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The fracture surfaces of fatigue specimens of Type 316 stainless steel previously
tested at elevated temperatures in air have been examined by scanning electron micro-
scopy (SEM) to characterize the failure processes and to establish correlations with the
previous studies of fatigue crack propagation. The SEM observations show three signifi-
cantly different types of behavior which can be explained in terms of the differences in
materials processing history and test conditions. Solution-annealed material tested at
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20. Abstrac t (Continued)

800~F (427~C) exhibits a transgranular failure mode with fatigue striations iudicative of
a ductile failure process. Solution-annealed material tested at 110~~F ( 593~C) shows a
change in failure mode to partially inte r~~anular failure and an increase in crac k pro-
pagation rate relative to the tests at 80~~F (42 ’~~C). Imposition of a hold time further
increases the proportion of the surface characterized by intertranu lar failure , and the
crac k growth rate also increases. Material aged at 1100~F (5939 C) and tested at 1100~F
( 593~C) shows a return to the transgranular f,~~ure mode and a lower crack growth rate
than solution annealed material tested at 1100~’F (593°C). The imposition of a hold
time period had no significan t effect on the failure mode. The observations are consis-
tent with a model in which grain boundary embrittlement caused by diffusion of oxygen
ahead of the crack tip produces intergranular failure and an acceleration of crack growth
rate.

~~~iin-boundary diffusion of oxygen at 427°C ( 800° F) is too slow to produce the
embrittlèment observed at 593°C (1100°F) in the solution-annealed material . Aging the
material strengthens the grain boundaries so that intergranular failure does not occur.

The observations and the model developed in the present in vestigation provide a
rational basis for exp laining differences in the crack propagation behavior in fatigue tests
of austenitic stainless steels tested at elevated temperature in air.
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SCANNING ELECTRON MICROSCOPE OBSERVATIONS OF FRACTU RE
SURFACES OF FATIGUE SPECIMENS OF ANNEALED TYPE 316

STAINLESS STEEL

INTRODUCTION

The prediction of crac k growth rates in flawed structu res subjected to cyclical loading
is currentl y under active investigation. The problem is particularly difficult in the elevated
temperature regime, where creep processes may cause relaxation of the crack tip stresses
and where environmental effects may influence the crack behavior. Shahinian and Michel
and their co-workers at NRL [1-3] have extensively examined fatigue crack propagation in
the austenitic stainless steels Type 304 and 316. Their purpose was to characterize the
influence of test temperature (427 °C and 593°C) (800 and 1100° F), material conditions
(solution annealed, cold work ed , aged at 593°C (1100°F), and neutron irradiated), and
hold time (0.1 and 1.0 m m )  on the crac k propagation rate in single-edge-notched cantilever
beam specimens cycled under zero-to-tension loading in air.

The purpose of the present investigation was twofold. First , the frac ture surfaces of
annealed Type 316 stainless steel specimens tested in previous investigations 11-3], and
generous y provided by those au thors, were examined by scanning electron microscopy (SEM)
to characterize toe failure mode. Second , the SEM data and the fatigue crac k propagation
data previously generated [1-31 were critically examined from the microstru ctural perspective
with the objective of searching for unifying principles to correlate the data. Those previous
studies contained interpretations of the results based upon the information available at the
time of the investigation. Insofar as possible , ho wever , the present analysis has been done
independently of the previous interpretations , to avoid bias and to find out if similar
conclusions are reached when the subject is approached from the microstructural perspective.
In many cases the conclusions are similar , as would be expected , but the microstructural
approach has provided several new insights into the mechanisms of fatigue crack propagation.

The plan of presentation is first to briefly review both the experimental procedures
u nder which the crack propagation data were obtained and the SEM techniques used to
examine the specimens. Next , the SEM observations are presented in the context of the
fatigu e history for each specimen. Some of the unifying principles that provide a framework
for interpreting and evaluating the results are then discussed. The next section contains a
discussion and interpretation of the results for each of the three material and test-temperature
conditions that showed a uniqu e response. These were the solution-annealed material tested
at 427°C (800°F), the solution-annealed material tested at 593°C (1100°F), and the aged
material tested at 593°C (1100°F). The conclusions reached in previous studies [1-3] are
then discussed in light of the additional information generated in this study, and some
unresolved issues are cited. Finally, the conclusions and implications are summarized.

Manuscript submitted May 18, 1977.
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SMIDT AND PROVENZANO

EXPERIMENTAL PROCEDURE

Complete details of the materials, specimen history, fatigue test procedures, and data
anal ysis methods hav e been previously reported I 1-3]. Only the pertinent variables and
techniques required to provide background for the reader are summarized in this report.

Single-ed ge-notched cantilever beam specimens were cycled under zero-to-tension
loading to a constant maximum load at a frequency of 0.17 Hz using a sawtooth waveform.
as shown in Fig. la. The tests were conducted at 427 C (800 F )  and 593 C (1100 F )  in an
ai r environment. The effect of static loading (hold time) was examined by holding the max-
imum load for 0.1 and 1.0 mm before returning to zero load , as sho wn in Fig. lb. The Type
316 stainless steel tested in these experiments had a composition , in weight percent , of 0.060
C, 1.72 Mn , 0.012 P, 0.007 5, 0.40 Si, 17.30 Cr , 13.30 Ni , 2.33 Mo , 0.65 Cu , 0.30 Co , 0.012
Al, 0.003 Ti , and 0.0005 B. Material conditions examined included material solution-annealed
at 1090°C ( 2000° F) for 1 h a n d  material additionally aged for 5000 h in air at 593°C (1100° F~.
The fatigue data were analyzed to yield crack propagation rate da/dN as a function of the stress
intensity factor range ~~K.

The SEM specimens were machined to a size of approximately 20.0 mm X 9.0 mm
X 2.5 mm from the failed fatigue specimens. The fracture surfaces of most of the specimens
were oxidized to some extent , depending on the previous fatigue test conditions . :\ n initial
attempt to clean the specimen surfaces utilized ultrasonic cleaning in acetone and alcohol.
Where the ultrasonic cleaning was not effective , an inhibited I-ICl solution composed of 100
mQ 6N HC1 with 0.2 g hexamethylene-tetraminc was used to remove the oxide film [4 ) .  ThI A
oxide removal method does not attack the metal surfac e, as documented in the studies of
Brooks and Lundin [5] and confirmed by the presen t observat ions. The specimens tested
at 593°C (1100°F) had a particularly hea vy and tenacious oxide layer that required an
additional step in oxide removal processes: stripping with cellulose acetate tape. This
techniq ue is similar to the one used in preparing rep licas of f racture surfaces [6] . After
cleaning, the specimen was mou nted to the SEM sample-holder adaptor with a conductive
cement and was dried overnight in a dessicator.

