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ARSTRACT

The effect of the load wave form on the elevated temperature fatigue life
of 2 1/4 Cr-1 Mo steel in air is shown to be best explained by oxidation-
fatigque interaction mechanisms. DNata are presented that indicate that the
form of oxide cracking that occurs js dependent on the loading wave form
and that fatigue crack initiation is dependent on the mode of oxide crack-
ing. Fatigue crack initiation is shown to be influenced more hy oxidation
than is fatigue crack propagation. The effect of oxidation on fatigue
crack propagation depends on the time hetween load reversals, independent
of loading wave form and this effect saturates very quickly for tempera-
tures around 525°C. A worst-case predictive equation is presented  that
assumes that fatigue endurance is dependent only on crack propagation,
j.e., initiation of a crack in oxidizing conditions is assumed to occur
with only a few cycles.
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INTRODUCTION

Fatique resistance at elevated temperatures involves the complex inter-
action between fatigue damage, creep damage and oxidation in both the in-
jtiation and growth stages of a crack. The development of design correla-
tions for elevated temperature fatigue has, for the most part , assumed
that oxidation effects are negligihle and that the crack initiation stage
can be combined with the crack propagation stage. Thus, elevated tempera-
ture fatique is modeled as creep-fatigue interaction for total endurance
life. This has worked reasonably well for the austenitic stainless
steels, but has proved jnappropriate for 2 1/4 Cr-1 Mo steel.
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2 1/4 Cr-1 Mo steel enjoys a wide spread industrial use, operating in air,
steam, corrosive gases, impure helium and sodium at temperatures up to
600°C with both sustained and cyclic loads. Its expected use as the
structural material for the steam generating plant of liquid metal cooled
fast breeder reactors has led to the generation of vast amounts of mechan-
jcal property data (see for example Brinkman 1976, 1980). The fatigue
data at elevated temperatures exhibhits some unexpected characteristics
which have led to differences in the interpretation of these data among
researchers. The purpose of this paper is to review these data for 2 1/4
Cr-1 Mo, present some new information and summarize our understanding of
the damaging mechanisms active during cyclic deformation of this alloy at
elevated temperatures.

TOTAL ENDURANCE DATA

For temperatures up to 600°C and at total strain ranges >1% the fatigue
1ife is rather insensitive to the loading wave form, i.e., very little ef-
fect of testing frequency or the length of constant strain dwell periods.
However, for total strain ranges <1% very large reductions in cyclic life
occur when dwell periods are introduced at the compressive strain limit
(C); the cyclic life is only slightly reduced with dwells at the tensile
strain 1imit (T); but, combined T + ( dwells result in the shortest cyclic
1ife of all loading wave form tested (Rrinkman 1976, 1980). Examples of
these data are shown in Figs. 1. This is in contrast to the behav-
jor of the austenitic stainless steels (Brinkman 1980) and 1CrMoV steel at
565°C (E11lison 1976) where the shortest lifetimes result when T only
dwells are imposed and combined T + ( dwells increase the lifetime over T
only dwell periods.

For 2 1/4 Cr-Mo steel, less oxidizing environments increase the cyclic
lifetime especially at strain ranges below 1%. This has been shown for
impure  helium (Rrinkman 1980), and sodium (Chopra 1980); in
fact, T only dwell periods become more damaging than C only dwells in
these environments. However, in the impure He (1500/500/50/50 uatm.
H2/C0/CHa/H20) some oxidation occurs and C only dwells do reduce the cy-
clic 1ife, but less than that which occurs in air and T + C dwells are
still the most damaging wave form studied (Brinkman 1980, 1983). These
results suggest that an oxidation-fatigue rather than a creep-fatigue in-
teraction is controlling the cyclic life in air for ? 1/4 Cr-1 Mo. Tests
with dwell periods introduced at zero stress were performed in order to
minimize creep damage, bhut allow oxidation damage to occur (Challenger
1981). The cyclic life was decreased hy this zero stress hold hy the same
amount as that which resulted from C only constant strain dwells provided
the zero stress dwell followed the compressive strain limit, see Fig. 1.
However, the cyclic 1ife resulting from zero stress dwells following the
tensile strain 1imit is about the same as that resulting from dwells at
the tensile strain limit. These results provide additional evidence of an
oxidation-fatique interaction rather than creep-fatigue interaction.

