17-mHz portion started out at slightly
lower growth rates than the 1-Hz portion, higher growth rates for the
lower test frequency were quickly attained and a maximum in environ-
mental assistance was reached in the midrange of applied AK, at about
28 MPad. Growth rate trends then bend over and slow appreciably.
There is a greater degree of variability evident in the results for

i R = 0.7. The growth rates at 17 mHz for specimens FOK-ll and FOK-13
show a difference of a f actor of about 10, which is likely due to a

| difference in material properties, such as microstructure, since the
l test practice and environments were essentially the same, although the
I tests were not conducted at exactly the same time. It is important to

note that specimens F0K-11 and F0K-13 are of the same orientation, and
in fact were cut f rom neighboring locations at the same elevation from
the parent plate. These common denominators suggest that such

,

| variability and the consequent differences in growth rates are dif fi-
cult characteristics to predict.

The results of the load ratio aspects of this part of the study are
quite clear in that higher load ratios produced higher growth rates
for equivalent AK values, with a trend toward bending over at the
higher growth rates. The results of the frequency study are less
clear in that for load ratios of 0.7 test frequencies of 1 Hz often
produced higher growth rates than test frequencies of 17 mHz.

3.1.2 Temperature Ef fects in A 106 Gr. C

A study of the effects of temperature on growth rates in A 106 yielded
the data sets shown in Figs. 11 through 13, and the trend line plot in
Fig. 14. The 93'C data in Fig. 11 were acquired on IT-CT specimens in
a single-specimen test device, while data sets at the higher tempera-
tures were collected from 2T-CI specimens. It is clear from these
figures that the growth rates are lowest at the highest temperature,
which is typical of primary circuit 1.ot leg operating temperatures.
The results from these two A 106 steel specimens tested at 338'c were
generated simultaneously in a multiple-specimen test in which two
stainless steel specimens (SA 351-CF8A) were also tested. Interest-
ingly, while these two carbon steel specimens were cracking at rates
which approximate air environment rates, the two stainless steel
specimens were fatigue cracking at rates showing a rather high degree
of environmental sensitivity. This is most clearly seen in Fig. 15,
which is a plot of crack growth rates vs. cyclic count for the entire
multiphase, multiple-specimen test. This figure shows that for those
earlier phases of the test, during which the stainless steel specimens
were producing high growth rates, the low-carbon steel specimens were

15
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data shows a considerable environmental component.
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- showing _. very little growth at all. This figure also shows . that for
the . very first, 1-Hz phase of the test program, the carbon steel

)- specimens showed rather high growth rates, while the stainless steel. :
'

specimens showed low growth rates. Upon conversion to a 17-mHz test
frequency, this trend completely reversed. These results imply that

i there were no significant problems with the test practice for this
test, and that the low growth rates on the carbon steel, and the-

higher growth rates ' on the stainless steel are both correct and f ree -
from any interference from overloads or unknown environmental
transients.

,

in an earlier report on temperature effects in A 508-2 pressure vessel-
steel (Ref. 29). the author showed that a minimum in growth rates was
developed at a temperature of about 200*C (~ 390*F). By plotting

, these results in a similar way, as a function of inverse temperature,
4 the degree of - this effect can be seen in Fig. 16. The dotted line +

shows the previously published trend for A 508-2. The piping steel ,
'

trend lines indicate that the magnitude of the trend is somewhat-
i similar to that for the pressure vessel steel, but' displaced to a
j higher temperature. The increase in growth rates, if any,-would occur -

! at unattainable combinations of pressure and temperature, and do not
bear on any realistic operating transient scenarios. While data sets
for two orientations of the crack plane are shown in each of the above
figures, there is no discernible dependence of the crack growth rates

"
on this orientation difference.

' 3.1.3 Orientation Ef fects in A 516 Gr. 76

| IT-Cr specimens were cut from a plate of A 516 Gr. 70 with various
'

orientations of the crack plan relative to the rolling direction of
- the plate. These specimens were all tested at 288'C, using a combina-
f tion of 1-Hz and 17-mHz sinusoidal waveforms and a load ratio of
j 0.2. All tests were carried out - using the same loads and test
; practice, although the tests were conducted individually in a single-
| specimen autoclave. - Macrophotographs of the specimens can be _ seen in
| Fig. 17, which shows that the crack fronts in these specimens are
j somewhat " fingered," indicating a high degree of nonuniformity in
i local growth rates along the crack front.
a

i The ef fects of crack plane orientation on crack growth rates in A 516
i can be seen in Figs. 18 and 19. The main feature of these results is
j that a great deal of variability can be realized, even for identical
; orientations of specimens. Specimens FOK-30 and F0K-32 were cut from'

neighboring locations in the parent plate, yet exhibit a factor of
.

three difference in growth rates. Specimen F0K-30 exhibits a substan-
1 tial variability in growth rates by itself. Comparison of the results

for specimen F0K-34 in Fig.19a with specimen FOK-33, in Fig. 9, two
j specimens of the same orientation, shows that the 1-Hz data sets
j exhibit the same rates in both cases, although there is a definite

non-linearity in the trend of the data for specimen F0K-34. This
.! bending-over may be microstructurally induced, and this change in
i microstructure may also result in ' the relative lack of environmental
'

assistance for the 17-mHz part of the test. Comparison of the 17-mHz
; results from F0K-34 with the 1-Hz results from FOK-33 reveals one of

23

._ . ____ _ _ _ . .. _ .. -_ _ . . _ _ . _, __



i

|

|

1

.

