
F AO—AO’47 557 LEHIGH UNIV BETHLEHEM PA INST OF FRACTURE AND SOLID —ETC F/S 11/6
EFFECT OF FREQUENCY ON FATIGUE CRACK GROWTH RESPONSE OF AISI 13—ETC(U)
OCT 77 P 5 PAO. W W EI. R P WEI NOOO14—75—C—O5~3

UNCLASSIFIED IF5M 77 85 

_ _ _ 
B



L 2 ~~~~~~~~~~~~~~

IFSM—77—85

LEHIGH UNIVERSITY

___ EFFECT OF FREQUENCY ON FATIGUE CRACK GROWTH
RESPONSE OF AISI 4340 STEEL IN WATER VAPOR

S
S

_ _  

P. S. PaQ

_________ W. Wei

• 
_ _ _  R. P. Wej

_ _ _ _ _ _ _  ~~jWraIBuTION STA T M T~f l
___ 

IIu,~~~~ t~ Appioved fox public ieIe~ae October 1977
DistributiO~ Unlimited

Technical Report No. 6

Office of Naval Research

Contract N00014—75—C—0543, NR 036—097 j
_____- __________ -~~~



UNCLASSIFIED
SECURITY CLASSt FIr.ATI ON OF rui~ Di~t3C (W’l.,, Data Ent~ r.d)

DEO~~D1 nfl~~i I ~~ ~I T Ar I ~~ &1 b A ~~ R E f t D  INSTRUCTIONS
I tJI’%~~ I#t.A.. tJ Ifl I i I~~~~ u I ~ JI~ U ~~~ 

- 
BEFCKE COMPLETING FORM

I. REPORT IIDER 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2. GOVT ACCESSION NO. 3. PEc~~~ FI~’T ’S  CAT A ...OG NUMBER

IFSM-77-85, ‘T~—4~~) 
-_____________ ____________

— * ~~ 111~LE (end Subtitle) •__~~~~~. TY F OVERID

Effect of Frequency on Fatigue Crack ecimica1~~ep~~t 
~~~~~~~~~~

‘~~~~~ .-
‘ Growth Response of AISI 434O~ Steel in ______________________

Water Vapor. .- -_-._ - ._i• -. 
0. P~~ NPU~~MING ORG. REPOR’rWUMBER

7. AUTHOR(.) —— 8. CON ’ T R A C~~.A~~ GRA NT NUMBER(S)

P. S./Pao, W.j4Jei R. P.)Wei ~~~~~~~~~~~~~~~~~~~~~I / / / 0543
4 9. PERFORMING O R GA N I Z A T I O N  NAME AND ADDRESS 10. PPOGP*M~~~LEMENT . PROJECT . TASK

A R EA Pt WORK UNIT NUMBERS

Lehigh University /

Bethlehem, PA. 18015 NR 036-097

I I .  CONTROLLING OFFICE NAME A N D ADDRESS 12. REPORT DA T E

Office of Naval Research 7 / ;  j’CtE~~ ~~ 77 ~ —

Department of the Navy ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

Arlington, Virginia 
.~~~~~~~~ J~ irJYØ? —

4 MONITORING AGENCY NAME & AODRESS(iI different from Controlling Office) 15 SECU ‘

UNCLASSIFIED
IS., DECLASSIFICATION D O W N G R A D I N G

+ 
SCHEDULE

(6. OISTRIB UTION STATEMENT (oF this R.~oM)

This document has been approved for public release and sale ;
its distribution is unlimited .

D D C
17. DISTRIBUTION STATEMENT (of eli. ab.tt ecl .nt.r.d in Block 20, if dSff.reni from R.p P

~)~
fThr~flflflf~r—

)
~~ DEC 14 1977

IL SU PPLEMENTARY NOTES i Ui~~i~ _~~~ij ~
j-i

~~t~J
F

19. K EY WORDS (Continue on r.v.ra. asde ii n.c..aary and identif y by block number)

Fracture Mechanics , Surface Chemistry, Corrosion Fatigue, Alloy
Steel, Hydrogen Enthrittlement

20. A eS~~~~~CT (Continue on ,.~ .r.. aid. ii nec.a.ar/ and identify by block number)

The effect of cyclic load frequency on the room-temperature
fatigue crack growth response of AISI 4340 steel (tempered at
205’C) in water vapor at 585 Pa (4.4 torr) has been investigated .
The water vapor pressure was chosen to avoid capillary condensation
at the crack tip. Crack growth tests were conducted over a fre-
quency range from 0.1 to 10 Hz, and a range of stress intensity
factors (K). The maximum K in these tests was below the apparent

DD ~~~~ 1473 EDITION OF I NOV 68 IS OBSOLETE UNCLASSIFIED 11(02 0 ‘~~ q
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

SICURITY CLAUiFICATR)N OY THI$PAii(II~.nb.e!t an41 ~~~



— — + -,. — ~~~~~ 
.- ,—--.——“ -++,- ‘,

~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
,
~
-
~~ -‘y ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.,.+ .— —--,+.-+,————.-——-—

1~

+1  ‘ +  ITh1(’L~ SSIFIED
~~~~URITY C L A S S I F I C A T I O N  OF T H I S  PAGE(WPe w Data Ent.,.d) 