LOAD -

TIME

Fig. I -— Waveforms use d for fatigue testing 1 3 1  I~ 0.17 Hz —

zt~ro hold time; (b 1 0. 1 -811(1 1- mm hold tim es

0
2
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The specimens were examined on a Coate s and Welter scanning electron microscope
(SEM) using the secondary electron emission mode . A t  magn i fications of 500X or less , the
instrument was operated with the accelerating voltage in the Low Voltage Mode (840-900 V) :
at magnifications above 500X the High Voltage Mode (18-15.5 kV) was used. The specimen
was positioned so that the fracture surface was oriented at an angle of 45° with respect to
1)0th the electron beam and the detector and so that the length of the specimen was parallel
to a stage translation direction. This particular orientation lessens the amount of refocusing
necessary when the specimen is laterally translated and also minimizes magnification corrections.
Stereo pairs with a separation of 6° were taken of selected areas where require d to distinguish
topographic features.

EXPERIME NTAL RE SU LTS

Three distinguishable types of failure behavior were identified from the SEM examination
of these AISI ‘I’ype 316 stainless steel fatigue specimens. The failure modes appeared to be
ir~ st strongl y influenced by test temperature and thermomechanical history , hu t under certai n
condi tions they were also influenced by hold time. The results are presented in the following
sequence : (a) solution-annealed material tested at 427~C ( 800° F), for all hold times) ,  (b)
solution-annealed material tested at 593°C (1100° F) (for all hold times), and ( C )  material
aged at 593°C (1100° F) for 5000 h and tested at 593°C (1100° F) ( for all hold t imes).  This
sequence represents something of an ascending order in the complexity of the results .

The crac k propagation data in the previous investigations [1-3] were analyzed and presented
in the form of log da/ dN vs log ~ K curves, which , for easy refe rence , are also included in this
report. These curves were derived from graphical and computer analyses of the change in crack
lengt h during the fatigue test and from ~K values corresponding to that crac k length , which
were calculated according to the expression for K in pure bending given by Gross and Srawley
17 1. The results approximate a linear behavior when plotted as log da/dN vs log ~ K. Changes
in slope of the curves are sometimes observed. Possible causes of these changes in slope are
examined and their significance assessed in the section “Discussion of Test Results.”

Consider first the solution-annealed material tested at 427°C ( 800° F) . The crack growth
rate data from the tests 13 1 is presented in Fig. 2. As can be seen in the figure , the growth
rate per cycle increases from approximately 7.5 X iO~ mm/ cycle (3 X 10-6 in./cycle) at 22
MPa~/~~~(20 ksi~/T~~) to about 3.8 X iO~ mm/ cycle (1.5 X io~ in./cycle) at 55 MPa~/~~
(50 ksi.~/~~ ). hi this range it approximates a linear behavior. At low magnifications the fracture
surface shows a transgranular mode of failure with irregular topography from grain to grain.
At high magnifications fatigue striations can be found on the surface , as illustrated in Fig. 3,
for both low , 22MPa ~/iIi(20 ksi~./Tii.), and high 44MP a~/ii~ (40 ksi’~/i7~.), ~.K regimes of the
test. These striations are typical of those found in ductile metals f 8] as a consequence of the
alternate extension of the crack by shear and the  subsequent compression of the crack tip
region during the unloading part of the cycle. It is readily apparent that the striation spacings
increas e as one goes to higher z~K values , and measurements of the striation spacing at both
high and low ~ K show a close correlation with the calculated da/ dN values. The imposition
of a hold time had no noticable influence on either the crack growth rate , as can be seen in
Fig. 2. or the appearance of the fracture surfac e, as can be seen in Fig. 4 .

3
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I )  (d )

I”i~ . 3 — Fracture ~u r I ~ ,ei s ( S K M )  ) i a s ,lulum- ann ealecl stainless steel specimen l cstcd  al • i27~ C (800°F)
with 0.1-miri hold t Im .  The SEM mIcro~’rap hs were taken at crack lengths that correspond to the following
..~K v a iw s : (a) 22 MPa \ m 20 k~ I\ Thi ), Ih) 27 .5 MPa~ ~~~( 25 ksi~ IT~i), (c) 33 MPa~ ‘~~

( 30 ksi 5~~~. ), and
(d) 4 I MPa~~~~ ( -1 0 k .1 \ In . ) ,  Arr ..w~ itulu-a t , direction of macroscop ic crack propagation. Transgranular
features with ( I ist i I leI lal I~~II4 ~I rt.. I  nns can he c learly seen n the micrographs.
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(a) (h)

(c) (d)

Fifl . -I — Fracture surfaces (SEM) of a solution-annealed stainless steel specimen tested at 427 °C (800°F)
with 1-mm hold time The SEM micrographs were taken at crack lengths that correspond to the following
..~K vaiues : (a) 22 MPa.f~~(20 ksi..fii~ ),(b) 27.5 MPa..Ji~ (25 ksi\/ii~.),(c) 33 MPav~~ (30 ksi 

~ /ii~~ ), and
(d) 44 MPa..J~ (40 ksi \ ’Ti~ ). Arrows show the direction of macroscopic crack propagation. As was the
case for a hold time of 0.1 mm , transgranular features with clear fatigue striations can be seen in the
micrograp hs.
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Crack growth rate data for the solution-annealed material tested at 593°C (1100°F)
13 1 is presented in Fig. 5. The crac k growth rate for the specimen tested with no hold
time increases from approximatel y 5 X 10 I  mm/ cycle (2 X i0~ in./cycle) at about 22
MPa~./ii~ (20 ksi~/Ti~~~to about 3 X 10- 3 rnm/ cycle (1.2 X 1O~ in./cycle) at about 55 MP&j7 i~
(50 ks1\/ti~~). This crack growth rate is higher than the growth rate at 427 C ( 800 F )  for
comparable values of AK. The crac k growth rate curve is nearly linear in the AK range
from 26 MPa~.Jii~(24 ksi~/ T h )  to about 44 MPa,,/iii(40 ksi~./Ti~~), but there are changes in
slope both above and below the midrange region. The introduction of 0.1-and 1.0-mm hold
times during the fatigue cycle increases the crack growth rate da/dN , as compared to the
test with no hold time. Above 44 MPa~/i~~(40 ksis,/i~ .) the zero and 0.1-mm hold time
curves show an anomalous decrease in the slope. This is considered in more detail in the
discussion of test results.
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~~~ ‘~ Fig. 5 —  Effect of hold time on fatigue

- - ~~ ~~~~~~~~~~~~~ .:~ crack growth rate da(dN ~n air at 593°

- I I 3O~ FI : C (1100°F) for unaged and thermally
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,[ . aged Type 316 stainless steel (3]
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Typical SEM micrographs of the solution-annealed specimens tested at 593° C (1100° F)
with no hold ti me are shown in Fi g. 6. As in previous figures , these micrographs include
representatives from regions of both low and high values of ~ K. For crack lengths up to
16mm (0.65 in.),  which corresponds to a ~ K value of 33 MPa~/i~i(30 ksis/i~~), the failure
mode was mixed , con taining areas where intergranular failure, as well as the more predominan t
transgranular failure mode , was clearly evident. At ~ K values above 33 MPa,./iiii(30 ksi,.~/T~~),
the failure mode was transgranular , and clear striations were observed , as shown in Fig. 6.
