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FRACTOGRAPHIC EVALUATION OF CREEP EFFPECIS ON STRAIN-CONTROLLED
FATIGUE~-CRACKING OF AISI 304LC AND 316 STAINLESS STEEL
by Robert E. Oldrieve
NASA-Levwis Research Center
SUMMARY

An investigation was conducted 1in which fractography was vsed to
characterize High-Temperatura Low-Cycle (HTLC) creep-fatigue cracking of
AISI 304LC and AISI 316 stainless steel specimens for each of four basic
inelastic strainrange versus 1lifa relationships obtained by the method
of Strainrange Partitioning (SRP). Previously, it has been suggested
that differing deformation mechanisms were the cause of separation in
the SRP relationships. Accordingly, this investigition was made t>
identify fracture features vhich <can provide an understanding of the
1echanisms which are operative in creep-fatique.

Evaluation of the fractures and of crack initiation data obtained
from the fractures show that each of the four types of SRP-cycles can be
characterized as to the effact upon cracking of tensile, compressive, or
the absence of creep-strain.

The fatigue fracture resulting from the non-creep-containing
PP-cycle is transgranular from one or more surface-crack-initiation
sites. It was determined that the introduction of creep strain (in the
PC, CC, or CP-type cycles) acts to change fatigue fracture in three
distinct ways:

(1) The number of surface ¢transgranular crack-initiation sites
(PC-cycle) is increased as comparad to the non-creep fatigue (PP-cycle),
resulting in fewer cycles in tha crack initiation stage, a broad crack
front, and shorter total cyclic life.

(2) Introduction of grain-boundary cracking at the crack front
(CC-cycle) produces early crack initiation and
transgranular-intergranular crack propagation (mixed fracture mode),
resulting in shorter total life than for either the PP or PC cycle.

(3) Introduction of grain-boundary crack-initiation sites
throughout the volume of the test specimen (CP-cycle) produces a total
intergranular fracture. PFor this CP-cycle the total fatigue life (crack
iaitiation plus propagation) was less than the crack initiation life for
any of the other SRP-fatigue cycles for the same inelastic strainrange.

INITRODUCT ION

Analysis of High Temperaturs Low Cycle (HTLC) fatigue life data for
AISI 304LC and 316 stainless steels results in four separate
relationships between inelastic strainrange and cyclic life when creep
strain, plastic strain, and loading direction are treat2d as they are in
the method of Strainrange Partitioning (SRP, ref. 1). That the four
plots, sometimes coincident or intersecting, may be determined by
deformation mechanisms was suggested by the discussion of active slip
and grain boundary sliding systeas of reference 2. In effect, it is
suggested that each SRP plot is a material property plot. If this is
the case then the type of fracture, the time for cracks to initiate, or
the rate sf cracking may differ accordingly. This investigation,
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therefore, vas undertaken to identify by fractography specific crack
propagation features which predoainate in causing fracture for each type
of SRP-cycle. A test cycle containing no creep strain is identified as
a PP-cycle. When creep strain is applied in compression only, the test
cycle is designated PC; vhen creep strain is applied in tension only,
the test cycle is designated CP; and wvhen creep strain is applied in
both tension and compression the test cycle is designatsd CC.

As a means of identifying creep-effects, measurements were made of
the crack propagation portion of total 1life as indicated by fractuie
surface markings. Crack initiation is defined as the cycles required to
pcroduce a crack depth of 125 um (0.005 in.). The crack propagation
portion of total life is ejual to the number of cycles required to
propagate this initiation dapth crack to fracture of the specimen. For
traasgranular fracture, the crack propagation period wvas measured fronm
the cyclic advance of the crack-front, as identified by striationms
(refs. 3 and 4), and for intergranular fracture by other features ian the
absence of striations. By these means crack initiation life, fracture
1dde, and surface features vere related to the type of SRP test cycle
and to total cyclic life.

