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Fatigue crack growth studies have been carried out
at room temperature and at 538°C in air as well as
in vacuum in order to assess the influence of both
temperature and environment on the growth orocess.
The materials investigated were 2 l/4Cr-lMo steel,
a modified 9Cr-lMo steel and a 9Cr-2Mo steel, as
well as weldments of the 9Cr-2Mo steel. Crack
opening levels were determined for all test condi-
tions. The R-dependency of the crack growth rate
could be accounted for by crack closure, both at
room and elevated temperature. Closure in air at
538°C was due to oxidation, whereas at room temper-
ature closure was due to microstructurally related
roughness and the influence of oxygen.

INTRODUCTION

The results of past research have shown that both the environment
and the temperature can influence the rate of fatigue crack propa-
gation. In addition it is recognized that the extent of crack
closure can affect the rate of fatigue crack growth, particularly
in the near-threshold region. Suresh and Ritchie (1) McEvily and
Minakawa (2) However these factors may not be independent. For
example, both temperature and environment can influence the deve-
lopment of oxides on the fracture surfaces which in turn affect
the level of crack closure that is developed. In addition to the
environmental contribution to crack closure there is also a con-
tribution from the microstructure and it is of interest to assess
the relative contribution of each. Further, there is the possi-
bility that at elevated temperatures creep may contribute to the
mechanism of crack advance. The present investigation is con-
cerned with the assessment of the influence of elevated tempera-
ture and the ambient environment on the nature and rate of fatigue
crack growth in ferntic steels, with particular attention given
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to the nature and role of crack closure 1n the crack propagation
process. To assess the effect of the environment and temperature
tests were carried out at room temperature and at 538°C in air and
in vacuum. The materials selected for investigation were a 2
1/40-lMo steel, a modified 9Cr-lMo steel and a 9Cr-2Mo steel.
The variation in chromium content of these ferritic steels allowed
an assessment of the influence of the importance of this element
on oxidation resistance in these steels to be made.

MATERIALS AND TESTS

The compositions, processing histories and mechanical properties
of the three steels used in this investigation are given in Tables
1-3. Although the prior austenitic grain sizes were all in the
range of 25 microns the mean free path for slip through ferrite
was larger in the 2 l/4Cr-!Mo alloy which contributed to a greater
roughness of the fatigue fracture surfaces in this alloy as com-
pared to the others.

The dimensions of the compact specimens used In the fatigue
crack growth studies are shown in Fig. 1. The specimens were from
plates and were loaded in the transverse direction with crack
growth In the longitudinal direction (T-L). To facilitate the
observation of the cracks the specimen surfaces were polished
prior to testing to a 1 micron finish. The ASTM formula was used
to determine the stress Intensity factor. Fatigue cracks were
Initiated at the chevron notch and after the crack grew approxi-
mately 10 nun Into the test section the material in the wake of the
crack was removed to eliminate any extraneous crack closure
effects associated with the chevron notch. The crack length was
observed with the aid of a traveling microscope, and the rate of
crack growth was taken to be the increment of crack growth divided
by the number of cycles to traverse this increment.

Fatigue crack growth tests were carried out at room tempera-
ture LZQ'C) in air of 50% relative humidity and in a vacuum of
3xI0"3 Torr. The frequency of testing ranged from 30-50HZ, In-
creasing with decrease in crack growth rate. Tests .were also
carried out at 538°C + 2°C 1n air and in vacuum (10 Torr). In
the determination of tie threshold value a decreasing AK procedure
was used. The decrement in AK was less than IOS and data w«re not
recorded until the crack had traversed the calculated monotonic
plastic zone associated with the higher ¿K level. The threshold
level was determined as the stress intensity factor range corres-
ponding to a growtn rate of 10 mm/cycle or less. Increasing AK
tests were conducted at constant load amplitude. Crack closure
levels were determined with the aid of a clip gauge or a LVOT
mounted at the moutn of the specimen. To facilitate the determin-
ation of the opening load a circuit was employed which subtracted
the elastic compliance from the total signal.
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RESULTS ANO DISCUSSION