TERAPERATURE,' C

400 350 300 250 200 150 100
1 3 I I I I I 104."

.

10-8 7
:
: 'r___--~ \ / AK = 45 RAPeg

] ] 10\ e

x - % j y
I. N O i'

h 10 8 / AK = 36 MPeg " I7
= . N /
5

- V
.

g . -

i, 5
-

g
w

! N
.

7 104'
5 . .

I I
h 104 ~

--- A 600-2 -

A 100 Ot. C
.

"" 104
-

:
.

4 I I I I I I II 10
1.4 1.8 1.8 2.0 2.2 2.4 2.0 2.8 3.0

(TEMPERATURE)-', = its, g.:

.

Fig. 16 Fatigue crack growth rate.s vs. inverse tempera-
ture, for applied cyclic AK's of 35 and 45 MPa/m
for A 106 Gr. C steel, at a test frequency of
17 mHz, and a load ratio of 0.2.

24 -

- - _- . - , - . _. . ..- ._ . _ , _ _ _



._. _ _ . _ . . . . _ _ _ _ _ _ _ . . . _ _ _ . _ _ _ . . __ _ . _ __ _ _

|

,

r:

1 CN 1

: e ' |
i i

1 |
.

|

|

1

:: 1 CN
1 i i

,

i

i s== ;,?
<;*.'e--

[ skQ'.' 7
: q;dy, m
4 q .. c-: t.- w
; w , pts o

4 :qJi 'fA: u.
4,

f .b
j . #sc, ..%

I

i 1 CN
j i i

!

$
1,

i

Fig. 17 Macrophotographs of test specimens of A 516 Gr. 70
steel for three orientations. Note the irregular

;
crack front, due to the strong influence of thei

I microstructure and manganese sulfide phase
; morphology, as discussed below.
i

4

b

r

!

|

25

_ . - . . - . _- _ - . . . -



. _ _ - _ _ _ . ... _ _ . . . . - . . . . . _ . _ _ .- -
.

_ -.. _

,

9

4

fPFtIED CYCLIC STRECS INTD6ITY, k:M n. FPPLIED CYCLIC STRESS INTENSITY, k:Mn.
'

g gg .gg 1 18 18B
4'''I ''''"i 'a gg3

i II-s 7e Le.,e 'ss.'.t
' '-. ,, . . .

n s s cc. 7e L -c.em ss t 1 . n 5 s cc. ;

ase c csse n : see c cssa n :

d 4 * * * * * ' " 5
18 ~* * * ' * " ' " 5 10

:. t m eem...,s.: . :. t ne sea .ie.t .

:. 17 .H. s .ee.:. 17 == ..m.... .t
, , _

,

*

,
6...s.e s, s., ; ; - n. s., se m.s., ;

$ - T-s o,...s.s, : J [ T-8 0*'.as.se.a /
, g[* *

[-
= u m - e.a .m - s.a _ gs s

. :
~ :

*J:
.

4 5/ 5 18 718 '' - .
E" .

E
U -

5
.

2x * "
j - a 5 -

@
.

s e

g re-' g 5 / , ta'' g
,

: 0 aee c air n. . : 6*

'

$ gg* . / yc"c, gg* _

#
- O E / - pE

j/ $ '- i g'
4

- -

4 19 ''; 19 ;
, - -

' A 3 8 [
. . . ...., d "'

"e's4 ....i . ' -

33 in - -. .. . .

1 18 tag I la l
IPPLIED CYCLIC STRESS INTENSIIY,ffr g IPPLIED CYCLIC STRESS INTENSITY, w r 5

..

Fig. 18 Fatigue crack growth rates vs. applied cyclic AK for two specimens of
steel in 288'C PWR environment for test frequencies of I Hz and 17 r.Hz, in

! the S-T orientation. Note the high degree of variability in crack growth
j rates, both within specimen FOK-30 (a) by itself, . and between the two

specimens,..due again to the microstructural variability.

,

4

1

_ _ . _ . - _ . . . _



. - . . .. - . .

|
1

WPLIED CYCLIC STRESS INTENSITY, ks ViK. yPLIED CYCLIC STRESS INTENSITY. kstG.