-

threshold K for sustained-load crack growth in this environment.
Fatigue crack growth rates were found to increase with the recipro-
cal of frequency (that is, with the period at load), and exhibited
transient behavior when the test frequency was altered. By sepa-
rating the growth rate into an environment independent component
(pure fatigue) and an environment dependent component, it was
found that the environment dependent component varied linearly wit~
period over the frequency range 0.1 to 10 Hz. The results are
correlated with the kinetics for water vapor/metal surface reac—
tions, and with other fatigue crack growth data on high-strength
steels tested in aqueous and H2S containing environments. The
frequency and transient effects are discussed in terms of possible
crack-tip processes.
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EFFECT OF FRE QUE NCY ON FATIGUE CRACK GROWTH RESPONSE OF

A I SI 4340 STEEL IN WATER VAPOR

P. S. Pao, W. Wei* and R. P. Wei

Lehigh University
Bethlehem , PA. 18015

The effect of cyclic load frequency on the room-temperature fatigue
crack growth response of AIS I 4340 steel (tempered at 205°C) in water vapor
at 585 Pa (4.4 torr) has been investigated. The water vapor pressure was
chosen to avoid capillary condensation at the crack tip. Crack growth tests
were conducted over a frequency range from 0.1 to 10 Hz, and a range of stress
intensity factors (K). The maximum K in these tests was below the apparent
threshold K for sustained—load crack growth in this environment. Fatigue
crack growth rates were found to increase with the reciprocal of frequency
(that is , with the period at load), and exhibited transient behavior when the
test frequency was altered . By separating the growth rate into an environ-
ment independent component (pure fatigue) and an environment dependent com-
ponent, it was found that the environment dependent component varied linearly
with period over the frequency range 0.1 to 10 Hz. The res u lts are co rrela ted
with the kinetics for water vapor/metal surface reactions , and with other
fatigue crack growth data on high-strength steels tested in aqueous and H2Scontaining environments. The frequency and transient effects are discussed
in terms of possible crack-tip processes.
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Introduction

Corrosion fatigue is a generic term that describes the cracking response
of a material to the combined actions of cyclically varying loads and cor-
rosive (aggressive) environments . It is recognized as one of the most impor-
tant causes for failures in engineering structures. Characterizations of
corrosion fatigue response of materials are complicated by the need to incor-
porate a multitude of loading variables and their interactions with a range
of environments . Much of the work during the past 15 years has been directed
towards exami nations of the infl uences of environments on fati gue crack
growth . The essential results from these studies have been surmiarized in a
number of review papers and proceedings of symposia [1-4]. These results
indicated that the rate of environment-enhanced fatigue crack growth is a
function of stress intensity factor (maximum or range, i.e., Kinax or
load ratio (R), cyclic l oad frequency (f) and waveform ,”~T~~ac~ty (or pressure)+ or concentration of the aggressive environment , temperature , etc. [1—5]. The
specific response also depended on the particular material -environment sys-

• tern, and was grouped into three categories by McEvi Iy and Wei [2] in relation
to the threshold stress intensity factor (K l scc ) for stress corrosion crack-
ing of the material.