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( a )  ) b)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
(c) )cl )

Fifl. e — Fracture surfaces of . soint ion- .wn.-a led Type 316 stainless steel specimen t e s ted  at ~9d C (1100 Ft
with 1cm hold T i  rn. . The i~ 1~ .l mu a- ro~tra p hs wer e taken at crack Ic n6ths that cor r -~ ) iTfid i i  the follow ing

~\K v a lues: i )  22 ~lPa \ rss (20 ksi\~~~.), (h) 27J~ MPi \ m ( 2 5  ksi \ Ti~~
) . Ic) 33 \IP.i \ ~~~(30 k~ i 0~~~.) and

( d )  14 \1l’ i \ i’
~ 1 10 k._ I \ in ) A r r o w -  show c ) i r , -c t i o n  ol i a’ ros ( - o) i i e crack propagation.

The striation spacings again correlate with the da ‘dN val ues calculate d in the f a t igu e d.~ :~
an alysis. The introduction of a 1-mm ’ hold time dur ing  the fatigu e cyi h caused the material
to fail in tergranu lar ly  for all values of .~K. l h t s  is clearly ev id ent  in the SEM mi. -r i~ d- aj ~hs
in Fig. 7. As mentioned earlier , there was some indication of a hold time effect  at ~~~(1100° F) in the fatigu e da ta  al though the t rend was t o t  ( - learIv outsid e the l i m i t s  of t x ~
mental scatter. Th - SEM micrograp hs clearly ~I 1 iw a e l t an d e  in m i cr o s t r t u t t i r e  and con firm
the presenc e of hold t ime  i f fe c t .
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(a) (h)
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(c) (d l

Fig. 7 — Fracture surfaces of a solution-annealed Iv pe 316 s t a i t r l - ss s i t e 1  spe cinsen t . s t . . t  ii 593 C
(1100 F) WI t i  I -mm hold time. Flit- SF51 micrograp hs we re taken ii crack I. t i . ~ths that i- i t i- i sp 3 to the
lo llowing _~ Kva Iu es .  (a)  22 MPa \ 7i7, ), III) 27 .5 MPa\”~~ 2~ ksI \~~ 7.). I d  33 SIP:i \ m (30 ~°k io ). and
( d )  1-I MPa \ m I- tO ks i \ in ). Arrows show (t ired ion of macroscopic crack propagation. \ lic i’ OOi ’ ij
show that the fail ure mode was mostly intergranular for all ..~K values.

Figure 5 also shows (- ra ( -k propagat ion data for the aged material tested at 593°C ( 1100
I A s c  an he seen in the figure , the growth per ( ( l e  i~

( ) I s from approximate ly  2 ~ 1 0 1
m m - c y e l l -  (S  / 1O~ in /cy c l e)  at a ~ K value of about 22 MPa~/~~ 2() hs i~ , ’T~T. I . to
i n i a t i l v  7.5 X 103 mm/ cycle (:3 X 10- -I in. . yc l e )  at a ~ K value of about 72 ~\ l l t a~ iii I (~ 5 kst
v’1~

, ). Exc ept  for the sl ight  variations in the slope at t h e  lower and upper ends of t h e  curve, t he
l a t a  a l l -  linear on the log-log p lot. The crack growth rate in the aged material is less than

I t a t  in the solut ion-annealed material at this same temperature hut  is s l igh t l y  ( ‘as t i r than the
1rI wt  Ii rati  in the so lu t ion—annealed  material tested at -127 ” C ( 500 F). The slope of the li i ~

a d N vs lot ~ i- curv e is al out the same as tha t  found in the  so lu t ion-anne al ed  °l , i ’ in t l - o s
t i  st ’ I I It the ~aml temperature .  N o hold t ime  effe ct  Is apparent in the fa t ig u e t a t  a.
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l’ ypica l SF51 ni icro gr aplis  ol t he  /, 01 hold t I m . -  sp i t h i l l s  ar t - s I t i i ~~t i iii F t p .  5; i  ;itid ~ i t

the I —mi d  hold t ime specimens i i i  l ’ i~ . Sc and Sd . I lie t a i l u r t  mm li Is 1 r a t t s p r a t i i l a r  b i t t  of a
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‘l It e ~‘ o~ ls ~t lsmi  tend to ott - r i - ask -  in s l i t -  s~ itb tit - r i-asitl p ..~K .  The baste fat igu e t i - a t u r m s arc
th e ‘i n t l  in both . s l t m - t - l n l i t t s .  That l~ , wherever the oxide layt i has been r it i t s . ’ i l  i t y  t li ’
cli autitt ~ trii u - m- ss nitcrovoids can Is si t - i t  (F ’ tg . Sa-Si t , 9a and 9ej .  In -otitras t . ~‘lt.-r - lit.
ox i i i  layer s t i l l  i t  v m - r s  the frat-tu r -  su r face , strjations are vi st He, (~sl te - i a l lv  in the later
sla~ii -s of cr am - k pi’ t t w t b  when the ~ K values are high ( I- pt , 9h and ii) , The s t r i a t t i t t i  s t i a t I : ps
compare quite ss i l l  w i t h  t iti corresponding crack growth rati s in the mechanical data.
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Fig, 9 — SEM micrographs of a solution-annealed thermally aged Type 316 stainless steel specimen tested
at 593 C (1100 F). Specimens (a) and (b) were t i-st -d with no bold time; (c) and (d) were tested with
1101(1 time, The micrographs were taken at c rack lengths corresponding to the following ..~K values: (a)
37. 5 MPa~, m (35  ksi~ ’~~ ), (b) 1-I MPas/~ (40 ksiv’T~~), (c) ‘ 7 ,5 MPa~/~~ (35 ksi~/~~ ), and (d) 44 MPa
~ m (- t O ksl \ in.), Arrows show direction of macroscopic • ek propagation. Microvoids can be seen
wherever the ox ide layer has been removed . Clear striations visible where the oxide layer still covers the
fr a -t u n -  sit rf ie,- ,
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DISCUSSION: A SEARCH FOR UNIFYING PRINCIPLES

The previous results show a variety of behaviors depending on the test conditions and
thermomechanical history of the material. The cause-and-effect relationship of t he sm -  various
behaviors is not readily apparent. One of the primary objectives of this report is to attempt
to identif y behavioral trends in the data. A brief digression is therefor e in order to r eview
some of the unifying principles which hav e been found for fatigu e in other materi als and to
suggest an approach based on deformation mechanism maps that  makes maximum use of the
microstructural information gained from the SEM observations. This disi-ussicin h t r i ) s i d m s the
fram ework for the interpretation and generalization of results to be discussed in detail in the
follo wing section. Those readers intimately familiar with the field may wish to scan this  sm-c-
tion , simply noting the rationale developed to support the conclusions in the later section.