In earlier papers (Challenger 1981la, 1981h), we have shown that in order
to successfully model, or predict, the total endurance fatique, the ef-
fects of loading wave form (dwell periods) on crack initiation must be
separated from the effects on crack propagation. Further, from a design
analysts point of view, the total failure process should he treated as at
Jeast two distinct steps occuring in series:

1) Crack initiation

2) Short crack growth in a plastically cycled material
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The remainder of this paper discusses the effects of loading wave form on
these two steps.

FATIGUE CRACK INITIATION

In air at temperatures in excess of about 427°C,.the ox1dat1on1;aterigzsz
1/4 Cr-1 Mo occurs at a rate such that qu1§e quite sﬁort dwe Eg tesé
e.g., 0.01 hrs., will result in the formation of.ox1de dur1nqd ‘ﬁ tevt
that will be thick enough to be cracked hy the strain ranges :sed ;nds .
oratory tests (Ae>0.35%). The manner 1n which thg og1de cgaf s ep.ession
the Tloading wave form (Challenger 1983;_ Teranishi 1979); coq\prm Sl
strain holds or the zero stress hold Qer10d§ following the max1mgde o
pressive strain, result in circumferential nx1dg cracks anq the gxl nsiip
mains adherent to the specimen surface. Cont1nuous‘cyc]1ng aqd iracké
strain dwells result in both circumferential aqd 1ong1tud1na1 ox}de e
that produce a spalling of the oxide. Thg c1rcgmfere@t1a1 0X1ke'nitia—
that occur with compression dwells result in rapid fatigue cric t;at A
tion and/or preferentia] oxidation at thg end of the oxide cragh a pliéd
sults in an oxide-filled crack penetratTng.perpend1cu1af to e a e
load. This effect is best seen hy sectioning a sample in the mé:zeinter—
Justrated in Fig. 23 thus, geometrically eq]arg1ng the metal-oxide : éy-
face. Figure 2 compares the me%aéio;ide ;ngirfac?ozoras c222122§;ingivp

ecimen to one with an . P old per > Pssive
gli:insgimit. Note that the cracks in the oxide of the sample teiyad ?lig
compressive dwells coincide with the oxide filled cracks pene&ra lhg A
the sample; whereas, the metal-oxide interface remains smooth for 2

tinuously cycled test.

The different oxide cracking hehavior has been exp1a1ned by Q?a11§:g?:
(1981). The oxide will crack perpendicular to the maximum ten:1a?nsdwpl1
experienced by the oxide during the test. N1th a compressyvg % Ehp sam§1e
(or a zero stress dwell following the compressive strain !1m1t L s
spends most of its time in compression and since the 9x1dg growsthe com;
compressed sample, the "stress-free" stqte fnr_the ox1de 13 it s
pressive strain limit. Thus, the tensile strq1n expgr1ence ) y éurs iﬁ
js equivalent to the total strain range and.th1s tensile strain O%tﬁng 12
a direction parallel to the longitudinal axis of the.spec1men reiu G
the circumferential oxide cracks. For tens1le_stra1n dwell te§ds w*fl e
verse is true, the maximum tensile strain gxpet1enced_hy the ox1.e1 Hirpc;
vAaeT (v is Poisson's ratio) and it will exist 1n a cwrcumferentla s
tion resulting in the longitudinal cracks ohserved for these tests.

In order to further study the effect of oxide cracks on fat1qup_cra$:9;n;;
tiation, several uniform gage samples were tested by first :eat;zq éné 2én
538°C, loading to a strain of either .+0.002 or -ﬁ.ﬂﬂ? an ]: A
hrs. (This would produce an oxide thick enough that it wou e 1681h\
to fracture at a tensile strain of 1ess.than 0.004 _(Cha119qq9r_ i di:
After 250 hrs. the test was hequn by starting the cycling 1nad1n?_1n LY
rection that would result in a total ﬁtrajn ranqpﬁof 0.004 cyc11ng hout
the initial zero strain point of the specimen. Continuous cyﬁ 1n$hp o
strain rate of 4x10-%sec-1 was continueq untjl fracture occur;e .t reéeiQP
sulting fatigue life is compared to an identical test that did no