Crack Closure

Since crack closure will be an important aspect in the inter-
pretation of the effect of R-ratio on the rate of fatigue crack
growth consideration will first be given to the effect of alloy,
environment and temperature on the dependency of Kop on K, where
Kop is the stress intensity factor at corresponding to the opening
load. The results of the Kop determinations are given in Fig. 2 .
Included in this figure are results recently obtained in a com-
panion investigation carried out by Zhu et al. (3) on 2 l/4Cr-lMo
which had been quenched and tempered at 700°C, a tempering temper-
ature close to that of the 2 l/4Cr-lMo used in this investigation.
It is noted that at room temperature the closure level of the 9Cr
alloy is the same in air and in vacuum and that the Kop value is
independent of .IK. In contrast the Kop values for the 2 1/4Cr
alloy in air are significantly higher at threshold than 1n v with
the difference decreasing with increase in ¿K. That the 9Cr alloy
is insensitive to the environment appears to be due to the higher
chromium content of the alloy as compared to the 2 l/4Cr alloy.
The higher level of closure overall in the 2 l/4Cr alloy Is due to
increased roughness associated with a coarser micros tructure, and
the increase in closure in air is due to the influence of oxygen
in Increasing the roughness of fracture surface by localizing the
slip process.

At the elevated temperature in vacuum as shown 1n Fig. 2 the
Kop levels were quite low for the 9Cr alloy. Similar results were
obtained for the 2 l/4Cr alloy tested in vacuum at 538°C. The
absence of closure Is attributed to the flattening of the asper-
ities by creep during the period of contact 1n each cycle which
largely eliminates the roughness of the fracture surfaces and
hence reduces the closure level. In air at 538°C the effects of
oxidation on closure are evident. For the 9Cr alloy the closure
level rises due to oxidation to a level which is similar to that
obtained at room temperature. For the 2 l/4Cr alloy the effects
of oxidation are even more striking. The closure effect becomes
clearly time dependent as the oxide on the fracture surfaces con-
tinues to thicken with time of exposure. As a consequence the
level of Kop may be as much as 90% of «max at threshold In con-
trast to the 50% value obtained with the 9Cr alloy.

It is pointed out that the above results were obtained for
R*0.05 test conditions. At R*0.5 closure was either absent or
reduced to a negligible level for all test conditions. In addi-
tion the behavior of the 9Cr-2Mo alloy was similar in all respects
to that of the modified 9Cr-lMo alloy.
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Fatigue Crack Growth at 20°C

The rate of fatigue crack growth, da/dN, as a function of the
range of the stress intensity factor, .IK, at room temperature in
air is shown in Fig. 3 for the three steels and for values of R
(R=Kmin/Kmax) of o".C5 and 0.5. It is seen that there is a pro-
nounced R-ratio effect in the near threshold region, and also that
the variation in chromium content has had little effect on the
rate of fatigue crack growth. The effective stress intensity
factor range, ..Keff, is defined as Kmax-Kop. The results shown in
Fig. 1 are reolotted in terms of ¿Kfi« in Fig. 4. It is seen that
a single curve is now obtained whicn is independent of R and only
dependent on tne alloy at threshold. The fact that the rate of
fatigue crack growth is largely a single-valued function of ¿Keff
for these steels confirms the suggestion of Schmidt and Paris (4)
that the R-effect is due to a dependency of the extent of closure
on R.

The modified 9Cr-lMo alloy was also tested in vacuum at room
temperature. As seen in Fig. 5 there is little effect of the
environment on closure at room temperature. However there is a
pronounced effect of the environment on the rate of crack growth
as shown in Fig. 5. This effect of the environment 1s attribut-
able in part to the continuous rupture of the oxide film at the
tip of the crack as well as to a possible contribution in moist
air from hydrogen embrittiement.