Only a lisited amount of investigative effort has been directed
toward obtaining the effect of creep upon the fracture appearance of
applied cyclic loads. For 2xample, it has been shown that intergranular
fatigue fracture cam occur ir alloys in the presenc2 of creep strain
vhereas fracture would be transgranular in the absence of creep
((Co-base alloy L605 and Fe-base A286 (ref. 5)). A mor2 unusual finding
has been made for several materials vhich fail transgranularly wvhen the
fatigne cycle contains coaprassiva creep only but fail intergranularly
for othervise identical test conditions except that the fatigue cycle
contains teansile creep only, (( AISI 316 stainless steel (ref. 1) and Ta
alloy T111 (ref. 6)). Froa these limited data, the factors that can
contribute to a change in fatigue fracture mode and cyclic lifetime may
be inferred as being the rasult not only of the amount of creep, but
als> by the direction of loading (temnsion or compression) vhich causes
creep. The austenitic stainless steels were selected for a wmore
complete investigation of this behavior.

The present investigation usas fractography to determine fracture
3>de, crack initiation period, and crack propagation rate for all four
types of SRP-cycles. The <conditions considered were selected so as to
include a range of temperatures (305°9C to 705°C), a range of inelastic
strainranges (0.4% to 4%), and 1load application conditions in which
creap-strain or plastic-strain predominated in tension or compress. . or
bath.

Descriptions of the test specimens, the methods of testing,
specimen examination, crack propagation, fracture characteristics, and
the observed features associated with each type of SRP cycle are
presented in the sections which follow.
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NOMENCLATURE

crack length (lepth from surface)
crack initiation depth (125 uwm)
crack half-length, um

crack propagation rate, um/cycle

applied inelastic strainrange = A€+ he o ¢ be . ¢ AECP

inelastic strainrange, specified as follows:

tensile plastic strain balanced by compressive plastic
strain

tensile plastic strain balanced by compressive creep
strain

tensile cr2ep strain balanced by compressive creep
strain

tensile creep strain balanced by compressive plastic
strain

scanning electron microscopy
strainrange partitioning, with SRP-cycle as follows:

fatigue cycle consisting largely of Aepp

fatigue cycle consisting largely of Aepc

fatigue cycle consisting largely of Aecc

fatigue cycle consisting largely of AECP
cycle
cycles to fail

change in wall thickness by necking

MATERIALS AND EXPERIMENTAL DETAILS

Materials for which response to creep-fatigue cycling has been
previously analyzed (ref. 1), were used in this investigation. They were

Types AISI 3048LC

(lov carbon) and 316 stainless steel. The noainal
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compositions are: AISI 304LC (0.02 C, 1.5 Mn, 0.5 si, 10 Ni, 19 Cr) and
AISI 316 (0.08 C, 1.5 Mn, 0.5 Si, 12 Ni, 17 Cr, 2.5 M2). Specimens of
both alloys were tested in the fully annealed condition. Strainrange
versus cyclic life relationships are reported for 316 steel in reference
7. Some of the data for 304LC are shown in reference 1.

The test specimens were of the tubular, hour-glass configuration
wvith a nominal wall thickness of 1.53 am, (0.060 in.). Heating was
either by direct resistance or by internally positioned silicon carbide
heating element. All tests vere conducted using closed-loop,
servo-controlled, electro-hydraulic equipment. CStrains vere nmeasured
using a diametral extensometer. All strains reported are longitudinal
strains calculated from nmeasured diametral strains. Purther details of
experizental procedures and test equipament can be founl in reference 8.
The four basic types of SRP cycles are designated PP, PC, CP, and
CC-cycles. The letters P (plastic, time independent) and C (creep, time
dependent} are used to designate the major types of inelastic strain.
The first letter indicates th2 tensile and the second letter the
compression portion of each applied cycle, In some <cases the tensile
deformation was applied at one temperature and the coapression
leformation at andther. This is identified in table I.

The analytical technique of partitioning establishes a data
correlation 1line for each of the four basic types of loading cycles.
Test specimens selectel for this study represent data points of very
close proximity to the final PP, CC, PC, and CP lines which were
determined analytically from the test data. The procedure for
partitioning the cycles into SRP cycle components and the method by
which the SRP~cycle plots ware obtained is given in reference 7. The
test conditions of the specimens used in the fractographic investigation
described herein are given in table I in the order in vhich they appear
in the figures. The selected test specimens were examined  using
scanning electron microscopy (SEM) to determine fracture characteristics
and t> measure crack propagation rates. Crack propagation rates vere
determined from the measurements of the spacing between striations
formed as the crack front advanced assumimg one striation per cycle.
Macroscopic examination was used tc supplement the SENM.