For maximum stress intensity factors (K max ) a bove K ISCC, the environ-
mental contribution arises principally from stress corrosion cracking and
may be determined (to a first order approximation) from sustained -load crack
growth data [6]. For Kmax below Klscc, the environmental contribution was
thought to arise from synergistic action of fatigue and environmenta l attack
[1]. In the latter case, Barsorrr [7] showed tha t the rate of fatigue crack
growth in a highly alloyed steel , tested in 3.5 pct NaC1 solution , depended
on cyclic load frequency and waveform . The rate of crack growth was higher
at the l ower frequencies, and the environmental effect was nearly negligible
for waveforms with a high rise-time (such as square waves). The dependence
on frequency was confirmed by the results of Gallagher [8] on a HY—80 steel ,
again tested in 3.5 pct NaCl solution , and those of Miller et al . [9] on a
low-alloy steel tested in distilled water. Frequency effect for fatigue

+ crack growth at Kmox below <Jscc had been observed in aluminum alloys tested
in water vapor (without capillary condensation at the crack tip) [10,11].
Bradshaw and Wheeler suggested that the observed frequency effect resulted
from the time available for the reaction of newly produced crack surfaces
with the environment [10]. In distilled water , however , aluminum alloys ex-
hibited only minor effects of frequency [1,12] and no infl uence of waveform
[13]. Hudak and Wei suggested that the difference in behavior between the
steels and aluminum alloys may be attributed to differences in the react ivity
of these alloys to water. Unfortunately, however , there were no data on sur-
face reactions to support either of the suggestions.

In a recent study, a slow step in the reaction of water/water vapor with
metal surfaces was identified as the rate controlling process for sustained-
load crack growth in an A ISI 4340 steel [14]. The kinetics for this reaction
were also determined. Preliminary data on fatigue crack growth in water vapor
had shown an effect of cyclic load frequenc i; no influence of frequency was
observed for crack growth in an inert reference environment [15]. With these
additional data , it appeared reasonable to carry out a more systematic examin-
ation of the influence of cyclic load frequency on fatigue crack qrowth on
this steel .

In the present study , the kinetics of the environment -enhanced fatigue
crack growth (corrosion fatigue) were determined on the same laboratory melted
heat of A ISI 4340 steel tha t had been used for the previous studies [14]. The
interrelationship between the kinetics of water vapor-metal surface reaction
and the kinet ics of fatiiu~ crack growth for this steel in wa ter vapor was
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examined . Plausible explanations for the observed fatigue crack growth re-
sponse were considered . Fracture morphology was characterized by scanning
electron microscopy and was correlated with the kinetic data and mechanical
variables.

Material and Experimental Work

A laboratory vacuum-melted AISI 4340 steel , with extra-low residual
impurities was used in this investig ation *. Specimen blanks were cut from
0.9-cm-thick hot-rolled plate and were heat treated before finish machining
into test specimens. Chemical composition, heat treatment and mechanical
properties of this steel are given in Table 1.

Table 1
Chemical Composition, Heat Treatment, and Mechanical Properties

of AISI 4340 Steel Investigated
Chemical Composition , Weight Percent

C Mn P S Si Ni Cr Mo Co Ti

0.42 0.70 0.0009 0.0012 0.28 1.83 0.79 0.24 0.011 <0.005

Heat Treatment
Normalize , 900CC , 1 h , A.C.; Austenitize , 843°C, 1 h , 0.Q.;
Temper , 2O5~C, 1 h, A .C.

A.C . = air cool; 0.Q. = oil quench

Mec ha n i c a l P~~perties
Yield Tensile Young ’ s

Strength Strength Modulus Elongation

4 ~
j
~f~J J~Pa) J~~J~ (pct) +

1 344 2082 201 9

Modified wedge-opening-load (WOL ) Specimens [16], oriented in the longi-
tudinal (LT) direction , were used for determining the fatigue crack growth
kinetics in water vapor. The specimens were 5.23 cm wide, with a half-hei ght
to width ratio (H/W) of 0.486. A crack starter notch , 1.52 cm in length with
a root radius of 0.025 cm , was introduced into each specimen using electro-
spark discharge machining. The nntc~ was further sharpened by fatigue in
dehumidified argon immediately prior to the start of the crack growth test.
Fatigue precracking and subsequent fatigue tests were carried out under sir t u-
soidal ly varying loads , at a load ra t io (8) of 0.1 in a closed-loop electro-
hydraulic testin q machine ope ra ted in load ~nntro l . Load accuracy was main-
tained to better than • 1 pct. Cychc load frequencies from 0.1 to 10 Hz
were used to examine the in fluence o~ frequency on environment -enhanced fati-
gue crack growth . Frequencies ot 0.1, 1 and 10 Hz were selected for the
frequency cycling experiments . -Th anqe s in frequency for the frequency cycling
experiments were made simp ly b y swi tching the frequency range selector without
interrupting the fatigue tes”~ although the load amplitude was reduced momen-
tarily by less than 5 pct duri nq eac h frequency change to avoid overshoot ’
that might be introduced by t i e cha n q ing dynamic response of the testing sys-
tem.