fatigue Crack Growth at 5 3 8 ^ in Vacuum

Since the crack opening determinations at 538°C in vacuum for
R*0.05 loading conditions indicated that closure was virtually
absent in all three alloys, the values of ¿K and ¿Keff are iden-
tical. As a result there is no R effect on the crack growth rate
at 538°C in vacuum, as shown in Fig. 6. In addition there 1s
little if any difference in the rate of fatigue crack growth as a
function of alloy over the entire crack growth range studied. The
absence of any dependency on material despite differences 1n micro-
structure, composition, and mechanical properties indicates that
the dislocation arrays developed within the plastic zone at the
crack tip ¿ire responsive to the effective range of K and not to
the material properties per se within this category of ferrftic
steels. However there Is an effect of temperature In that the
crack growth rate at 538°C 1s higher than at room temperature as
shown in Fig. 7. The effect would be even more pronounced If the
rates were plotted in terms of K rather than Keff. This effect of
temperature on the rate of crack growth will be furiiur discussed
in subsequently.
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Fatigue Crack Growth in Air at 538°C

At 538°C the fatigue crack growth behavior of the 9Cr steels
differed from that of the 2 l/4Cr steel as the result of differ-
ences in oxidation behavior. As shown in Fig. 2 the level of
closure for the 5Cr steels is above that obtained in vacuum at
this same temperature. The Kop values for the 2 l/4Cr alloy are
not plotted for the 538°C in air condition since they were much
more time dependent. Closure measurements near threshold indi-
cated that Kop levels were 90% of Kmax. In fact in after a
decreasing :.< test to threshold (12 MPai-m) it was necessary to
raise the K level to 18 MPa*m before the crack would propagate
again as the result of the build-up of oxide on the crack surfaces
while the speciuen spent hours at threshold. It was also noted
that if a 9Cr specimen were allowed to cool, to room temperature
after crack growth in air at 538°C, the closure level would
increase due to the differential in thermal expansion coeeficients
of metal and oxide. The effect was reversible, for on reheating
the level of closure characteristic of the elevated temperature
was again attained.

The fatigue crack growth behavior in air at 538°C for the
modified 9Cr steel is shown in Fig. 8 and compared to results in
vacuum. Two effects are noted. First of all the threshold in air
in terms of _K is higher than that in vacuum, although in terms of
¿Keff they are similar. Secondly, above the threshold the rate of
crack growth is higher in air than in vacuum. A similar type of
behavior is exhibited by the 2 l/4Cr alloy as shown In Fig. 9.
The increase in threshold in air over that in vacuum can be attri-
buted to the influence of closure, but the sharp rise In growth
rate once the threshold 1s exceeded may also indicate that the
rupture of the oxide at the crack tip plays a role in determining
the condition for propagation. Auxiliary experiments have shown
that the oxide on the 9Cr steels is quite strong, requiring
strains in excess of 2% for rupture at room temperature. Bunch (5)
On the other hand the oxide on the 2 l/4Cr alloy is much weaker,
spalling off at strains of 0.3%. Cnce the condition for propaga-
tion is met there is a continuous contribution of oxidation to the
growth per cycle which is frequency dependent. In the present
experiments it is of the order of 10" mm/cycle. This amount
added to the baseline results obtained in vacuum accounts for the
accelerated -rowth in air. It is noted that at this temperature
hydrogen does not play a role in advancing the crack. It is also
noted that urder conditions of continuing thickening of the oxide
the rate of fatigue crack growth cannot be a single valued func-
tion of the stress intensity factor but must to some extent also
depend on tne t^re of exposure.

A coiroanscn of the fatigue crack growth behavior of the 2
l/4Cr and 9Cr alloys at 538CC is given in Fig. 10. At the high
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growth rates the behavior is similar but there are pronounced
differences in the near-threshold region due to oxide-induced
closure effects.

The results obtained on crack growth in weldments of tK .
9Cr-2Mo alloy are shown in Fig. 11. In view of the results
obtained with the base metals it is not surprising that the rate
of crack growth through the weld metal is similar to that observed
in the base metal. The influence of frequency on the rate of
crack growth is also shown and it is seen that a decrease in fre-
quency increases the rate of fatigue crack growth. Whether this
increase is due to the environment or is due to creep needs to be
determined by further tests carried out in vacuum to eliminate the
contribution of the environment. If we were to hazard a guess at
this time it would be that the environment is primarily rsspon-
sible for the observed increase in growth rate with decrease in
frequency.