An excellent review of behavioral trends in fatigu e crack propagation ( FCP) has been
prepared by Spiedel [9].  His work provides the basis fo r suggesting several similar trends in
the present work. The development of linear elastic fracture mechanics (LEFM ) has provided
the framework to define the test conditions under which fracture behavior is independent of
speci men geometry. LEFM can also be app lied to fatigue crack propagation to define geometry
that will yield valid test results. Paris and Erdogan 1101 found that a good correlation could be
made of crack growth rate per cycle da/dN with the stress intensity factor K using an empirical
relation of the form dafdN = C ( A K)  ~ where ~ K is the range of K values and C and n are
material parameters. A wide variety of materials shows linear behavior when the fatigue -rai -k
propagation data for purel y elastic loading are disp layed on log-log plots. As noted in the
previous section , this analytical method was applied to the NRL results 11-3] -

Speidel has shown that a further generalization can be made if one plots the data as a
function of M (/ E , where E is the elastic modulus [9] . When this is done for tests conducted
in vacuum , the crack propagation data for materials ranging from copper to molybdenum
can be fitted to the same curve with a value for the exponent n of about 3.5. It further
appears that tests conducted over a range of temperatures can be correlated by taking into
account the temperature dependence of E, again with the provisos that the tests are in vacuum
[111 and that loading is in the elastic range. These observations provide a basis for searching
for behavioral trends.

Further generalizations about FCP data can be made if one considers the limits of .~iK
to be expected. An upper limit on ~.K will obviously be imposed by the f racture toughness
of the material, and the approach to this limit would be manifested as a rapid increase in the
slope of the crac k growth rate curve. Plastic overload would also terminate the test when
ins tability and necking occurred. Intervention of both of these phenomena would cause an
increase in slope as the limit was approached. A lower limit or threshold ~ K , below which
the crack wi ll no t propaga te, also has been postulated but is not firmly established. No effects
arising from LEFM would produce a change in slope in the midrange of the test.

The fac t that the fatigue behavior of so many materials can be correlated by the dafdN
vs i~K plots suggests either that the deformation properties of the material have little influence
on crac k propagation or else that a single deformation process with a limited range of values
is operat ive in all the materials for the range of conditions under which tests have been per-
formed.

12
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Linear elastic fracture mechanics threats materials as a perfect elastic cont inuum.
Differences in ma terial properties such as strength and ducti l i ty do not have a major
influence on the analysis, even though it is clear from the examination of the fractare
surfaces that some deformation is occurring prior to failure. Irwin has shown that this
plasticity can be incorporated into the LEFM analysis by adjusting the crack length by
the plastic zone size r~ = C(~~K/o~ 5 )2 .

The plastic zone size thus changes less than an order of magnitude over the range of
.XK values for the fatigue test, If the plastic zone size does not change appreciably and
i t the deformation mechanism controlling failure does not change, then perhaps the simi-
larity of the fatigue crac k propagation data in vacuum is not so surprising.

To examine the possible ways in which the deformation behavior of the material
might influence the crack propagation behavior , another unifying principle is needed. The
deformation mechanism map of Ashby [12] m ay provide such a tool if it can be adapted
to failure behavior. Crac k propagation in ductile materials is controlled by deformation
in the localized region ahead of the crack tip, much as if the region were a miniature
tensile specimen (strain-limited failure). Some insigh t into the possible processes that may
occur can thus be gained by looking at analogous behavior in deformation of bulk samples.
Ashby [12) has suggested a useful way of classifying deformation in normalized stress and
temperature space (u/p and T/TM )  by mapping the regions in which different mechanisms
con trol the deformation process. The deformation mechanism map fo r n ickel , which has
been extensively studied and which should be similar to maps for stainless steels, is shown
in Fig. lOa. Most materials show the same general mechanism fields although the extent
of the various fields may differ somewhat. Note that dislocation glide occurs above the
yield strength at all temperatures. Also, a large elastic regime is present at all temperatures.
In fact , the boundary of the elastic region is determined by the ability to detect plastic
strain. At elevated temperatures (about 0.45 TM) ,  dislocation creep, Coble creep (diffu-
sional flow by grain boundary transport), and Nabarro-Herring creep (diffusional flow by
bulk diffusion) appear. There may be additional mechanisms, depending on whether grain
boundary sliding is a separate mechanism or a form of Coble creep. Deformation mech-
anism maps show at a glance the possible mechanisms that may control deformation for
a given set of test conditions.

A partial deformation mechanism map for AISI 304 Stainless Steel conditions , with
isostrain-rate lines indicated, is shown in Fig. lOb [13]. It is similar to the map fo r nickel.
The test temperatures used in the current tests, which correspond to homologous temperatures
of 0.42 TM and 0.52 TM,  tha t show plastic deformation might occur by Coble creep,
dislocation creep, dislocation glide, or some combination of mechan isms, depending on the
stress level (Fig. lob). Stresses ahead of the crack may vary from somewhere in the elastic
regime to something over th e yield stress, depending on the loading condi tion s and the stress
concentration ahead of the crack. This difficulty in defining the region that controls the
deformation and the stress level in that region make it impossible to apply the deformation
map formalism quantitatively to failure behavior. There is also the possibility that the mech-
anism controlling deformation does not influence the failure behavior. However , if defor-
mation is by Coble creep rather than by dislocation motion , th is shou ld be eviden t in SEM
observations of the fracture surface. Other distinctions may also be possible after more
detailed study.

13
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The discussion up to this point has established that fatigue crack propagation in vacuum
for temperatures below 0.4 TM follows fairly well-defined trends which depend on the K
level and number  of cycles. However , above 0.4 TM ,  the possibility of time-dependent
processes must be considered. Hold-time tests are often employed in an attempt to separate
the cyclical component of crac k growth from the time-dependent component. Hold-time
tests are often analyzed by plotting da/dN vs ~.K and da/dt vs ~ K. If the hold time produces
a deviatioo in da/dN vs ~ K from that in purely cyclic tests, then it is concluded that a t ime-
dependent process is present. Likewise if da/dt vs ~ K curves for both hold time and static
loading show the same behavior , then only a time-dependent process would be occurring. The
first approach is usefu l for defining a threshold for time-dependent processes. ‘I’here are
serious difficulties with the second approach , however , because deformation relaxes the crack-
tip stress intensity, and the assumptions upon which the definition of L~K are based are no
longer valid. Haigh [141, for one , has reviewed several sets of test data for this regime a~ d
shown the LEFM approac h to be in valid. He suggests that there are two reasons for the
surprisingly good correlation between da/dt and i~K in such tests. The firs t is an implicit
dependence of the ~ K factor on stress , and the second is the narrow ran ge of K/a values
found for most test specimens; as a result the tests do not show large differences in stress
relaxation during the test.