The number of cycles required for a crack to initiate to a depth of
125 um (0.005 in.) was derived as follows: The number of cycles
expended in crack propagation was determined by countiny striations froa
specimen failure backwards to the 4igpitiation depth. Crack initiation
vas thus taken to be the difference between total «cycles to failure and
the number of counted striations.

CORRELATION OF FRACTURE APPEARANCE WITH STRAINRANGE CYCLE.

A general finding of this investigation is that creep-fatigue
interaction results in a distinctive fracture appearance for each of
four types of SRP test cycles. Pigures 1 to 4 show fracture surfaces of
AISI 316 stainless steel fatigued to failure in strain-controlled tests
for nominal inelastic strainrangas of 0.4 and 4 percent. Pigures 1 and
2 are zacrophotographs. Fiqures 3 and 4 provide SEM photomicrographs
superimposed wupon plots of in2lastic strainrange versus cycles to

e = -
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failure as reported in reference 7.

Generalized observations vrere that for this material at a
strainrange of nominally 4 parcent, the cyclic life relationships (fig.
4) for PC, and CC-cycles show no life reduction from the PP-cycle. The
introduction of creep in a CP types cycle, however, uppreciably affected
life at high as well as at the lower strainranges (fig. 3). For nearly
identical cyclic lives and at high inelastic strainranges (le;= 4%),
the fractured surfaces for specimens subjected to PP, PC, and CC-cycles
are very similar on a macroscopic scale (figs. 2(a), 2(b), and 2(d)) iz
that striation "crescents®™ typical of transgranular fracture are
evident. In the case of the CP-cycle (fig. 2(:)) the crystalliae
appearance indicates that interjranular fracture occurred. At higher
ragnification, however, (figs. 3 and 4) each of the four typnes of SRP
cycle is seen to produce a distic tively different fracture surface. At
high or lovw strainrange and for the range of temperatures investigated,
the specific identification of the mode of fracture for each SRP-cycle
is presented in the sections which follow.

PP-cycle Fracture

Striations are evident in figure 5 for AISI 304LC stainless steel.
Section AA shows "planar"™ transgranular fracture broad, unified, crack
front, about 60 percent of surface area (inset). Initial test cycles
resulted in crystallographic slip, with 1less than on2 grain depth of
slip-plane cracking as in Stage I fatigue (ref. 2). Fracture is
transgranular and the fracture surface has striations across the wall
thickness (fig. 5). At higher magnification, "early™ and "late®
striations are shovn in figures 6(a) and 6(b). A single ®“early"
striation, 1.2 ua or about 3000 atoms in thickness, is shown in figure
6(c) at a site wundamaged by crack-closure. The actual number of
striations counted was 147, with *"early® scriations of 0.63 m
(slip-band width) and with "late"™ striations of 70 ua width (about 100
slip bands between striations). "Late" striations ware delineated by
"terraces" of slip-bands (fig. 6(b)) . Ductile tearing occurred during
cyclic tensile-loading.

A specific feature of PP-cycle type of fracture of both AISI 304LC
or AISI 316 stainless steel is early continuity of striations from grain
to grain.

Crack propagation rate or the change in striation width per cycle,
dcs/dn, is plotted versus crack half-length, c/2, in figure 7 at each of
four strainrange levels for AISI 316, and in figure 8 at two strainrange
levels for AISI 304LC. Crack length, ¢, 1is defined as the total depth
of cracking. These figures provide the basis for the suamation of
table II which shows the percent cyclic 1lite for initiation and
propagation to twd crack depths at strainranges ranging from 0.4 to 8
percent. The crack depths are 125 uma (0.005 in.) and 375 uw (0.015 in,
or 25% of the original wall thickness of the tubular specimens). The
plots reveal that striations across the wall thickness can account for
from 10 to 100 percent of PP-cyclic life for the strainranges evaluated.
Table I” shows that vhere a depth of 125 um (0.005 in.) is selacted as
being the depth of a surface detectable «crack, then for an inelastic