the pretest 250 hr. hold period in Tahle A

Circumferential oxide cracks were observed to fnrm_durinq th; tensi]iuz1:2
of the first cycle for hoth tests held in cqmpress1on for 25 hrs-,the S
oxide cracking occurred for either the continuously cycled test or
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hr. tensile hold test. One of the 250 hr. compression hold tests was in-
terrupted after 2350 cycles, cooled to room temperature and examined 1in a
Tow power stereo microscope. Figure 3 shows the specimen surface after
2350 cycles. Note the circumferential striations in the specimen surface.
Since the oxide spalled during cooling it was not possible to verify that
these striations corresponded to oxide cracks, but there is every reason
to believe that they do. The same general trend is observed that is seen
when a dwell period is introduced into each loading cycle; e.g., a slight
reduction cyclic 1ife with the tensile dwell and large reduction in cyclic
life with the compression dwell. The reduction in fatigue life due to the
250 hour dwell at a strain of -0.002 is not as great as that which would
be expected from even shorter dwells during each cycle; this 1is probably
due to the effects of the dwell periods on the rate of crack propagation
(to be discussed in the next section). However, the result clearly in-
dicates that the mode of oxide cracking reduced the fatique Tife and that

complex loading wave forms are not a prerequisite for reduced fatigue life
due to oxidation.

The total amount of oxidation on these samples is less than those samples
tested with dwells during each cycle even though the testing time for
these tests, approximately 290 hours for 7,000 cycles including the 250
hour pretest dwell, is much longer than the short, 0.01 hr. hold period
tests, ~70 hours. This suggests that the oxidation rate on cyclically de-
formed material is greater than free surface oxidation, a result reported
by Skelton (1978) for 1 Cr Mo V steel.

The fact that the test that was interrupted also experienced a significant
reduction in cyclic life indicates that cracks must have heen present at
the time the test was interrupted. Otherwise, the cyclic life should have
been unaffected since the oxide completely spalled-off during the inter-
ruption. Note that the continuously cycled test has a cyclic life consid-
erabhly less than that which would he expected from previous tests and yet
the 250 hr. test with pretest hold at a strain of -0.002 failed with ap-
proximately the same numhber of cycles as a test with 0.1 hr. dwell at
-0.002 strain imposed during each cycle. The difference in the continu-
ously cycled tests results may be due to a difference in specimen geome-
try. The tests presented in Table 1 employed uniform gage samples 9.5 mm
in diameter and a gage length of 30 rm, while all previous tests used
hourglass shaped specimens with a minimum diameter of 6.35 mm. Hourglass
shaped specimens consistently exhibit longer cyclic lifetimes than do sim-
ilarly tested uniform gage samples for this alloy (Rrinkman 1983). This
may be due to earlier crack initiation in the uniform gage specimens as
the crack is not forced to initiate in a specific location. Since oxide
cracking is believed to assist crack initiation and if crack initiation in
the absence of oxide cracking occurs with fewer cycles in a uniform gage
specimen, then the. effect of oxide cracking on total cyclic lifetime would
be expected to be less, consistent with these results.

CRACK PROPAGATION IN HIGH STRAIN FATIGUE

The propagation of "short" fatigue cracks with plastic strain cycling for
this alloy has been recently studied by Skelton and Challenger (1984) and
Challenger and Vining (1983). In order to separate creep from oxidation
effects, tests were performed with constant strain dwell periods in both
air and vacuum environments (1.3 MPa) at 525°C (Skelton 1984). Tests were
performed at frequencies varying from 0.25 Hz to tests with 30 minutes
dwell periods at plastic strain ranges of 0.002, 0.001 and 0.0002. These
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experiments used 12.5 mm diameter x 12.5 ?m gage 1enqthca2:z1§i :gihCEZSEL

' i j s a > cent
er notches (0.25 mm) cut with a jewelers saw a :

igagﬁe gage. Potential drop techniques were used to monitor the crack

growth.

i or
The continuously-cycled crack growth rate as a.funct1onhnf c:actigeptz ﬁnr
isdtherma]]y annealed steel 1in vacuum and air are s_ownf z f;rm aron
plastic strain ranges of 0.001 and 0,002, A relationship o e Tor
en in equation (1) was obeyed where the constants R and q depen the

plastic strain range,

da/N = Rad (1)

i i in
For short cracks, the crack growth rate 1n vacuum ;swggg: :;:wi:d tZ?nt;P
ir b th rates 1n air to > e i t
air hut appronaches the crack growt . e RNt ton
~ behavior suggests a marke
test (crack depths of ~4 mm). This ) : ipn
contribution to growth in the early stages in air at low crack gro

rates.