*Steel was furnished by the Research Laboratory of United States Steel
Corporation, Monroevi lle, PA.

3
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Th~ stress intens i ty factor ran ge, 1~K, was computed from Eq. (1), whIchIs accurate to ± 1 pct for 0.3 ~ a/W ~ 0.75 [3].

= ~~~~~~~ Y(a /W) ( 1 )

Y(a/W) = 30.96 - 195.8(a/W) + 73O.6(a/W)2 - 1186.3(a/W)3

+ 754.6(a/W)4

applied load range; B = specimen thickness; W = specimen width;
a • crack len gth ; and Y(a /W) = geometr ic facto r.

A conti nuous-recording dc electrical potential system was used to
monitor crack growth [17]. The following experimenta l calibration relation-
ship was used to convert electrical potential to crack length:

a = 1.734 + 4.6l9V* - l.18OV*2; 0.02 ~ V~ ~ 0.48 (2)

where a = crack length in cm
= normalized electrical potential = (V - Vr)/Vr

V = electrical potential corresponding to the current
crack length

= reference electrical potential corresponding to a
crack length of 1.725 cm (0.679 in.)

Crack growth rates were determined from graphical differentiation of the +

potential -time records. The sensitivity of the crack monitoring system, at
a working current of about 3 amp, was such that changes in crack length of
about l0.nn and in crack growth rate of about 2 x 1O ’ cm/cycle ca n be read i l y
resolved . Uncertainty in crack length measurements was estimated to be ± 1
pct, and that for crack growth rate measurements , less than ± 20 pct.

Fatigue crack growth experiments were carried out in water vapor arid in
dehumidified argon at room temperature. The environment was maintained along +
the expected crack path by the use of stainless steel chambers clamped to the 

+
specimens; the chambers being connected to a suitable gas supply ing system.
Dehumidified “ultra -pure ” argon (99.999 pct purity), further puri fied by an
In-line titanium sublimation pump, was used as the reference environment.
Water vapor at a partial pressure of 585 Pa (4.4 torr) was selected as the
aggressive environment to avoid capillary condensation at the crack tip [18]. +

This environment was readily obtained by flowing “ultra- pure” argon through +

d ist i l l e d water ma inta ined at 0°C.

Characterization of the morphology of fracture surfaces produced by
environment-enhanced fatigue crack growth at the different cyclic load fre-
quencies was made wi th the aid of scanning electron microscopy. The entire
broken halves of selected specimens were placed inside an ETEC Auto-scan
microscope for examination. By this procedure, the location on the fracture
surface can be readily determined , and specific morphological features could
be correlated then with the kinetic data and with the appropriate mechanical +
va riables (suc h as t~K).

Resul ts

Effect of Cyclic Load Frequency

Fatigue Crack growth data on AISI 4340 steel , obtained under sinusoidal

4
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loading at room temperature and a water vapor pressure of 585 Pa (4.4 torr),
for various loading frequencies are shown in Fig. 1. Data from the reference
(argon) environment are also included in Fig. 1 for comparis9q~ These data
cove r st ress inte ns i ty factor range (t~K) from 15 to 40 MPa-m ’t’ at R = 0.1.

STRESS INTENSITY FACTOR RANGE C ~ K )  • -

5 20 25 30 35 40
I ~~,..J0IUl

AISI 43-40 SlEEt. l1S.,W1f14 at 205 CI
IN 555 Pa 14 4 tOn ) WATER ~~P0R

.1.ø.*i
05111 .~

0 • ~~~~ 
11

2HI v ~~~~~~~~ •

.

I
I0 ’~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~2~~

2~ 3~ 3~ 4~
STRESS INTENSITY FACTO R RANGE I~~KI ,

Figure 1 - Room temperatur e fatigue c ack growth kinetics
on AISI 4340 steel tested fl dehumidified argon

$ and in water vapor (below 
~
<Iscc) at R = 0.1.