e -~
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strainrange of about 0.4 percent, about 80 perceant of the PP-cyclic life
is expended 1 crack "ipitiation™. At higher strainranges of 3 to 8
percent, the 125 um depth is reached in approximately 40 percent of the
cyclic life.
In summation, for the ¢twd steels examined and for the test

conditions evaluated, the characteristics of PP cyclic fracture are:

(1) Transgranular fracture with few initiation sites.

(2) Striations and slip-bands between striations aire planar.

(3) Generally, a broad, unified, crack front. )

(4) About 80 percent of PP-cyclic life is expenled to produce a
crack depth of 125um at low strainrange, with a decrease to about 40
percent of total cyclic life at the higher strainranges (3 to 8%).

(5) The identifying features were similar over the range of

strainrange and temperature applied. ﬁ
PasuiNAL PAGE Id
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PC-cycle Fracture

Traasgranular cracking with slip-bands and =®=any discontinudus
crack-fronts are characteristic of PC-cycle type fracture as shown in
figure 4. Surface distortion and slip-band cracking probably resulted
from grain distortion caused by grain boundary sliding during
compressive creep strain. The crack-front is blunted and diverted by
the grain boundaries. Cracking initiated at many sites distributed both
laongitudinally and circumferentially (figs. 1(b) and 2(b)). Crack
propagation proceeded transjranularly and grain deformation and multiple
crack initiation resulted in delineation of grains on an otherwvise
planar surface (figs. 1(b) and 2(b)). At higher magnification (fig. &)
contiouity of striations acraoss grain boundaries is eviient.

Plots (figs. 8 and 9) showv a stepwise crack propagation rate. The
steps are believed to be the result of multiple cracking vhich caused
the crack front to catch-up or lag-behind the radial path selected for
making these plots. From table II it is seen that for botn high or low
strainranges t> reach the 125 uym crack depth, the perceant of cyclic life
expended is about the same as for the PP-cycle. Some features of
PC-cycle fracture are that it generally initiates in fewer cycles than
the PP-cycle and at a greater nuaber of sites. The slip-bands, possibly
caused by unidirectional slip in each cycle, are broader than thase
produced by reversed slip in each <cycle (as in the PP-cycle). The PC
shear-1lip is wup to 50 percent of the wall thickness, and |is
circumferential.

In summation, the PC-cycla type of fracture is characterized by
the following features:

(1) Planar Transgranular fracture with striations.

(2) Multiple transverse cracsx initiation sites 1istributed ahout
the circumference.

(3) Distorted specimen surface and blunted crack fronts diverted at
grain boundaries.

(4) Deep shear lip, up to 50 percent of the wvall thickness.

(5) The percent of <c.clic life expended for crack initiation is
about eguivalent to that for a PP-cycle.

(6) The PC-cycle has fewer cycles of initiation and shorter cyclic

~e - -
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l_fe than does the PP-cycle at an equivalent inelastic strainrange.
(7) The identifying features wvere similar over the range of
strainrange and temperature applied.

CP-cycle Fracture

All CP-cycle specimen failures are characterized by intergranular
fracture (figs. 1,2,3,10, 11, and 12). Internal cracking was observed.
Cracking throughout the cross-section is by grain boundary fracture.
Cracking in those grain boundaries perpendicular to the stress axis is
by cleavage. Cracking in those boundaries which are not cleaved is
characterized by terrace markings or "strians™ ((figs. 10(a) and 10(b)).
Because of internal crack initiation at multiple internal sites, a
direct determination of crack propagation cycles was not possible. For
the CP~cycle, specimen failure occurred at a total cyclic life less than
that required for crack initiation for the PP, PC, and CC-cycles.