The effects of a 1/2 hour dwell at various points in ?he'cy?le azﬁa:hgxg
fné both air and vacuum in Fig. 5. The results in air indicate gl
growth rates were independent of whether a]]T or C tygei:wsgl gizwthprafe
hase s grLo\
nd. furthermore, that there was no overa incre g ik Ly
2om6ared to the éontinuous1y cycled data (stra1ntrazg g;pir:né?y Zggurgted
i i i en >
the same strain range. The ox1da§1on compone e £o
iti i dence of creep damage contri
and, additionally, there is no evid . e eraass.,
i £ cycling did the crack gro ]
crack growth. Only with T+ i 3 r y Inereases
is i i he air data in Fig. are
It is important to emphasize that t 1 e of
i i hese ohservations are not a > c
tests on a single specimen so that the 2 A R s parTe
i to specimen scatter. These results on the effec >
Zazc;::nsimi1gr to those reported hy Challenger and V1n1nQWtélqgglswhere
fatique striation spacing was used as a reasure of crack gro rates.

Crack growth results in vacuum (again on a single §pec1men) :erinzzgp:;:e
ing. A 1/2 hour T type dwell caused an increase 1n the g;ac ngw ol
over the continuously cycled tests (compare Figs. 4 and N zn o o
ing that there was a creep damage component present: xr; qn‘ éréck éd-
stéqe cycling crack growth ceazed a}tnqethigwigggﬁszlz?nz aéh: 1nmpressive
» occurred during each cycle was >1de the co >
Z:?;?nt25211. Intermediate crack growth rates were obtained with T + C

cycling.

3
i = mm/
The effect of increasing frequency 1s sm§11,‘hut for growth rates <10
cycle, the crack growth rate decreases with increasing frequency.
s C

. : . , s
Ry comparing all these data, Figs. 4 and L it s c1eaE thgathther$his
a significaht oxidation contribution to the fag1gue crac Sg " tﬁp L 4
contribution decreases as thg c;ack}qrnzﬁh r?%:cgng;egi$a;tinne appéars X
rowth rate reaches ~2 X 10="mm cyc e, e e ; " ; o
gease as the crack growth rates 1n vacuum approgch those in a;r r:2;§212a1
dicafes that at this rate, the crack is advancing by a purely me
means .

These oxidation effects are best interp&etsd ash a sp?l1iag/;§?:ge::tl22
> i i cycle > > e
.ss that occurs at the crack tip. ith eac C
g;2€Z§ to grow to a thickness, X, in time, t, according to the expression

below:
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2

where Kp is the parabolic rate constant.
2

Using Kp = 3 x 10-1%mm2s-1 at 525°C (Pinder 1981), this would lead to the
cycle-hy-cycle contribution to crack growth shown in Table 2.

These increments are additive to the advance that results from purely me-
chanical means, i.e., those measured in vacuum. However, they are insuf-
ficient to account for the large divergence between vacuum and air results
at low crack growth rates. This may be due ton either crack tip rewelding
in vacuum that would result in the very low rates in vacuum or accelerated
oxidation at the crack tip due to the strain concentration (Skelton 1978)
or hoth. Since the results in Figs. 4 and 5 show that the 1/2 hour dwell
in air does not lead to any increase in the crack growth rate over contin-
uously cycled tests, the oxidation contribution to crack growth must sat-
urate very quickly at 525°C. The most likely point of saturation would be
where the oxide layers from each side of the crack impinge upon each oth-
er. Thus, the time required for a saturation of the oxidation effect will
depend on temperature and crack opening displacement.

SUMMARY

For the testing parameters used to date in laboratory tests of 21l/u Cr
-1Mo, very little creep damage is occurring. The oxidation that is occur-
ring appears to strongly influence the fatique lifetimes of these labora-
tory tests. When significant creep damage does occur, such as reported by
Ellison (1976) for 1 Gr Mn V steel, oxidation effects may be overshadowed;
however, at temperatures less than about 525°C oxidation effects should
dominate and creep damage can he ignored for 21/4 Cr -1 Mo when tested in
air. Oxidation has a more pronounced effect on fatique crack initiation
than it does on crack growth. Thus, a large effect of loading wave form
on cyclic lifetime should he anticipated when the cyclic strain range is
low, but can practically be ignored for large strain ranges.