1 18 15 t 18 1N -

, a; gg a . ....., ,; gg, , ....; , .
. . . . . .. . ....y

,a ses se. to L -c. st ; n sus c,. Fe L <:.ee st t ;

ses e esse r
'

ese e esse r
'

gg-e n, . roK-se . gg ,, nn. t.ree mt.e .'
'

a

:. t ses .sa ..ee.1 - . sp... Foot-e-t .u

. gp . FOK-5-1[. 8F ases .saw.ees.1 , ,

I
, ,,

I - R t.e-ge te.t.e o -IF eHs .tnu..se.1 E <r

/ _ i,4 5! ;F - . ,- e.. _ t,4

I - L-T Ce t.at et t en : $ | - T-4 Cet.ates t.a p. - c
,

*4
10 '' - . 18 - -

E *.
'

3 5
~

z.

a x a - : - g
8 $ 5 - , s

3 s'' g .. , o.t.
-

te? g g i

mc : u o : u-

gg-e -
[ h e** C n'' **'*

'
'

10*k
~ e e e -

,
p1 . to .- . p e-
e4

' - -

.
. .

.
4~

- 18 '' - 18
l : :

A . : B
.

2 ,..i
:

. .....i. ...... . . . ...i
,, ,, 4 . . . <. . . . .. .

1 18 IN I IB IN
RPPLIED CYCLIC STRESS INTENSITY, MPr X APPLIED CYCLIC STRESS INTENSITY, MPr K

Fig. 19 Fatigue crack . growth rates vs. applied cyclic AK for two orientations ofn

A 516 Gr. 70 steel in 288'C PWR environment for a load ratio of 0.2. As
in Fig.18, there is considerable variability in these growth rates.

s

-_-_-_--- _ _ _ - _ _



, p -,.u t. 21 s - a , , . , u - ,.a. -- n > .. .

.

the few -instances in . which 1-Hz results exhibit . faster growth rates
than-17-mHz results for a ' load ratio of 0.2, and is again testimony to

.

i the way in which microstructures ' can influence the growth rates.- This
effact is . exacerbated by the: use of '' IT specimens - for cases where a-

~

!

plate product is 'being investigated, --as' was the case for this orienta-
: tion study. , Any large variations in the: microstructure, such as :large

,

; sulfide inclusions, carry significantly more influence in the smaller
' - specimen.. than they would in ~ a 2T specimen. Lastly, Fig. 19b shows

: - data sets forJ the T-L orientation,- an. orientation which generally-
exhibits ~ the f astest' growth rates, or the lowest - f racture energies,
because the manganese sulfide _ inclusions,: and the grain structure -in

.

general ' is oriented to result in somewhat _ easier separation. This8

1'
; case also :is an example of the variability which is possible, ' although

the average growth rate f rom the two specimens is somewhat faster than-

j- those for other orientations. Tests of both specimens F0K-4-1 and
F0K-5-1 - were f raught ' with experimental dif ficulties related to main-
taining an ' accurate - LVDT. response. .This necessitated opening ~ the -4

autoclave several times during the course of the tests, and then
j restarting the tests using the customary start-up procedures described

above.4

i3.1.4 Metallographic and Fractographic Studies of Orientation Effects
| in A 516

! In order to substantiate some of the effects observed in the fatigue
~

i- crack growth rate data from the orientation-effects study on A 516, a
1 metallographic and fractographic study was carried out. Polished and

, etched- metallographic sections are shown in Fig. 20. The manganese
| sulfide (MnS) inclusions are clearly elongated in the L-direction, and

i have an aspect ratio of about unity in the L-plane (i.e., the S- - and v

1 T-directions) Sulfur prints - of the specimens, taken from a plane of ,

{ about 1 or 2 mm under the fracture surface -(Fig. 21) show that the l

; density of inclusions cut by the crack in the ' S-T orientation .(speci-
,

1. mens F0K-30 and F0K-32) is much lower than for the other specimens.
! This fact alone does not bear a one-to-one relationship to ' the growth

rates, since growth rates were high for these two specimens. Fracture
i profiles from the specimens, shown in Fig. 22, indicate that the frac-

i ture plane is rather smooth at low AK values (e.g., AK ~ 20 to 22
j MPa6n), but becomes quite rough and irregular at the higher AK values,

towards~the end of the test. This seens ' to be related .to an increased'

j amount of microcracking associated with the inclusions at various
j levels above and below the nominal fracture plane.
i

) Before examination in the scanning electron microscope (SEM), the
1 specimens were cleaned in ' acetone and ' the high-temperature oxide was

removed with an ENDOX treatment (Ref. 30). In the fractographs shown
,

j below, there is one dominant ' trend. In regions where the growth ' rates -

J were increased by environmental assistance, the fatigue fracture
surface is brittle-like. 'When the growth rates were relatively ,

! unaffected by the environment, the surface is more ductile in charac-

| ter. The brittle-like regions can often be associated with the
| presence of manganese sulfide inclusions on the fatigue fracture
i surface.