Froms the plots of strainrange versus cycles to failure (figs. 3 and
4), the CP intergranular fracture mode is seen to be the most damaging.
At high strainrange, in pavrticular, the CP-cycle type of fracture is
closest in appearance to that of monotonic creep fracture. That is, the
fracture surfaces are faceted vhere grain boundaries have separated
(fig. 12(a)). Unlike monotonic creep rupture which involves simple
grain separation and ductile alongation of wmaterial between grain
fractures, the separation of grains in the CP-cycle occurred by a
slip~-band producing mechanism sujygestive of the striations produced by
transgranular fatigue «crack propagation. The cyclic fatigue character
of the CP-cycle intergranunlar fracture is revealed by grain boundary
slip-bands and groupings of slip-bands. These aight expected to fora for
each cycle of crack propagation from the internal initiation sites very
auch as striations are formed from external initiation sites. These
features wvhich distinguish intergranular fatigue cracking from
iatergranular monotonic fracture are designated *"strians", herein.
*Strians,® it is suggested, are intergranular markings which are related
t> cycles of crack grovth in much the same vay as are striations which
appear across grains vhera cracking is transgranular in nature.
Metallographic and schematic examples of "strian®-formation are shown in
figures 10 and 11. By making a sample count of "strians" per unit
length of test specimen wall thickness on several CP-cycle fractured
surfaces (at 300X to 1000X using the SEM), the number of ™"strians”
facreased with increased cycles-to-failure. Thus, a gqualitative
association was made betwveen "strian®-count and cycles of crack
propagation.

In summation, the characteristics of CP-cycle type of fracture were
found to be as follows:

(1) Intergranular fracture at multiple internal sites.

(2) Grain-boundary "“strian"™ markings.

(3) Cracking of grain boundaries normal to stress-~direction, with
pcropagation by slip-band fracture at tilted grain boundaries.

(4) For any inelastic strainrange from O.4 to U4 percent, test
specimens subjected to the CP-cycle failed in fewer cycles than are
required for foreation of a 125 um deep crack under conditions of PP,

Vs W
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PC, and CC cycling.
(S5) The identifying features wvere similar over the range of
strainrange and temperature applied,

CC~cycle Fracture

Semi-planar nixed fracture cracking, and dislocatad surface grains
are evident in figures 4 and 12(b). CC-cycle fracture is characterized
by iatergranular cracking in addition ¢o transgranular propagation,
discontinuous from grain to grain.

Por AISI 316, at two levels of strainrange, the generally planar,
mixed-fracture, afpearance is evident in figures 1(d) and 2d). A
crescent-shaped crack front is evident in figure 1(d). The fracture has
a Jdistinctive seai-planar granular topography which is particularly
evident in figures 2(d) amd 12(by. The intergranular character of
CC-cyclic fracture appears td> be introduced by reversed creep strain as
the crack front advances. The CC-cycle crack-propagation plot (fig. 13)
vas based on an average of measuresents taken along several radial
intercepts because of distortion and differing slip-band width in
adjaceant grains. Since a lesser percent of total cyclic life (about 35%
to 458 at 4% to 0.4% strainrang2, table II) was expended for CC-cycled
specimens to initiate a crack 125 um deep than for the PP or PC cycles,
it might be expected that the CC-cycle would have the shortest total
cyclic life of these three SRP-cycles. This is true, however, only at
lover strainranges. At 4.0 percent inelastic strainrange, the lives of
cC, PC, and PP-cycled specimens are about the same. The damaging aspect
>f the CC-cycle as compared to the PC ard PP-cycle is the tensile creep
component which produces early crack initiation ¢to a depth of 125 ua.
At inelastic strainranges below about 1 percent, a further contribution
to damage may be associated with crack propagation-to-failure. It
appears that intergranular cracking occurred in addition to
traasgranular cracking, wmost probably, at ¢the crack front as it
advanced. Compared to CP-cyclic life at any inelastic strainranqge, it
should be noted (fig. 4) that tensile creep (as in tha CP-cycle) is an
order of Bmagnitude more damaging than tensile creep which is offset hy
compressive creep (as in Cl). Por either the CC or CP cycles it {3
probably tensile creep which produces the damaging intergranularc
cracking.