Landes and Begley [15] and Dowling and Begley ( 161 have examined possible apl)roaches
to a more general treatment of fatigue crack growth where gross plastic deformation ut -cur s
and the LEFM formulation is not valid. Su ch an approach directl y acknowledges the Ina I ) i l i ty
to separate cyclic and creep deformation at elevated temperatures and provides the formalism
for treating both together in the same test. Howe~er , J-intc gral tests are s t i l l  in the development
stage, and they are not as simp le and direct as current fat igu e test methods , so a practical
approach is still to be developed.

Time dependence in fatigue tests may arise from either time-dependent deformation
processes or time-dependent environmental attack. Spiedel I 91 has reviewed the literature
of these effects and has shown that  fatigu e tests conducted in air typi cally show an increase
in crack growth rate by a factor of 2 or 3 over tests conducted in a vacuum at room temperature
This increase in growth rate usually does not change the slope of the log da/dN vs log ~ K
curves; it simp ly translates them to faster growth rat es. Elevated temperature tests under
conditions where oxidation is severe often show additional increases in gr owth rate, frequently
accompanied by the onset of intergranular failure. The time dependence of environmental
attack in air could arise from growth of an oxide film or from diffusion of oxygen tnto the
(-rac k tip region, both time-dependent processes.

In conclusion , a survey of the literature of FCP indicates that most FCP data in vacuum
witi~ loading below the elastic limit fal l in a n arrow band when plotted as a function of log
(da /dN) vs log (~~K / E) .  Deviations occur when the temperature is increased to the range in
which time-dependent deformation is detectable during the time period of the loading cycle
and when the tests are cond ucted in air. A consideration of deformation mechanism maps
suggests that such maps may be usefu l in correlating the deformation process es in the plastic
zone ahead of the crack with SEM observations of the frac ture surface.
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l)ISCUSSION OF TEST RESULTS

Reproducibility and Validity of Test Results

The fatigue crac k propagation data derived from the tests described in this report
exhibit changes in slope and shifts in crac k growth rate . Some of these features can be
correlated with physical processes and some cannot. It  is therefore u seful  to examine sonic
of the factors that influence the reproducibility and val idi ty of the data so as to have some
perspective on the significance of chan ges in slope and of relative comparisions of different
tests. Three aspects of the test results will he considered : (a) the reproducibility of fatigu e
crac k propagation data , (b )  the significance of changes in slope in da/ dN vs ~ K curves , and
(c) the proximity of the applied stress to the yield stress. A number of experimental factors
can introduce uncertainty into the test data and thus produce scatter in the data from Ofl(~
test to another. Probably one major source of uncetainty is inability to measure the true
crack length inside the specimen and to properly allow for curvature in the crack front.
Curvature of the crac k front can be influenced by specimen geometry , stress cont -entrations
from side grooves, local stress concentrations from inclusions , premature failure at inclusions ,
and possibl y by other factors . Curvature of the crack front can be seen in arrest markings
where the crac k has temporarily been stopped. Although admittedly such markings show
the curvature for a condition of crac k arrest rather than motion , they can be used to estimate
the unm-ert ainties that might arise in the da/dN va curves from curvature of the crack front.
The largest deviation in crack length (difference between the length at the surface and the
length at the specimen center) observed in these specimens was 1 mm in the aged specimens
tested at 593° C (1100° F) with a 1-mm hold time. This deviation would produce an uncertainty
in .~K of about ± 1O~ and a corresponding uncertainty in the crack growth rate (da/ dN ) of
about ~~~~ Other sources of error are the accuracy of the load measuremen t and application ,
which wi ll vary with experimental apparatus , and the resolution limit for measuring the crack
length . This latter is sometimes complicated by cracks that are poorly defined because of
branching or intermittent growth , especially in the high -~ .K regime of the tests.

James [171 has reviewed the influence of specimen design on the scatter band for fatigu e
crack propagation data in annealed Type 304 stainless steel tested in air at room temperature.
Ten different specimen designs gave results reproducible within a factor at 3.8 between the
lowest and hightest values of da/dN. Experience at NRL on a single design specimen tested
at elevated temperature in air shows better reproducibility with a scattet hand about half
that reported by James, or a factor of 2. Relative uncertainty during a single test is , of
course , much less.

Another feature of interest in the test results is the change in slope exhibited by man y
of the log da/dN vs log ~.K curves. These changes in slope are especially pronounced in t~sts
of solution-annealed material at 593°C (1100° F) for 0- and 0.1-mm hold times , where a
decrease in slope occurs at about 44 MPaV’iii (40 ksi~/iii.). Lesser changes of slope are
observed at the high-i.~K end of the curve.

As noted in the previous discussion of unifying principles , there is no mechanism in the
LEFM analysis that would lead to a decrease in slope. If any change were to occur as a
result of approaching the fracture toughness limit or plastic instability , it would he an increase
in slope. SEM examination of the frac ture surface of the zero-hold-time specimen in the area
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corresponding to the decrease in ( ra ( -k growth rate reveal s no features markedly d i f ferent
from those in the Iow-~~K end of the curve , although there is a change in the extent of
iiit ergranu lar failure at about 33 Ml’a~/~~ (30 ksi~/Th). Another possible cause for a decrease
in slope at the l i i gh- ~~K end of the test is the relaxation of stress intensity due to creep and
the resultan t failur e of the assumptions for valid ~K measurements. This would tend to
make the ~ K values calculated from the load higher than the true ~K , if it stil l had any
significance. Crac k bran ching and intermittent cracking ahead of the main crac k are occa-
sionally noted in the high-AK portion of elevated temperature tests, and this too would
invalidate the analysis beyond that point . The cause of the slope changes in the high-AK
end of the tests has not been uniquely  identified , but there appears to he a strong possibility
that these effects originate in test conditions or procedures , and therefore no great significance
should be ascribed to them until  contrary evidence is found.