!
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j Fig. 22 Meta 11ographic sections orthogonal to the fatigue fracture plane
| for two levels of AK: (a) 22 MPa/6, and (b) 26.5 MPa/E. Note

jthe irregular surface of the crack plane at the higher AK value, i

and the greater occurrence of microcracks below the fatigue
fracture surface. Such cracks generally indicate a hydrogen- i

assisted crack extension mechanism, since the environment has no
direct access to these cracks.
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Illustrations of these features are shown in Figs. 23 to 31. Even in

the portion of the f atigue crack opened at 1 Hz, brittle-like features
are seen to emanate from the regions formerly containing manganese i

sulfide inclusions, as shown in Fig. 23. This figure can be compared I

with Fig. 24, taken f rom the 17-mHz part of the test on the same spec-
imen, to see that the two areas are remarkably similar in appear-
ance. There is, however, a much greater degree of microcracking to be
seen at the higher AK. Nearly all the fatigue fracture surfaces of
this series of specimens are covered with fan-shaped features. Super-
imposed on these f an-shaped features may be either ductile or brittle
striations. Examples of ductile striations can be seen in Fig. 25,
and examples of brittle striations can be seen in Fig. 26.

An example of the local variation along the crack front is shown in
Fig. 27, along with the accompanying schematic in Fig. 28. The manga-
nese sulfide inclusion has provided apparently a route for rapid
advancement of the crack front. This may occur because of the rela-
tively low energy required to break the inclusion, or to separate it
from the matrix. At that point, the environment is free to invade
more deeply, and environmentally-assisted crack growth radiates from
the manganese sulfide stringers as shown in Fig. 29. Evidence of a
similar event is shown in Fig. 30, in which an inclusion is surrounded
completely by brittle-like, fan-shaped features, indicating the
apparently high degree of chemical influence caused by the reaction of
the environment with the dissolving sulfide particle. Figure 30 also

shows a high degree of microcracking in the region surrounding the MnS
particles. The microcracking is usually more visible at the high AK
values. Both the brittle-like features (including the brittle etria-
tions, and the fan-shaped features) and the microcracking are often
associated with hydrogen-assisted crack growth. Note that in

Figs. 23, 24 and 27, all taken f rom specimens in the S-T orientation,
the manganese sulfide inclusions are elongated from right to left,
which is the rolling direction. Figure 31 is taken from the fatigue
fracture surface of F0K-4-1, in the T-L orientation, and shows the
same degree of fan-shaped features and microcracking as the other
micrographs. In this case however, the traces of the MnS inclusions
are very thin and oriented in the L-direction, parallel to the direc-
tion of crack extension.

Although the series of micrographs is too extensive to be shown here,
examination of specimen F0K-30, which exhibited a "V"-shaped da/dN vs.
AK trend curve, showed that the growth rates could be related directly
to the density of MnS inclusions on .ae fatigue fracture surface.
Where growth rates were high, at the beginning and end of the 17-mHz
portion of the test, the inclusion density was also high.

3.2 Load Ratio and Temperature Ef fects in SA 351-CF8A Cast Stainless
Steel

Tests were carried out on specimens of cast stainless steel to evalu-
ate the response of fatigue crack growth rates to a range of load
ratios and temperatures. The complete results of the investigation of
temperature dependence are contained in an earlier report (Ref. 20);
the results below are a only summary. Figure 32 shows crack growth

32
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Fig. 23 Fatigue f racture surface showing the brittle-like,
| fan-shaped features develcped at 1 Hz test
! frequency. Specimen is F0K-30, AK = 15 MPa/6.
i

- -

%.. .

.
-

:ig,. . t g.-
,.

,
'~ . N

[ ''')K Eh,'**.J'- ? .9 ;
'

z : .I
~ ' ,.

s,.

,
,

,

' .. u i,
'

\. W
h::3,

< \}.. _ / .J Nt.

,
-

,

" - <* g , s . as
*

. ~ ;
'

,
. | ," '

.

~.

gj*
. . . ,

i .'
~

\

-

s
. ,,q .

, ~
., .e ,v> ? . -

i[g'
.

'c e

s .. ,
t

. . s,. ,,g..

'
'

[ --" Y . y

V )|
,. . L, . - ] -

-,-

;Ij,'q
Nk) ),, '~

, '

', '

'y .

.; -
,5. . -

,.

.

. -) k| } b,k |' i,k'?

ha&!'-}_
'

.,

I '

0207 1 c
l
,

Fig. 24 Fatigue fracture surface showing the brittle-like,
fan-shaped features developed at 17 milz test

i

frequency. Specimen is F0K-30, AK = 27 MPa/5.
I

!

33

_ - - - -- - .--.,- -- _ - . . _ _ _ .



__ _ _ _

v- _

g ,
.