The corresponding maximum stress inten~i~y factors (Kmax ) were below the
apparent K I scc (approximately 55 MPa_m I/t~) for this water vapor pressure [15].
The results clearly show that water vapor increased the rate of fatigue crack
growth below K lscc to a greater extent at low frequencies than at the higher
frequencies. The percentage increase over the growth rate in the reference
environment, at a given frequency, was essentially the same over the range of
‘K used in this investiga tion . In other words, data at the different fre-
quencies followed essent ially paral lel curves in log (da/dN) versus log (K)
coordinates .

Assuming that the crack growth kinetics, over the indicated range of tK
shown in Fi g. 1 , can be represented by the relationship da/dN = C(+ ’K)° [19),
least-squares regression analyses of the data were made and showed that the
data conformed with this relationship. The exponents n were found to be equal
at 95 pct confidence level, and had a pooled value of nearly 2. For simp li-
city , a value of n = 2 was chosen, and the experimental data were empirically
represented by Eq. (3) for use in further analyses.

(3)

The constant C is a dimensional constant, and was determ i ned from each set of
data by least-squares regression analysis based on Eq. (3). The constant C,
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therefore , reflected the influen ce of frequency or period on environment-
enhanced fatigue crack growth . The val ue corresponding to the reference data
was taken to be C0 (that is, for data obtained in argon at 20 Hz).

Environment induced increase in fati gue crack growth rate may be given
by the difference between crack growth rate in the aggressive environment,
(da/dN)e, and that in the reference environment, (da/dN)r, at the same +TK
level .

(da/dN )e 
- (da/dN) r = (C - C0)(+

’+K) 2 (4)

+ This increase is thus represented by (C - C0) over the entire range of +,K
investigated. The values for (C - C0) are shown as a function of the inverse
of cyclic load frequency (tha t is, of period ) iq, Fig. 2. Error bands in Fig.
2 represent estimates of 95 pct probability for occurrence [20). Least-
squares anal ysis of these data showed th~t (C - C0) is linearly proporat ional
to the period (r = 1/frequency) on a 95 pct confidence level basis. This cor-
relation indicates that the increase in the rate of fatigue crack growth by
the environment is proportiona l to the tinie-at~l oad (that is, for loads
above the minimum l oad in a given cycle ). Th~ -ecna ni stic im p li cations of
this finding are considered in the d iscussi nn .

‘F -

(~ )e~C (~~ K )
2

~ .7 
(~~~~)r O~~~~

1
~~

2

/
V

I I I I L
0 1  ‘ ‘0

PERIOD (sec o nd s~

Figure 2 - Environment dependent component of fatique
crack growth paramete r as a functi on of cyclic
load period for A ISI 4340 steel tested in water
vapor at room temperature.

Transient Phenomenon

Changes in crack growth rate associated with changes in cyclic load
frequency , for constant load-a mplitude fatigue in 585 Pa (4.4 torr) wa ter
vapor at room temperature, are shown as a function of crack length in Fig. 3.
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(b)

Figure 3 - Crack growth rate response resulting from
changes in cyclic load frequency.

Data shown in Fig. 3a were obtained from test on a spec i men that had been
fatigued at 0.1. 1 , and 10 Hz under the same maximum and minimum loads.
Fatigue crack was extended by at least 0.25 cm (about 0.1 in.) fol l owing each
change in frequency to allow steady-sta te rate to be established at the new
test frequency . Only two test frequencies (0.1 and 10 Hz) were used for the
data shown in Fig. 3b to better illustrate the transition between steady-
state rates.

Data in Fig. 3 clearly show a region of transient growth, following each
change in cyclic load frequency, before steady-state growth rate became
established at the new frequency. For example , decreasing the frequency from
10 Hz to 0.1 Hz (see Figs. 3a and 3b) did not produce an imediate change in

7
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crack growth rate to its expected steady-sta te va l ue . Instead , it resulted
in a gradual change that extended over crack growth increments of the order
of 0.1 cm. Similarly, an increase in frequency (see Fig. 3a) produced a
gradual decrease in growth rate to its steady-state value. The extent of
crack growth required to establish steady-state growth (that is , the size of

+ the transition zone) appeared to depend on the magnitude of the frequency
+ 

change and on the crack length ( or ~K, for constant load-ampl i tude fatigue).
Since there is no infl uence of frequency on fatigue crack growth in an inert
environment over this range of frequencies [1.15], the observed transient
phenomenon must result from interactions with the environment. The implica-
tions of this phenomenon are considertd in the discussion section.