The final question of concern regards the stress range in the region ahead of the notch
and the proximity of this stress to yield stress. The nominal stress O \- ahead of the crack
t a n  he estimated from the flexural formula for beam bending. The nominal stress is given

6PL
= 

B( W- a)

where L is the distance from the crack plane to the point of load application , W is the
specimen width , a is the total crac k length , B is the specimen thickness, and P is the applied
load. At 427°C ( 800° F), the formula yields a nominal stress value of about 139 MPa (20
200 psi) at the beg inning of the test , correspondi n g to a ~ K of about 22 MPa~/~

’ (20 ksi~/t~T) ,
and a nominal stress value of about 416 MPa (60 400 psi) toward the end of the test at a
corresponding ~ K value of 66 MPa.~/i~ (60 ksi.,/ti~ ). Similarly, at 593°C (1100 F),  the formula
yield values of 108 and 351 MPa (15,700 and 59,900 psi ) in the lower 22 MPa~j’i~ (20 ksi~,/iiT )
and upper 66 MPa~/~ (60 ksi~/~~.) ends of the test. These nominal stress values would exceed
the 0.2~ off set y ield stress u~~ for solution-annealed 316 steel, at 427 °C (800° F) . by 1.15
at the start of the test and increase to- about 3.7 o~~ at the end of the test [18] . At 593°C
( 1100° F) the ratio of ~~~~~~ goes from about 0.9 to 3, respectively. The stress concentration
ahead of a notch in the triaxial stress state is approximately a factor of 3 higher than the
uniax i al yield stress, so the initial portions of the tests are well within the elastic l imit , but
the end of the test may exceed the elastic limit.

Solution-Annealed Materi al Tested at 427°C (800° F)

The first question of concern in classifying the fatigue behavior in austenitic alloys is
the in fluence of the air environment on the fatigu e behavior. Although for all the specimens
examined in this report the tests were conducted in air, some data on vacuum tests and tests
in ine rt environments are available in the literature , and they provide a base line for comparison.
The review of the data available on austenitic alloys by James I 17~ shows that, for tests con-
ducted in vacuum or in an inert environment , the crack propagation rate increases only slightly
when the temperature is increased from room temperature to 650°C (1200°F). In contras t to
the data from vacuum tests, tests in air show an increase in crack growth rate with increasing
temperature [171. A comparision of data from vacuum tests on solution-annealed Type 316
at 538°C ( 171 with the NRL results on crac k propagation in air at 427 °C (800° F) shows
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roughly a factor of 3 im-rease in crac k propagation rate in the  air tests. Sm ith et al. ( 1 9 J
have studied the effe -t of oxygen pressure on era t-k growth  rate in 316 stainless ste -l us ing
resonance fatigue specim ens at 500°C (9: 12 F) and SOO t’ ( 1-152 F’ i. ‘l’h vir study showed
that increasing the oxygen pressure over the range 1.33 X 10~ N / rn 2 ( 1 06  tor n to 1.08 ‘

10~ N/rn 2 (810 torr) caused an increase in crac k growth rate of 1 to 2 ur (ler s of magni tud e
compared to the vacuum tests. The crack growth rate appeared to increase w t h  inur t -as i n g
oxyge n pressure until monolayer coverage of newly exposed surfa -e o -eurr ed t l ur ing  t l i t -  c~~- It
time of the test. Further increases in oxygen pressure did not product- an additional mnc r t - a~-t-
in crack growth rate. The crack path was observed to be transgranular for all oxyg en p r t -ssu r . -s .

The SEM observations of the solution-annealed Type 316 tested at -127 C ( 800 F) in t i n -
present experiments showed a ductile failure mode propagating transgranularlv. ~\ t  h igh er
magnifications , striations typ ical of those expected for a ductile material w -r t observed . The
striation spacing increased with crac k length and correlated w -ll with the & -alcu lat ed rn aur o-~eu pie
crack growth rate (Figs. 3 and 4). Although SliM observations of the f ra ctur t -  su rface ~% t r t ~ r iot
reported for the vacuum tests cited in [171 , it should he reasonable to assume ti r e  fa i lu r t -  mt -eh-
anism in that case was also a ductile tearing and that 5triatio n markings wi-re also l) r t - s - i t .  l i i
air , -127~C (800° F~ an oxide layer appears to form which accelerates the r rai-k gro~~th rate l~
a factor of 2 to 3 but produces no readily visible microstructural  feature that woui ( l  d i s t ingu i sh
it from FCP in vacuum. Hold times up to 1 miii do not accelerate the growth rate pt- r  cycle , nor
is any evidence of a chan ge in mi crostructur e seen , thus indicating neither a time-del endent
deformation l)ro(-4-ss nor a time-dependent environmental attack in the time perio d from 0.1
to 1 m m .  It is also interesting to note that a carefu l examination of the stirfa c - a long the t-nt ir t-
crack lengt h shows rio indication of a change in deformation mode as the crac k length iri i ~-r -ast-s

~ K and (J~~- increase). These observations indicate that the same failure process controlled
during the entire test and that general yi eld was not exceeded in the triax ial stress state.

Solution-Annealed Material Tested at 593°C (1100°F)

\ir increase in test temperature from 427°C (800dF) to 593°C (1100°F) :roduced an
order-of-magnitude increase in the crack growth rate in solution-annealed Type 316 tested
in air at ~ K levels comparable to the 427 °C (800° F) test. Imposition of 0.1-mm and 1.0-mm
hold times progressively increased the crack growth rate. Above 44 MPa~/i~ (40 ksi~/ii~ ) the
zero-hold-time curv e showed -i well-defined change in slope to much lower growth rates. SEM
observations of the fracture surface of the zero-hold specimen at various points along the crack
path showed patches where intergranular failure had occurred at crac k lengths up to 1.65 cm
(0.65 in . )  which corresponds to a ~ K value of 33 MPa~,/~~ (30 ksi~/~~ ). Beyu~ d this point
the fracture path was entirely transgranular (Fig. 6). Imposition of a 1-mm hold time increase
the proportion of the surface characterized by intergranular failure (Fig. 7) 50 that at crack
lengths below 33 MPa’/~~ (30 ksi~1/T~~) the failure mode was 100% intergranular . Above 33
MPaV’i~1 (30 ksk/ti~.) a large proportion of the surfac e was characterized by mntergranu lar failure ,
but a few grains exhibited a tran sgranular crac k path .

The increase in crac k growth rate upon increasing the test temperature from 42T C ( 800°
F) to 593°C (1100° F) and the further increase in crack growth rate upon application of a 1-mm
hold t ime are clearly associated with a change in failure mode from transgrariular to inter-
granular . It is not clear from these tests alone whether the intergranu lar failure results from a
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diffusiona l  flow deformation lorocess or from environmental attac k , which causes grain
i)oUndarv emhn i t t lement .  The question of the causitive mechanism would most clearly ix~
resolved if vacuum tests on the same material were available. Although no information is
available on microstructures , the literature results previously cited on austenitic stainless
steels tested in vacuum (1 7J  show only minor increases in crac k growth rate for an increase
in test temperature from 427 °C (800° F) to 593°C (1100° F). This would tend to indicate
that the increase in crack growth rate is due to environmental attack rather than diffusional
flow creep processes.

A few qualitative calculations were made to evaluate the possibility of grain boundary
embrit t lement due to diffusion of oxygen into the material. One of the most sign ificant
of the SEM observations was the transition in failure mode from intergranular to transgranular .