,,
. *- .

' ''e .

-

,

k <c- e -
3,,

- (t -
,

.,1 , 1.

V- *n, , <
' *

.
, ,

'

k ;'
' '

'

:- '
. .

, .

I '.- p .~

/
' '-

, ;

m- . . ..
.

, _,

'y,i j *- <c

-

#
~ '

,,

f. .
-

\;, x,ees:o q,w :,- .
.

. x.t r e. .

., '

, . ( .
,

-

- A . [{ s.

- :

'
-

. .p-

b, M; \
. '' //,g 1 '3 .- v'~

,s ' '' '
.' 9 ,

1'

)/" ';_
, '

,. ,

'

' q\ () .
, .;.

*: A .
;

s ,

tp ,

L
$s

.

- i
T. .... .

. ,.
g , v.~ , , . ,

.wp, . s,.

.< - - ..-

,~ 1. ( SK . . 080 70' - ' B2- ,?:
''* ,

Fig. 25 An example of the ductile striations which may be
found superposed on the fan-shaped features.

Specimen is FOK-5-1, AK = 21 MPa/5.

,

34

i

- - - - - - - - . - - - - _ _ _ _ _



. _ . ._ _._ _ _ _ . _ _ . _ _ _ . . _ _ . . _ _ _ _ _ . . _ _ _ . _ - . . _ _.-

.
'

I f
~ ''"q

~ : n,

/
/

|,e
-.j

.

<

< %n,;,
& .

- ,
in ,

, -

t

5
.

,/ ' |i
/

.

p y- i

:| ,

! ^
,

, ,

.
'

'% .
, , . _ ,

% ..

; . , ,,

..
74; p

h!51 ' 2 5 K' I bhU )$ h i.

!
--

A bb d'
k __ |

I*3

__ b
'

'

: u >_._-

@
4

,
_ -__ _ _- |

_

f~

n ' ^ w.

4 %,

t
,

|f >t /
i T) s

. i . . 1

( La |,

| '

t
*

.

./ ,

dhh 1 i W [ ,_ $

@
Fig. 26 An example of the brittle striations which may be

found superposed on the fan-shaped features.
Specimen is F0K-5-1, AK = 30 HPa6n.

|

|

35
,

-n~--..,, . _ , - - - - - - - , , , - -



t

'

\

% v

\
\

\
i

%

#

-
6

4

.

y -

i

x
'

'

\

' .

o-

W*,,t..ac$o***s*$c%(+*$''#~'aes..t:$@%-s**,se6a.*,,pc*-
* p& ns g. 5 , p ***c's

$;a * .. o*
s* yso** vo* a ,, ot *,'e ** * .ec. < ..s+- s* ,e gS- ~

s / / /' ,,/^ / / / ,a / - /' ,-' ,. '



. - _ - - - . - . - --. - . . .. - .. - - ..._

,7 %
#EAFCG

| -MnS " footprint"_ ,| .. ----- -
BRITTLE .

:;g

- p ,,, &
-

o,~~

w
~ iiRi

EAFCG - ~

,...:.j:h.ff,iYi&;jpBRITTLE
..

b:fIhh:khh:h EAFCG
-

, . . v:.

;- h

E.Q.:i;::. s-.nS :, ..:.

,.S'
,
' ~ -

BRITTLE
. . . ::

.
:: - i

I4 :
,

EAFCG d$ N
:ir? :~ ~i

;
.

5 hf$.4 //
Q/BRITTLE \MnS " footprint"

Fig. 28 A schematic accompanying the micrograph shown in Fig. 27, and identifying the
various areas and types of fracture.

1

.- _ __ _ _ _ _ _ _ - - - _ - - ._- -__ . . - _ _ .



-_. _ . - - _ ___ _ - _. . _ - - _ _ - _ _ - - _ _ . . . - _ _ _ - . _ _ - _ _ . . _ _ . -- - - . _ . . _ _ - - . - - - - - _ _. _. ..-

'
.,

,
.g . g- % a y ;, . V .L', -+

~.4 '.,/
_

< ., , ,

f,8s . , - .% 4

-*~ -- ,
. , . .

- ,
...

$ .k.' y"i M '

,I e 3 . --

( \ I. r/# m, [ .- > ~\ - ;

.. .

| '#%
. ,. . , , .

/ a-
4 ,

'

'

. -
,_,, ,

'' (64 s s

- -_. '.\ 't . f
' 4,'--

'

f.pj -

-f:
-

-

, w\ g
,

_ .
~

.- -
, ,

we M ~

4 .