+ Fractog~aphy

Representative SEM microfr actographs obtained from specimens tested in
585 Pa (4.4 torr) water vapor at 10 Hz and 1 Hz for ~K of 25 MPa-m’/2, areshown in Figs. 4a and 4b, respectively. The arrows above these figures m di -
cate the macroscopic crack growth direction .

The features shown in Fig. 4a are typical of the fracture surface mor-
phology for a specimen tested in water vapor at 10 Hz. The fracture mode is
similar to that for specimens tested in dehumidified argon at 20 Hz at com-
parable +1K levels. This similarity in fracture surface cha racteristics was
not unexpected , inasmuch as the environmental effect was not large at this
frequency. The morphology, therefore, would reflect primarily that associated

+ with ‘ pure fatigue. In general , the crack path appeared to be transgr anular
with respect to the prior austen i te grains. The crack path , however, may be
intergranu lar with respect to martensite and twin boundaries wi thin the prior
austenite grains.

As the cyclic load frequency was reduced , the fracture appearance
+ . changed . Fracture surface morphology that was observed on specimens tested

at 1 Hz, shown in Fig. 4b, is typical of that observed at the l ower frequencies.
The fracture path is now markedly different from that observed at 10 Hz. The
most si gnificant difference was the occurrence of a large component of inter- 

+
granular separation along the prior austenite grain boundaries. Some trans-
granular quasi-cleavage (i.e., with respect to the prior austenite grains) and
secondary cracks out of the plane of macroscopic fracture can be seen also in
Fig. 4b. The diffe rence in fracture mode between 10 Hz (Fi g. 4a) and 1 Hz
(Fig. 4b) was associated with approximately a 4-fold increase in crack growth
rate.

Fracture morphology at frequencies below 1 Hz (Fig. 4b) was very similar
to that observed on the same AISI 4340 steel tested in hydrogen and in wa ter
under sustained-load [14]. This similarity indicates that, in AISI 4340
steel , sustained-load crack growth in hydrogen and in water , and fatigue crack
growth below K lscc in water vapor at the l ower frequencies followed essen-
tially the same path through the microstructure.

Discussion

Results from this study may be considered in relation to data on surface
reaction kinetics on the same AISI 4340 steel . To assist in this considera-
tion , principal results from previous investigations are briefly sunjnarized.
In these investigations [14 ,21,22], characterization of the kinetics of water
vapor and hydrogen sulfide reaction with i ron single crystal and with AISI
4340 steel surfaces as a function of temperature and exposure (pressure x
time ) were made with the aid of Auger electron spectroscopy (AES) and of low
energy electron diffraction (LEED). Correlation wi th sustain—load crack

8
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growth response was made in the case of water/water vapor [14]. The princi-
pal findi ngs are as fol l ows :

(1)  The i n i t i al chem i sor pti on of wate r va por on i ro n an d on AI SI 4340
steel surfaces was extremely rapid and was essentially complete in
about the order of one microsecond at water vapor pressures of 0.67
to 1.06 kPa (5—8 torr). This initial step of surface reaction is +

not thermally activated , and was too fast to account for the ob-
served crack growth kinetics.

(2) The second step of surface reaction , involving the formation of
surface oxide and presumed production of hydrogen , required water
vapor exposure on the order of 1.33 to 1.33 x 10~ kPa-s (10 to l0~torr-s). This step of the reaction was thermally activated and was - +

identified as the rate controlling process for crack growth [14).
The extent of reaction , as a function of exposure at three tempera-
tures , is shown in Fig. 5. The solid curves represent correlation
of an approximate model to the experimental data [14).

+ EXPOSURE (pt ) in t o r r -s

I CO 02 03- i0
+ 

I ‘ r
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~ite rv oI
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~~~~~~~~~~~ 
I 

H08 ~/ / /
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O.6~~ 4

L_____________________ __________________

102 10 i0~ 10
EXPOSURE ( pt )  in Pa-s

Figure 5 — Reactions of water vapor with AIS I 4340
steel surface as a function of exposure
at three temperatures [14].

(3) At sufficiently high exposures (above 106 Pa—s at room temperature)
the surface oxide film would reach a limiting thickness and prevent
further reaction with water vapor. The oxide l ayer that formed on
the AISI 4340 steel surface, after saturation exposure to water
vapor , was on the order of one to two atomic layers thick [14).