If this transition was -aused by embrittlement due to oxygen diffusion , then the transition
point should provide some measure of the diffusion rate required for embrittlement to occur.

The SliM micrograp hs of the solution-annealed specimen at 593°C (1100° F) with no
ho ld time showed that after the crac k had grown to about 1.625 cm (0.65 in.), the inter-
granular islands disappeared and thereafter the material failed transgranularl y. The fatigu e
data showed that at a crac k lengt h of 1.625 cm (0.65 in .) the crack growth rate da/ dN is
2 X iO-~ cm/cycle. For the cycle time of 6 s the effective crack growth rate is approximately
3 X 105 cm/s. At the temperature of interest, grain boundary diffusion is more rapid then
hulk diffusion , so a comparison of the above rate with a surface diffusion model should
provide some indication of the applicability of the concept. An estimate of the surface
diffusivi ty was made for a random walk diffusion model where the root-mean-square diffusion
distance ~ is given by (4 Dt) m

~”2 . If ~ is taken as 2 X 10~
4 cm and t is 6 s, then the diffusivity

is 1.7 X 109 cm 2 /s. Data on the grain boundary diffusivity of oxygen in stainless steel were
not available, but a composite equation for grain boundary diffusivity in fcc metals has been
developed by Gjostein 1 201 and was used for comparison. This equation gives a grain boundary
diffusion coefficient of about 4 X iO~ cm 2 /s for 593°C. Considering the approximations
involved , this is excellent agreement between model and experiment.

An examination of some of the other conditions further confirms consistency with the
model. For example , if one uses Gjosteiri ’s value for diffusivity in the random walk equation ,
an approximate penetration distance per cycle can be calculated. At 593°C (1100°F) for the
1-mm hold time , it is found that the penetration distance per cycle is ~~1 X 103 cm , which
excee(ls the crack growth rate per cycle for all except the very highest values of AK. This
is consistent with the observation that intergranular failure is observed along the entire crac k
path in this specimen. At 427°C (800° F), Gjostein ’s value for DaB is 5 X 1011 cm 2 /s. This
y ields a penetration distance of ~ 1 X 105 cm for the 1-mm hold-time test , which is less than
the crack growth rate per cycle for all excep t the very lowest AK values. Again this is con-
sistent with the absence of intergranular failure in the 427°C (800°F) tests.

An analysis of fatigu e crack propagation behavior of the solution-annealed Type 316
stainless steel tested in air at 593°C (1100° F) suggests that the growth rate is strongly
influe nced by embrittlement of the grain boundaries as a result of diffusion of oxyge n
along grain boundaries ahead of the growing crack. This conclusion is reached because (a)
the incre ase in crack growth rate with temperature is much greater in air than in vacuum ,
and (b) an intergranular failure mode occurs under conditions where the penetration distance
for oxygen diffusion along grain boundaries exceeds the crack growth rate per cycle.
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Aged Material Tested at 593°(’ ( 1 100° F)

‘l he aging of Type 316 stainless st -el at 593 (‘ (1100 F) for 5000 h resulted in a
t lei.-reas e in crack growth rate as compared to the solution-annealt-d rnatt-rial tt st -d at 593
C (1 100~ F’) described above . In addit ion , hold times up to 1.0 mm imposed on the loading
cycle had no effect on t rack growth rate. SE~ l examination of the specimens showed tb-
crack path to be tr ansgranu lar in all t e sts , although it showed a duc t i l e  rupture t vp t  of
failure . Since the opportuni ty for &. nv r u  menta l  a L t  ~~~ - k is the same for both material -~ m d i-
t ion s, it can he concluded that the aging treatment has strengthened the grain boundaries
so that they are no longer the point of failure initiation even when eml)rittled by penetration
of the oxygen. This is consistent with ~he precipitation of M 9.~( ’6 carbides along gr ain
boundari es, which would be expected to oct-or i i i  aUstei)itic stainless steels given this heat
treatment [211 . The precipitate structure is r eadil y visible in the SliM micrographs. The
crack growth rate was approximately ti n - ~ai ne ~rs that observed in the 427 C (Si)() F) ti-st
of solution-annealed material at ~ K values below 44 MP a~/i~ (40 ksi~/T~ ). This implies that
the controlling deformation process must  l~ - s imilar  in nature  to that  in the -l27~C ( 800 F )
test of the solution-annealed material . This conclusion is reached in sp i t i -  of the fac t that
the predominant feature s observed in the SliM examination of the surface were microvoids
which had nucleated at precipitates and then ruptured by tearing the ligaments between the
voids. Fatigue striations ~~~ be seen at the high-AK end of the specimen , and they t a n  also
be seen at the low-AK end of the specimen when the surfac e is still  covered with a l ight  fi lm
of oxide. The fatigue striations are not easily seen after the surface is cleaned , apparently
because the microvoids are of the same size as the striation markings. The irregu l arity of the
surface around the microvoid tends to obscure the striations except when the are covered
with a thin layer of oxide that reveals the topographic relief. The formation and coalescence
of microvoids seem to influence only the final failure proct-~s and indicate a matrix that has
good docili ty but  has some reduction in overall specimen dw- t i l i t ~ - due to early in i t ia t ion  of
voids at the precipitates ( Fig. 8 antI 9). The imposition of hold t ime on the loading cycle
does not produce any significant change in the appearance of the fracture surface. This is
consistent with the fatigue data which showed no hold-time effect .

COMPARISON OF MODEL WITH PREVIOUS
INTERPRETATION S

The model of FCP developed in the current study with the additional information
provided by SliM characterization of the fracture surfaces is as follows :

• Fatigue crack propagation data for annealed Type 316 stainless steel can be described
in terms of the empirical relationship, da/dN = C(AK/E) ’1 . Data for tests conducted in vacuum
at temperat ures up to 600°C can he described by the same curv e and should show no hold-
time effects. The introduction of air causes an imm ediate increase in crack growth rate by a
factor of 3 at all temperatures from room temperature up to at least -(30 C. In this tem-
perature range the crack path is trarmsgranular and the air environment produces no change in
surface appearance. In addition , no hold-time effects are observed in the above temperatur e
range for times up to 1 m m .  An increase in temperature to 600°C causes embrit t lement of
the grai n boundaries as a result of diffusion of oxygen along the grain boundaries , a change
to an intergranular mode of failure , and an accompanying increase in (-rack growth rate.
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‘I’he degree of in tergranular fai l ore is controlled I v  t l i t  distance t I at t lit- ox y gi - i-an d i f fuse
ahead of the t rack tip dur ing  a cycle . so the t - r a t -k  growth rat e , hold t i m e , and t em p e r a t u r e

all in fluent -c the extent  of ernbri t t lemt~nt . Aging the inat t - r ia l  I ro (IUces I re cipi t ation both
at the grain boundaries and in the matrix . S t rengthening of the ~rai n boundaries is such
that intergranular failure is no longer favored at 600~ ( ‘ and no hold-time effects are oIe~i rvcd .