I 'N '' ''
> fy

yg; :g f y? ~
'

4' ;
,

} S . .,s
~

k- E[L:0-h ihft I~
m

% 2nusar~<t' :,
,

Fig. 29 An enlargement of Fig. 27 showing the way in which environmentally- '

assisted crack growth emanates from the boundaries of the manga..ese
sulfide inclusions.

|

. , , . . . , . . _ . ,
- -. . . - - - - - - ,. , - - . - - - , _ - _ - - -



. - _ . ._ _ -- - - - . _ _ _ _ _ _ _ _

l

| ~ % ., ' e "- ' w :, Y; , ' '*

, ,

,'
" (k . * S. 'h - ' . ! ^ A,s,j ~,yr *

'

, _ ,
,

( * -T b ~t ,/ '[af).., . y b ;' #
+ _ -t4. ,/ - -

.

-

E ' /; b .

.

,i
, ,pf;'$. .'

' '',- . ..'"
n , ii;r , e'

I hi I'4 :- ~ Q',i)-
,

,.

;!y.?sg% '(%y| 'i7 .@g y :; ,
.

' ' ,'' {L. Jv . ''
;

1 -,

I } ;h ab . . %h,y

@
. . .

..

. - *

I
.

|
| '

I

fY
I
.

I
f', ,,

@
Fig. 30 SEM micrographs of a manganese sulfide inclusion

completely surrounded by brittle-like fracture.
Features such as this, which must have occurred
ahead of the location of the crack tip, suggest
that hydrogen might have assisted the fracture.
Specimen is F0K-32. AK = 48 MPa/m. Fig. 30b is an
enlargement of Fig. 30a.

39

|
________ . _ _ . _ . - - . - - - _ _ - _ - - - - - - - - - - - - - - - - - - - - - - -



. - - __ -.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . , _ . _ - _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ . _ _ _ . _ _ __-
_

|
r

>

b

b

t

i :

! i

. ver< .- . .g . -i |
* '

5]g-r } ': , ' -yp
- '-

*
- , eq _

'
. 4 s

., s , ,

-
. ,'- p , .

r ).
$'7

'% s y 2 ~' r, g
,_ . ' , y ' ( .= I

<

#.-

* g [ -Q e' * \' , '. ~ s ,' 'f g,( 'r- -v-
,

>
*

'7, -As ,
yx ?- \ i ix

\1
' #' ;[., '-

.. , ,
, ,

' - :m \
' , Jy' ' '' :

^

;
+

. ...
. -

. ;
,,

. i
- -

,vw - ~
.-
, .v- -. .

- t
.

3'U't h **
' ' ' ) 3 .,m p # - 'l'

.,p
, .,

* - pj -
,. . ~

&=') .Q
,

; 7
"f,! -

,

]
- %_ . .. 3 s g" , ,

. y

* ' '
!$ f- g

! K: - g)
,

v

.g

$g $ b ,? \|-\ . ,' '. .-4- ~

s.s ,
' _( - -

t. , , .

' 'e
. \ ,' [r- -

'/
, ,

_ a .

N - \. [ . . .I,
. y , .-

( ,- - *i N
!s. , ,

,s.~. ,

f .< - . -
1) - ('

') s,'. '
7 24 a , '

,. ,,

> -

,
s.

.. ; - ,
,

L'J % s ~;J
. .v ' .n ,

- - %
- ,.

18 a
-f' ' !' ,

7 .-
3 {nF

' ' 4, 3 - ,'
-

. V|
; -

j ,- :
') . s |' , f- , f .s.

J. ,,*
'

\ | 9. . _ . ", . L g--s

h -
'%f** .r

,k .g \
a

, _

S f,
,

>
- '

w - e.-sg -], ga - a. .

,
g

. ;, > -
_

.

Fig. 31 Fatigue f racture surface f rom specimen FOK-4-1, in the T-L orientation at i

| tX = 35 MPa6. showing that the trace of the manganese sulfide inclusion r

has a very high aspect ratio, and that the spread of fan-shaped features I

i from the site of the inclusion is not as pronounced as for the S-T
orientation.

__ __. _ . - _ _ - - . _ . , . _ . _ _ . .- . _. ~ _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ -



_

I
.

APPLIED CYCLIC STRESS INTENSITY,-ksIViii.
I 18 190
i i i . iisig i i i i iiiii a gg.:i

,R 351-CFSR Coat Statnisse Steel :
298 C (558 F) 2

~

gg _Reestor geode Mater4

{a Spoo. RS-72, R=S.2 -

;, Spoo. R8-73, M-9.2
. ,

- + Spoo. RS-115, R=8.7

N 'o Spoo. RS-118, R-9.7 gg-4 {_

- 17 mHz einueo1 del h ,h

J L-C Octantation
~

g
$18 -- -

4 g
1

|
-

-

x

. |-

g
-

,,, g'

[ b

18 * - -

:E f p.

' : * E
! .

.

.

'

18 *, -

~

: N :
Rer Desa - 318 C -

,

4 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '10 ' ' ' '
1 10 198

RPPLIED CYCLIC STRESS INTENSITY, HPaViii

Fig. 32 Fatigue crack growth rates vs. applied cyclic stress
intensity factor for A 351-CF8A for load ratios of 0.2

|and 0.7, 17 mHz test frequency and a temperature of
|288'C.