In summation, the CC-cycle rasulted in cracking which progressec by
tixel transgranular and intergranular fracture modes, such that CC-cycle
fracture is characterized by:

(1) Semi-planar mixed fracture.

(2) Grain-deformation which resulted in graim boundary cracking the
fracture plane.

(3) Crescent-shaped, but irragular, crack-propagation froat.

(4) About 35 to 45 percent of total cyclic lifes is expended to
reach a 125 uam depth over tha ranje of inelastic strainranges evaluated.

(5) The identifying features vere sisilar over the range of
strainrange and teaperature applied. ORK“NAL,PAGEIb



PAGE 9

CONCLUDING REMARKS

The results of this study supplesent metallurgical data previously
repd>rted for several namaterials vhich showed siailar fracture and
strainrange/cyclic 1life behavior; for example, the Fe-base alloy A286
(cef. 5) and the Ta alloy T111 (ref. 6). Por these =saterials the SRP
lines are separated and tha fracture appearance differed for each type
of SRP cycle evaluated. The inference that wmsay be drawn froms all of
this work is that creep and the direction of creep strongly influences
both the fracture mechanisa and the cyclic life.

Grain-boundary fractrre surface markings, designated "strians,"™ are
proposed as a means of identifyiny CP-cycle intergranular crack growth
cycles. This may be passible nauch in the same vay that
"striation-count” is relatei to cycles of crack growth for transgranular
cracking.

SUMMARY OF RESULTS

The following major results were obtained from an investigation to
characterize the HTLC creep fatigue cracking of AISI 304LC and 316
stainless steel specimens for each of four basic inelastic strain
relationships obtained by tha method of Strainrange Partitioning:

1. Bach of the four basic inelastic-strain Strainrange Partitioning
(SBP) cyclic fatigue-life relationships were found to result in a
distinctively characteristic fracture node over the range of
strainranges (0.4% to 4%) and teaperatures (3059C to 705°9C ) evaluated.
It vas geterally noted that the SRP fracture modes, as had previously
been shown for the SRP-cyclic-life relationships, were relatively
tesperature independent.

2. The PP-cycle, with transgranular cracking, had few crack
initiation sites. Striations were planar with slip-bands betveen
striation wmarks.

3. Compressive creep strain (PC-cycle) acted to cause aultiple
initiation sites and early onset of transqgranular cracking. There were
fever cycles for crack initiation and a shorter cyclic 1life for an
ejuivalent inelastic strainrange as coapared to the PP-cycle.

4. Reversed-creep strain (CC-cycle) acted to advance the
crack- front by grain boundary fracture combined with transgranular
propagation.

5. Tensile-creep strain (CP-cycle) imposed damage by grain boundary
cracking throughout ¢the section thickness. The CP-cycle type of
fractures vere intergranular at all strainrange levels investigated.

6. Practure of the CP-cycled specimens occurred in fewer cycles
than vere reguired for specimens subjected to other types of SRP-cycles
to develop a crack 125 um deep.



PAGE 10

REFERENCES

1. Manson, S. S.: The <(Challenge to Unify Treatment of High
Teaperature Patigue - a Partisan Proposal Based obn Strai~... [
Partitioning. FPatigque at Elevated Teaperatures, Am. Soc. Test. racl:
Spec. Tech. Publ.-520, 1973, pp. 744-782.

2. Manson, S. S.; Halford, G. R.; and Nachtigall, A. Co:
Separation of the Straian Componeats for Use in Strainrange Partitioning.
Advances in lesign for Elevated Temperature Environment, ASME, 1975, pp.
‘7—28-

3. Forsyth, P. J. E.: Fatigue Damage and Crack Growvth in Aluainua
Alloys. Acta. Met., vol. 11, no. 7, July, 1453, pp. 703-715,

4. Wood, W. A.; Cousland, S. McK.; and sargant, K. R.: Systematic
Microstructural Changes Peculiar to Patigue Deformation. Acta. MHMet.
vol., 1i, no. 7, July, 1963, pp. 643-652.

5. Manson, S. S.: Intarfaces Betveen Patigue, Creep, and Fracture.
Into Je Pract. HBCh., VOl. 2, no. 1. Mar. 1966' ppo 327'363.