From analysis of the test frequency (30 Hz) tests In vacuum
at room temperature and at 538°C we can also see that creep at the
test frequencies employed plays no important role in determining
the crack growth rate. An analysis based upon crack opening con-
siderations has indicated that Young's modulus and Its temperature
dependency is a most important parameter in the absence of cresp
and environmental effects. McEvily et al. (6) If we take into
account the dependency of the modulus on temperature then the
result shown in Fig. T2 1s obtained, which Indicates that for
these steels tested at 30Hz in vacuum the principal factor affect-
ing the rate of crack growth over the temperature range Investi-
gated is Young's modulus and its temperature dependence. Appar-
ently at the high frequencies employed there is insufficient time
per cycle for creep to play a significant role. When the environ-
ment 1s also considered then a correlation based upon the modulus
is not effective as is also indicated in Fig. 12.

CONCLUSIONS

On the basis of the research described the following conclusions
are reached:

1. At room temperature in vacuum closure 1s solely due to
the roughness of the fracture surfaces, and the level of closure
in the alloys tested is independent of K. In other alloy systems
with larger free ferrite paths and extensive Mode II deformation
the closure level may Increase as the threshold is approached.

2. At room temperature in air oxygen can increase the
closure level but the extent of increase decreases with increase
in chromium content.



- 21 -

MICROSTRUCTURE ANO MECHANICAL BEHAVIOUR OF MATERIALS

3. At 538°C in vacuum closure is virtually absent as the
result of the elimination of roughness due to creep of the con-
tacting asperities on the fracture surfaces.

4. At 530°C in air oxidation leads to significant amounts
of closure, the extent of which Increases with decrease in
chromium content and with time of exposure.

5. The R-effect on fatigue crack growth can be accounted for
on the basis of crack closure both at room and S388C temperatures.

6. The combined effects of closure and environmentally
assisted fatigue crack growth can greatly alter the threshold
level and the shape of the da/dN vs. iC plot, particularly in the
near-threshold region.

7. The fatigue crack growth rates as a function of K are
remarkably insensitive to composition, microstructure and mechan-
ical properties after correction for closure at a given tempera-
ture. The decrease in Young's modulus with increase In tempera-
ture is the principal factor accounting for the Increase In crack
growth rate in vacuum with increase 1n temperature.

8. The rate of fatigue crack growth at elevated temperature
in air can be time dependent as well as K dependent due to the
time dependent extent of oxidation.
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TABLE 1 - Chemical Compositions

Alloy C x i L M p . V. i i . M n N b . F e

Mod. 9Cr-lMo 8.47 0.19 0.88 0.21 0.04 0.37 0.07 bal.

9Cr-2Mo 9.58 0.36 2.13 0.06 0.53

2 1/4Cr-1Mo 2.17 0.18 0.99 0.12 0.44

TABLE 2 - Plate Processing Histories

Mod 9Cr-1Mo Normalized at 1I77°C for 1 hr, a i r cooled
Normalized at 1038°C for 1 hr, air cooled
Tempered at 760°C for 1 hr, air cooled

9Cr-2Mo Normalized at 750*C, air cooled
Tempered at 750°C, air cooled

2 l/4Cr-1Mo Normalized at 954«C for 1 hr, air cooled
Tempered at 727*C for 2 hrs, a i r cooled

TABLE 3 - Mechanical Properties

Mod. 9Cr-lMo

20» C
538°C

9Cr-2Ho
20«C
538'C

2 l/4Cr-!Mo
20°C

538°C

Youngs
Modul us ,E

105MPa

2.0
1.57

2.0
1.57

2.0
1.68

cy.MPc

531
371

479
347

390
341

ou.MPC

668
389

647
438

550
484

Cl*

26

24
27

29

RAX

73

75
83

76

Hardness
Re

96

91.5

89
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