41

. - _ . . . . . ._ .-. - _ . . . --. .



|
3

m

. rate ; results for - load ratios of 0.2 and 0.7. The growth rates for the
- 0.7 case show the customary increase, as compared on a - AK basis with
the growth rates for the 0.2 cases. - However, they show about.the same
slope, 'or dependence on AK, as do the 0.2 results in' high-temperature
water. . The air test was conducted using | a 1T-CT specimen, hence the

. abbreviated : AK range ^ as compared with the aqueous environment; tests,
all carried . out with J 2T-CT specimens, which support a-higher maximum
applied AK. . Many of the appropriate figures also include a trend line

.which represents a -large L volume 'of data ' for air: environment tests,
mostly. taken f rom references by James (Ref s. 31-32).

Figures 33 to 35 show fatigue : crack growth rates for two - orientaticas
of the cast stainless specimens at temperatures of 232*C,- 288'C and
338*C (450*F, 550*F and 650*F), all ,at.. a load ratio . of 0.2. _On

Fig. 35, the data for the highest - temperature, trend lines Efor the
232*C and 288*C data are also shown. It' is easily; seen that the

growth rates at 338'c are considerably higher than growth rates at the
other two temperatures. Even though only one test of two specimens-

was conducted confidence in the accuracy of this data seems assured,
because of the evidence from the miltispecimen test cited in Section
3.1.2. It is interesting to note the roughly sigmoidal shape of the
growth rate curves at the temperatures of 232*C and 288'C, indicating
that there is a higher proportion of environmental assistance at the
lower range of AK than at the higher range.

Figures 36 to 39 show SEM micrographs of the fatigue f racture surfaces
of specimen A9-70, tested at 288*C. This fractographic examination
showed that the main characteristic was the brittle appearance. This

behavior is similar to that of the low-alloy steels, but. even more
similar to the morpi. logy found on stress-corrosion cracking surfaces
of stainless steel specimens which have been sensitized (although
these were not) or which are tested in very aggressive environments
(Ref. 33). In Fig. 36, the reader should note ~the fan-shaped
features, and brittle-appearing morphology which cover the fatigue
fracture surface. Many of these fan-shaped features have .other
markings, such as striations and slip lines. An extensive investiga-

tion showed that there were three basic combinations of features in
which striations could be found. These are shown in Fig. 37. The top

panel in this figure shows a high magnification view of brittle-like
striations found on one of the fan-shaped f eatures. . The middle panel
shows ductile striations on a fan-shaped feature, and the bottom panel
shows fully ductile striations found on transgranular f atigue f racture
surfaces. Another unique feature found within the brittle-appearing
regions is the presence of slip lines which have intersected the
surface. These are especially visible in the SEM because they appear
to be " decorated" with oxide. Examples of these characteristics are
shown in Fig. 38.

Figure 39 shows the way in which the crack -front intersects the delta-
ferrite phase boundaries with little or no perturbation.. Even .the
river pattern established in the 1eading fan in the austenitic phase
is carried through the delta-ferrite and continues into the austenite

.

on the other side. In many, if not most cases, the delta-ferrite-
austenite boundary is cracked, normal to the f atigue crack, always on

42
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Fig. 36 Fractographic features of environmentally-assisted
fatigue crack growth in A 351-CF8A cast stainless
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(c). Test temperature was 288*C. Note the fan-shaped
features and overall brittle appearance.
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Fig. 37 Fractographic features of environmentally-assisted
fatigue crack growth in A 351-CF8A cast stainless
steel. AK = 30 MPa/5. Test temperature was 288'C.
Brittle striations are shown in (a); ductile striations
on a fan-shaped feature in (b) and fully ductile stria-
tions in (c).
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The linear features are slip steps which have been
" decorated" with oxide.
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Fig. 39 Fractographic features of environmentally-assisted
fatigue crack growth in A 351-CF8A cast stainless
steel. AK = ~ 20 MPa/5 in (a) and (b), 25 MPa/E in
(c). Test temperature was 288'C. These three panels
show the morphology developed when the fatigue crack
cuts through the delta-ferrite phase. Note that the
austenite ferrite boundary is cracked on the edge first
intercepted by the crack, never on the trailing edge.
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the first of the pair of boundaries to be intersected by the crack. A
more complete description of these observations is contained in

Reference 34.

Figure 40 shows a plot of all the data sets on stainless steel
presented in this report, along with upper bound lines suggested by
Slama (Ref. 15). It can be seen that for the most part these data
sets, all for R = 0.2 or less, f all within the suggested bounds, which
also include the data published previously by Bamford. Altogether,

there are now published results f rom tests of over fif ty specimens at
three laboratories; all reside within these bounds, which are somewhat
lower in da/dN vs. AK than the reference lines from the ASME Code for
pressure vessel steels.