From the practical standpoint of a design engineer, the number of cycles
required to initiate a crack will bhe reduced from thousands to zero when
even very short dwell periods are introduced such that circumferential ox-
ide cracking occurs. Therefore, predictive models should be based on the
number of cycles to propagate a short crack to failure.

Integration of equation (1) predicts that (provided q#l):

N¢ = __1_._. (al_q - al'q ) (3)

i (q R 0 f

ap = initial crack length
af = final crack length

Using the air data from Fig. 4, af = 5.5, and the number of cycles to "in-
itiate" the crack, a,, ignored, the total endurances predicted are given
in Table 3. The total strain ranges for the three different plastic
strain ranges were calculated from equation

be = be, + g7 (4)

s S R A

Where AeT is the initial total cyclic range for each plastic strain
range.

i i he cyclic lifetime is quite in-
Notice that for these low strain ranges, t i Y
sensitive to the initial crack length, 1.e., comparatively few cycles
involved in the early stages of crack growth.

j i j d of
These predictions are compared to actual ﬁatg in Fig. 1: . Th;ioretqg )
prediction should represent a "1ower bound" since cracg 1n1t1ad_ cagdl 11
noéed. This, however, is not an unreasonable assumption as discu >
the section, Fatigue Crack Initiation.
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Figs 1.

TABLE 1 Effect of Pretest Dwell on the

Tontinuously lycled Fatigue Life

Testing

Temperature 538°C

Total Strain Range 0.4%
Strain Rate 4x10-% sec -1

Test Condition

Continuous Cycling

250 hr. dwell at +0.002 strain
250 hr. dwell at -0.002 strain
250 hr. dwell at -0.002 strain

Fatigue Life, Cycles

14,277
11,619

*Test stopped after 2350 cycles and surface examined; oxide spalling oc-

curred during the cool down to

room temperature. After examination, the

sample was reheated to 538°C and continuously cycled to failure.

TABLE 2 Oxide Contribution to Crack Growth in Air

Frequency, w (l(p/w)l/Z Remarks
Hz mm
0.25 3.5 x 10-3
0.05 7.8 x 10-°
0.025 1.1 x 10-}
0.017 1.3 x 10-%
4.8 x 10-"* 7.9 x 10-* 1/2 hr. dwell + reversal time

TABLE 3 Predicted

Cyclic Lifetimes in Air from

Crack Growth

Data Using Equation (3)

ALp Ao AeT B 5 Predicted Life Times
MPa (Eq'n.4) q x10% a, = 0.2mm  ag = 0.02rm ag = 0.002mm
0.002 446 0.0049 0.72 1.06 3.3 x 10: 4.3 x 10; 4.8 x 10:
0.001 386 0.0036 0.59 0.82 4.5 x 10b 5.4 x ll)h 5.8 x 10“
0.0002 312 0.0023 0.90 0.23 1.5 x 10 2.2 x 10 2.8 x 10
16"
E T o T T
E HOLD TIME DATA, HRS. 4
[ 538 Compressive Tensile 3
C O .01 ® .0 B
B al [ ) T
B O .5 * .1 Zero Stress E
+ .1 Zero Stress
~ Continuously Cycled ot € = 4 x |0-!sec.] =
Predicted endurance & ]
L from egn. 3—7 ) a 4
[ -—— -
—~—J
16° 1 | | |
2 3 4
10 10 10 10° 10° 107

Effect of cyclic wave form on the cyclic 1ife of 2% Cr-1Mo steel
at 538°C and a comparison of the cyclic life predicted from the

Nf , Cycles

crack growth model (equation 3) with these data.

Fig. 2.

Tapered cross sectional views of specimens tested at 4820C with

a strain range of 0.5%.
a) 0.01 hr constant compression strain hold period, note the
coincidence between the oxide cracks and the specimen surface

striations. .
b) continuously cycled specimen, note the smooth specimen sur-

face.
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A

Loading Direction &—»

Fig. 3. Surface topography of a specimen that was held at 538°C at a
strain of-0.002 for 250 hrs. before continuously cycling to
2350 cycles for surface examination. Total cyclic lifetime for
this specimen was 7672 cycles. Note the surface markings per-
pendicular to the loading direction.
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