6. Sheffler, K. D.; and Doble, G. S.: 1Influence of Creep Damage on
the Lov-cycle Thermal-Mechanical Patigue Behavior of Two Tantalum-Base
Alloys. (TRW-ER-7592, TRW Equipmant Labs.; NASA Contract NAS3-13228.)
Als>, PFatigue at Elevated Temperatures Am. Soc. Test. Matls. Spec. Tech.
Publ.-520, 1973, pp. 8491-499.

7. Hirschberg, M. H.; and Halford, G. R.: Use of Strainrange
Partitioning to Predict High Temperature Lov-cycle Patigue Life. NASA
IN D-8072, 1976.

8. Hirschberg, M. H.: A Lov Cycle Patigue Taesting Facility.
Manual on Low Cycle Patigue Testing, Am. Soc. Test. Mu.tls. Spec. Tech.
Publ. 465, 1970, pp. 67-86.

ORIGINAL PAGE 13
OF POOR QUALITY,



“y>3® S§IAToaIoNTS

’OFIWRO S0Z + O

Ty (s

wyq sawy

*bew ybyy 3w ALjuo siszead zoyanw ‘s300339

‘Junow) teFxX® ‘uwoj3des syydeaborrwaiey

(€)

-oa92d 03 prob jo HOuuqnouovluomcbauu

*{uag) w»qoiad

-0I57m UOX3IST® DuUjUUEII I0J VYD UOSIJ UT POURSYD ATIEITUOSRIIIN suUswidedg ‘pash SPA TPAOWSX SpPTXO onguu
xo0¢c suoM 80 0s9 6°1/2°2 29 19 (qQ)zx
x00¢ suon 6 0%9 0 €/9°¢ a9 (19 (w)zy

s301d yimoxbh xow.. (N38) DPe3wod-ny 991 [ 4 39 - T1/8°1 d4d s L ]

s301d Yaimoxh xowxd .avocon o0z $9S e"l/L-t Ja [ %1 ]
X000 0¢ ‘X0001 (nas) B¢0¢00|.N~=‘ 99Y £68 8 1/8°1 44 15 9
¢ . #3900~ n . .
.nvuomnﬁuv X00T’XE | (Mas) Pe*3 (z) 4 991 €6S e°1/8°1 a4 s s
19938 SSa[4T®IS POE
s3c1d (1) ®uoR 0STT SO0L sic0/0v0 o o nx L9
yaaoxb-yowa) anuoco- 86 soL 8°€ 23 [144 1
X00¢t suomn st SOL 9°0/S°0 40 6ST {qjot
xoo¢ Anvhﬂrouo sy sLZ S0L » 0/5°0 a3 651 (v)o1
118 SOL/S1E L°0/6°0 2d SOt 6
(1] soL §°2/9°¢ Jd 00t [
(X000 01 ©3 086 11 (344 [: 1 4 13 ¢ 4
X00¢ 3I® psuim 0oLt SOL [4 ~ $6
-x038p) s3ord 09 0s9 0°¢ sTL
yamoxbh yowad -n.oco: [ 0s9 0°e 44 141 é
194 SOL/STE $9°0/6°0 24 S0z
~ * s 1T S0L rc°0o/vr°0 Ad 9€T
88 sS0L §°2/9°¢ 24 00T
X00€ () *uen 86 SOL [ TR 22 6T | 4
o0LT 1173 »-0/%°0 44 $6 i
* * 060¢ 518 Z1°0/61°'0 40 8Tz
zo1 s$0¢ §°¢t/5°¢ dad TE
xX00¢ A.:o..o: [ 44 $T1€/059 [ A0 74 24 4 a0 ore £
86 c°t/8 ¢ fo o (241 (L% 4
» * Tt » s Tl [ &) 091 (d)t
-1 $°T/9°¢ 24 00T (A)T
XE1 Au.oco- TO0T [1:73 S$°E/S"E d4 {194 (®)z
0sTT rE O/PP0 pe 2 ] 9 €1 T
ﬁ Q sLe # »°0/5°0 L) 6S1 .1
1141 9°0/€°1 e § 691 ()1
XET .a.ccol 086 TI soL *-u/v-0 a4 1te (®)1
T89S SEBTUTWIS HTIE
\A de®sxd = O
uoyavaygyubey unOaUIulmoua Uo . aOY3
( 1ye3 o3 | dwods/uoysusy 3gs¥ap ayaserd = g Isqunu
sOowjINE 8IN3OWIJ Ad-lﬂn s 124> sanjexedwal | shuwzurexysg a1oko-aqus uemyoedg | sanbya