4.0 SUMMARY AND CONCLUSIONS

This section is divided into summary and conclusion sets for the
carbon steels, and for the stainless steels.

4.1 Carbon Piping Steels, A 106 Gr. C and A 516 Gr. 70

Fatigue crack growth rate tests in PWR environments have been carried
out for these steels under a variety of test f requency, . temperature

and load ratio conditions. Many . combinations of these critical
variables produced significant components of environmental assis-
tance. The microstructure of these steels, particularly the manganese
sulfide inc 31ons, played a major role in the progress of the fatigue
crack. There can be considerable variability in f atigue crack growth
rates for some steels, as shown in the A 516 in Figs. 18 and 19. The
increase in growth rates as a function of AK with an' increase in load
ratio is in line with the increase observed in pressure vessel
steels. The temperature dependence of crack growth rates in A 106 is
different in form from that of A 508-2 pressure vessel steel, but
covers basically the same extremes.

The conclusions are as follows:

(1) Crack growth rates in these steels are of the same order of
magnitude, and exhibit the same basic dependence on the known
critical variables as those of pressure vessel steels.

(2) The f requency dependence of crack growth rates seems to be tied
to the load ratio, with 1-Hz test frequencies of ten resulting in
higher growth rates than 17 mHz at the higher load ratios.

_(3) The manganese sulfide inclusions play a major role in the crack
plane morphology and in the crack growth rates. In a study with

a limited sampling of steels such as this one, it is impossible
to predict an upper limit which might occur because of a detri-
mentally high concentration of sulfide inclusions; but clearly,
from the results in Figs. 18a and 19b, rather high growth rates
are possible.
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(4) Many features of the fractography of the A 516 specimens suggest
that the crack growth rates are affected by a hydrogen-
assistance mechanism.

"

4.2 Cast Stainless Steel, A 351-CF8A

Crack growth rates in the stainless steels lie within the same range
as the carbon steels described above, but the dependencies on the
critical variables are somewhat different. Crack growth rates at 1 Hz
show usually less environmental assistance than at 17 mHz, for load
ratios of both 0.2 and 0.7, although the data base at 0.7 suffers from
its content of only two tests. The temperature dependence of crack

growth rates shows that rates increase as the temperature increases.
The fatigue fracture surface morphology shows brittle-like features
cover nearly 'all of the fracture surface, and that the crack progress
is not influenced by the delta-ferrite phase.

The conclusions are as follows:

(1) The amount of environmental assistance provided to the fatigue
crack growth rates may be directly proportional to the test
frequency, and is basically independent of the load ratio.
Growth rates at 232"C and 288'C showed relatively little
environmental component.

(2) The temperature dependence of crack growth rates shows a modest
increase in growth rates with increase in temperature, for load
ratios of 0.2.

(3) Fractographic features show that regions of ductility can abut
regions of highly brittle-like fatigue striation formation,
suggesting that crack growth rates do not depend directly on the
mechanics of crack tip deformation. Overall, brittle-like
features cover nearly all of the fatigue fracture surface.

5.0 FUTURE RESEARCH NEEDS

This study, together with some of the references cited in the text,
represents the beginning of the accumulation of a data base for
fatigue crack growth rates for piping steels in LWR environments.
Through these studies, some of the influence of a few key critical
variables is beginning to be understood. Some of the areas which
should be covered in future research projects are as follows:

For the carbon steels:

(1) The frequency dependence of fatigue crack growth rates, and its
interaction with load ratio, needs to be clarified. There are
indications that high test frequencies, together with high load
ratios, such as 10 Hz at R = 0.9, may provide high growth rates

on a da/dN basis. Such a test is feasible from a laboratory
test time and equipment standpoint.
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(2)' The influence of sulfide inclusions on crack growth rates needs
to be studied in great depth, f rom either the macro- or micro-
approach. That is to say, " worst-case" steels should be tested

.

to determine the maximum increase in growth rates which might
I- occur. Also, it would be interesting and potentially helpful to

understand better the crack tip micromechanism through which the
environment in the crack tip enclave is affected by the dissol-
ving MnS inclusions, and the way in which the inclusions
promote, if they do,- increases in hydrogen-assisted crack
growth.

.

For the cast stainless steels:

(1) 'Research is needed to define growth rates at the higher load
ratios which are more typical of piping steels. The combination
of high load ratios and high temperatures (typical of hot leg
conditions) should be investigated.

(2) Since the fractographic features are essentially the same for
-fatigue crack growth and stress-corrosion cracking tests, the
time dependence of crack growth rates should be determined.
This can be accomplished by carrying out tests at lower test
frequencies, together with a choice of other suitable critical
variables, such as high load ratio and high temperature. These
tests are feasible, but somewhat difficult from a laboratory
point-of-view.

(
l

l

s
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