• An upper l imit  to the .~K range is imposed liv K j~ , and the slope of the curve should
increas e rapidly as this l imi t  is approached. No in~lection points in the -urves would h i- p r - -
dicted from the analysis of LEF ’M , and no change in microstru t -tural features was observed
that could be correlated w i t h  the  inflect ion points ohserved in some of the curves .

The principal questions open to discussion in these results are as follows

(1) The existence of a general behavior trend that describes all the results

(2)  The (-aus t - of the increased c-rack t~rowth rate in the solution-annealed material
when the test temperature is raised from 427° (800° F) to 593°C (1100° F)

(3) The origin of the hold time effe -ts in the solution-annealed material at 593°C
(1100°F)

(4)  ‘l’he effect of aging on the fatigue crac k propagation behavior at 593°C (1100< F)

(5) The signifi cance of the sharp chan ges in slope exhibi t ed in a number of the fatigu e
curves.

Discussions and interpretations of the test results in the previous publications 11-31 are
summarized and discussed for each of these questions. With regard to question 1, both
Shahinian et al. [11 and Michel et al. [2 ,3] plotted the experimental data in the form of
the log (da/ dN) vs log AK curves to show generalized behavior trends. No clear distinction
was made as to wh y air tests would show deviations from this behavior. Shahin ian [11]
had also noted that  the temperature dependence of the crack growth could be exp lained by
the temperature dependence of E for tests conducted in vacuum. Michel et al. [21 applied
the oxygen adsorption ‘iiodel [19] to show that the surface of the crack would be covered
by an oxygen monolayer at 427°C (800° F) and that this could produce an increase in crack
growth rate over that expected in a vacuum test.

In questions 2 and 3, which are related , there is a difference of interpretation between
the present model and that previously proposed in Refs . 1-3. Shahinian et a!. [1] ascri ho-
the accelerated crack growth rate at 593°C (1100° F) in air and the effects of hold time to
the operation of creep processes. Michel et al. [2 1 made use of the oxygen adsorption model
to show that the surface was saturated well below 427 °C (800° F) and concluded that the air
environment should produce no further change in the environmental frequency effect at
higher temperatures. SEM evidence shows that there is a change in failure mode from trans-
graunlar to intergranular that accompanies these changes in test conditions , arid we conclude
tha.  this ch~ ~e in mode is responsible for the increase in crack growth rate . Creep Proct sses
(10 occur in austenitic stainless steels at 593°C (1100°F), as can be seen from the .\~h h y  de-
formation mechanism maps 1 121 . However, literature references 1171 on crac k propagation
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t t s t _ s  on Type 31 (~ stai r i li ss stt- i- l in vacuum show no ii lt -rt-as t in crack g r o w t h  r a t i -  corn-
p irahk to tha t  observed in the air tes t s  in going from 127 ( ~0(J Ft  to ~93 (( 1100 F’).
The ul t imate  t i - s t  for t Ii is quest ion would be a va t -u urn te st  of ( l i t  Sal ii l i t - a t  of ma t i - n at as
was used in the previous expi-riments [ 1-3J  , but the current  i -v u  i c t ic i -  appears to ~uj  t ort
env i ronmenta l  at tack of the grain boundaries.

Question 4 , concerning the effect of aging on the crac k growth rate at 593 ( ‘ 1100 F .
also is interprete d different ly in previous pu ldicat ions. Mit  i t t  and Smith 13 1 suggest  that
the crac k growth in the aged material ( l ( -L - ri as(-s from that  in the solut ion-aniu-a lc-d material ,
possibly he -ause of crac k blunting liv the precipitates in the matrix. The present authors
suggest that  the effect of aging is to strengthen tl i t -  grain boundaries so :ts to suppress inter-
granular  failure and that  the transgr anular crac k growth rate observed in this specimen is
in fact about what would be predicted if a correction for the temperature dependence of

wc- r - applied to the -127 C (800° F) data. I t  is further  submitted that  merely strengthen ng
the matrix would increase rather than decrease the degree of intergranu lar fai lure observed in
the solution-annealed material t -stt-d at 593 C (1100° F).

For question 5, concerning tht- changes in slope of the log (da / dN 1 vs log AK l -u r vi-s .
the previous papers offer no interpretations, although Shanh inian comments in a paper on
304 stainless steel and cold-worked 316 [22] that crack branching or nucleation of cracks
ahead of the mai n crack was sometimes observt-d near the end of the tt-sts .

CONCLUSIO N S

SEM examination of the fracture surfaces of fatigu e specim ens of Type 316 stainl ess
steel previously test -d at elevated temperatures in air 11-3] has provided some usefu l insight
into the crack propagation behavior of this material. The specimens examined were in three
basic combinations of material condition and test tempera t ure — (a) solution-annealed
material tested at 427 C (800 F), (b) solution-annealed material tested at 593 C (1100 F t .
and (c) material aged at 593°C (1100° F) for 5000 h and tested at 593°C (1100° F).  Hold-time
tests of 0.1 and 1 mm were also conducted for each combination. Sign ificant observations
are as follows:

1. The solution-annealed material tested at -127’~C 800° F exhibi ts  fatigue str iat ions
indicative of ductile failure processes. Although test data indicated an acceleration in
crack growth rate relative to vacuum tests cited in the literature , there was no obvious
indication of a change in failure mechanism on the fracture surface.

2. The solution-annealed material tested at 593°C (1100° F) shows patches of inter-
granular failure in the low-AK range of the test. The percentage of inter gr ar -iular failure
increased with hold time and extended over the entire range of AK in the test for 1-mm
hold-time. An analysis of possible failure processes points toward environm °ntal  attac k by
dif fus ion of oxygen along grain boundaries as the responsible mechanism for the change to
intergranular failure mode and the attendent increase in crac k growth rate relative to the
427 °C (800S F) test.

3. The aged material tested at 593°C (1100° F) exh ib~:ed a ductile rupture typ e  of
failure with microvoids nucleat ing on the precipitates which formed during aging. No
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in ter gr anu lar failure was obsi rved and it  Was conetu di-d that the aging treatm ent
eff . -ct iv i-ly strengthened the grain I m ound ar i es, I revi-nting intergranular failure and
to r educing the crac k growth rate ii .’lative to th i- growth rate of solution-annealed
ni at i - r i a l  tested at 593~C (1100°F).

-l A c  on sideration of possll)le causes for the in f le -tio ii  points in the log da/d\ vs
log AK curves did not uncover any mec han i sms which migh t  be responsible . Ei ther
(-rac k branching or deformation , which would inval ida t e  the fra -ture mechanics
approach , st em to be the most probable causes for the in fk- -t ion Points , but this
remains to be established conclusively.
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