STUNOIZL 04 ROIIVEVIINL ONV

AdOLSIH NIMIDILS 183l

‘I 378V



TABLE II.

= PERCENT CYCLIC LIFE FOR FORMATION OF

CRACKS OF TWO SPECIFIC DEPTHS

[ ]
Loading | Strainrange, % Life to crack depth
cycle L}
S mils, 125 ym |15 mils, 375 um
316 Stainless steel
PP 0.4 79, 83 90, 86
3.0 42 86
8.0 40 100
PC 0.9 77 86
3.6 40 57
cc 0.4 45 86
3.8 34 68
304 Stainless steel
PP 1.8 75 89
PC 2.7 31 99

Based on total cyclic life minus the number of
striations as a percent of life.
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Inelastic strainrange

Inalastic strainrange
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Figure 3, - Strainrange vs cyclic-life and fractographs showing creep predominale in intergranular
fracture with terraced grain boundary "'strians'’ of CP-cycle (left) and striations formed by crack
front of PP-cycle (right),

Propagation

PC-cycle

010

Propagation

| ' |
2 1 10 100 1000 10 000
Cycles to failure

Figure 4, - Strainrange vs cyclic-life and fractographs showing planar mixeu-iracture advance of crack
with compressive creep (CC-cycle), left and planar distorted-striations of tensile creep (PC-cycle),
right. AISI 316 stainless steel.
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Striations =
60 % of area

strigtions «
100 % of
thicknes

uq"»
section AA PROPAGATION

Figure 5, - Planar, striation-fracture suriace and me
650° C, X100, Etchant (section): H,0 + 20 % oxalic

tallographic section for PP-cycled AIS| 304 stainless steel,
(electrolytic),
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b1l N

Crack direction \'

L.Bum

3000 *atoms* thick

. - |
“»,

(c) Single striation.

Il Terrace
striation

{b) "Late’ striations; Ag; = 1. 76%, A€, = 1. 76% (166 cycles),

Fioure 6. = Striation details for PP-cycled AlS| 304 (6500 C), Fracture surface plastic-plastic
faligue-cycled specimen,
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ORIGINAL

1 Crack initiation sites
2  Crack propagation
Section A-A 3 & 4 Grain boundary cracking

|

—

|

o I

V" - 4 ...*__ o i .._4
Stress axis

Stress axis
icyclic loading)

Cross=section

1 Grain boundary cleavage
2 Cyclic shear-stress

Cross section

1a) CP-cycle fracture, (b} Crack propagation along grain boundaries,
Figure 11. = Schematic formation of "erraced" grain boundaries, 2 . designated "'strians. " CP-cycle

intergranular fracture.

(@ A = 3,02% (9 cycles); (b) Ak » 1.85% (88 cycles);
Ag; = 3.55%, Agj = 2.16%.

Figure 12, - Fraclure characteristics of tensile creep (CP-cycle) and fully-reversed

creep (CC-cycle) HTLCF of Als] 304 (650° C) SEM. X300,
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Crack propagation rate, dc/dn, umicycle

Strainrange, Tempgrature.

percent C
O Aet33 705
Acia38
® A‘CC =04 7
Ac‘i 'Q“ 05

St(l:'iations ratio

| L
wall l I l
thickness: 5% 1 5% 0% 1

60 80100 200
Crack half length, ¢/2, ym

Figure 13, - Effect of strainrange on crack propagation
rate as a function of crack depth. Ratios irounded)
indicate the fraction of cyclic life evidenced by
striations. CC-cycle, 316 S.S.
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