(4) The ‘slow step ’ in the reaction~ of hydrogen sulfide with AIS I
4340 steel surface was about 100 times faster than the correspond-
ing step for the water vapor-metal surface reaction [14).
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Because hydrogen embrittlement had been identified as the mechanism for
crack growth unde r susta i ned load i n wa ter and wate r va por , and because water/

+ metal surface reaction had been shown to be the rate controlling process for
this growth , it is reasonable to expect that the same mechanism and rate con-
trolling process would operate In the case of fatigue crack growth in water
vapor and in aqueous environments. The similarity between fracture paths for
sustained—load crack growth and for fatigue crack growth (at the l ower fre-
ouencies) tends to support this expectation . Because the environment enhance-
ment of crack growth occurred at Kmax levels  wel l  below the th reshol d K
(K iscc) for sustained-load crack growth, and because of the observed fre-
quency effect and of the transient response associated with frequency changes ,
one would expect the embrittlernent to invo l ve a region of material ahead of
the crack tip (i.e., “vol ume embrittlement ’ v is-a-vis ‘ surface embrittle-
ment”). The size of the embrittled , or damaged, zone would depend on the
time available for reaction (viz., cyclic load period) and on the reaction
kinetics.

Results obtained from this investigation suggest a conceptual model in
which a steady-state zone of ‘ernbrittled” material exists ahead of the crack
ti p under steady-state conditions; that is, for prescribed AK , cyclic load
frequency and environment. The conceptual model is illustrated schematically
in Fig. 6. The damaged zone is depicted as circles, representing some appro-

+ priate hydrogen concentration contour ahead of the crack tip. Because more
hydrogen is produced at the l ower frequencies (longer exposure time), the
size of the damaged zone and/or the hydrogen concentration within tre zone
are expected to be larger at the lower frequencies (Fig. 6). On each cycic
of l oading, the crack would extend , in one step, through a fraction of this
zone (the detailed mechanism for this growth is not important here). Fol-
lowing this increment of crack growth , a steady-state zone is reestablished
ahead of the new crack tip through reactions of the environment with the
freshly created crack surface, and hydrogen diffusion and redistribution.

HIGH f LOW f LOW f HIGH I

DiSTANCE DISTANCE DISTANCE DISTANCE

(a) ( b )

Figure 6 - Schematic illustration of conceptua l model
for environment assisted fatigue crack growth
below K lscc.
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The existence of envi ronmental effec t s at K~ax levels below Kiscc for fa t igue
Is not inconsistent with the definition of Kjscc for susta i ned loading, since

+ fat ig ue is a more prof ici en t process for producing fresh surfaces to reac t
with environment and to produce subsequent embrittlement. The consistency of
this conceptual model in terms of experimental observations on frequency and
transient effects and of surface reaction kinetics is discussed in the fol-
low ing sec tions.

Frequency Ef fect

For the purpose of discussion , the fraction of the surface converted to
oxide (e) and the normalized surface reaction rate, for the reaction of water

+ . vapor with AISI 4340 steel , as a function of exposure (Pt) at room tempera-
ture are shown in Fig. 7. The curves are based on an approximate kinetic
model for the oxidation reaction [14], and may be regarded as a schematic
representation of the reaction . According to the conceptual model for fati-
gue crack growth , water mol ecules in the environment will undergo dissociative
chemical reaction wi th the freshly produced crack surfaces to release hydro-
gen . The amount of hydrogen produced , at a given vapor pressure, depends on
the time allowed for this reaction to take place during each fatigue cycle
and on the extent of available fresh surfaces . All or a part of the hydrogen
thus genera ted di ffuses i nto the steel an d i s ex pected to segregate to the
region of high triaxial tensile stress near the crack tip. This segregation
of hydrogen embrittles the material and enhances fatigue crack growth by one
or more of the hydrogen embrittlernent mechanisms [23-26]. The actual mech-
anism of this embrittl ement remains to be determined, but is not important
for the present discussion.

EXPOSURE (p1) in to r t -s

I 10 103- 10
‘ I  ~~ I T I  ‘ I  I ‘ I

RATE _________ - 
-

- L2~~

- 
COVERAG E ~~~~~~~~~~~ __________ - o

z

I I I  i t  i i  i t  I I
IO~ 03- io IO~ 0 IO~

EXPOSURE (p1) In P a — .

Figure 7 - Extent and normalized rate of reaction of
water vapor with AISI 4340 steel surface
as a function of exposure at 25°C [14].

This conceptual model a pp ea r s t o be consistent wi th the experimental
data on crack growth kinetics and with the kinetics of surface reactions (see
FIgs. 2,6 and 7). At frequencies of 0.1 to 10 Hz and a water vapor pressure
of 585 P~ (4.4 torr) used in this investigation , the freshl y produced crack

12 
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surfaces were subjected to exposures of up to 58.5 to 5850 Pa-s (0.44 to 44
torr-s) per cycle. In this exposure range, the surface reaction rate or rate
of hydrogen production were essentially equal (FIg. 7). Thus, the environ-
mental contribution to the rate of fatigue crack growth, (da/dN)e - (da/dN)r
or (C - C0). would be expected to be essentially proportional to the cyclic-
load period (1/frequency). This expectation Is consistent wi th the observed
frequency dependence shown In Fig. 2.

Data on the kinetics of water vapor/AISI 4340 steel surface reaction
~l4] (see FIg. 5) suggested that the initiat ion of the second step of reaction(leading to the production of hydrogen) at room temperaturç occurred at a
fairly high exposure; estimated to be about 13.3 Pa-s (10 ’ torr-s). For this
AISI 4340 steel tested in 585 Pa (4.4 torr) water vapor , no envi ronmental
effect would be expected above a test frequency of about 50 ~z (period of0.02 s). On the other hand, at exposures above 106 Pa-s (10 torr-s), the
oxidation of the steel surface is essentially complete and no further hydro-
gen production takes place. The crack growth rates are expected to reach a
saturation value and exhibit no frequency dependence . The general trend sug-
gested by the conceptual model, at the l ower frequencies , is consistent with
data reported by Gallaghe r [8] for fatigue crack growth in HY-80 steel In
3.5 pct NaC l solution (Fig. 8). The overall trend is also in agreement with

FREQUENCY (112)

02 10 10° 10” ,0-~ to-3
I I I

-

ii 
:

10
4 1

/
HY-BO STEEL

Z / in 3I~% Nod Solution -

/ at~~ K ’43 MPo-m t’t
/ After Gallagher t Wet . —

IO~ - / /1
/

/ / + I

- I0-~
i t  i i  i t  I i  ~~I i t

lO~ IO~ 10° 10 102 103-
PERIOD (second )

Figure 8 - Environment dependent component of fatigue crack
growth rate as a funct ion of cyclic load period
for HY-80 steel tested In 3.4% NaCl solution at

+
+ room temperature [8].
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the’ results of Bradshaw and Wheeler [10] for fatigue crack growth In aluminum
alloys In water vapor (without capillary condensation at the crack tip).
Indeed the rationale is consistent with that proposed by Bradshaw and Wheeler
[10]. Unfortunately surface reaction data for aluminum and aluminum alloys
are still not available to allow for more direct comparisons.

Vos i kovsky [27] explored the influences of changes In both stress in-
tensity factor range and frequency on the below Kiscc corros ion fat igue crac k
growth behavior of an X65 line pipe steel in sour crude oil. In his investi-
gation , crude oil containing H2S of a bout 1 ppm and 4700 ppm (sat u ration con-
cen tration) was used , and cyclic frequencies rangi ng from 0.1 to 10 Hz were
considered. The maximum increase in growth rate relative to that in air was
observed to be about 3 tImes at low H2S concentra t ion , and about 20 times at
saturation concentration . Some frequency dependence was observed at low
H2S concentrat ion. There was, however , essentiall y no fre quency effect at
the h igher H2S level . The absence of frequ ency effect a t hig h H2S concen-

+ tratlon Is not surprising and is consistent with the conceptual model in
light of resujts that showed H2S to react about 106 t imes faster an d to reac h
saturation 100 times sooner than H20 with ir on an d AI SI 4340 steel surfaces
[14,22]. The res ults at low H2S concentration are less clear and may have
been affected by the presence of water (about 0.3 pct) in the crude oil [27].

Trans ient Pheno menon

The observed transient phenomenon is consistent with the suggested con-
ce ptual model (see F ig . 6) . Accordi ng to th i s model , the s i ze of the damaged
zone and/or the hydrogen concentration within the zone are expected to be
smaller at high frequencies than that at the lower frequencies . When the
frequency i s decreased , say from 10 Hz to 0.1 Hz, the crack initially en-
counters the small damage zone corresponding to steady state crack growth at
the initial higher frequency. A sma~ l Inc remen t of crack growth , therefore,
would result during the first load cycle at the new frequency. The time
ava ilable for surface reaction after this increment of growth, however, is

• now much longer. The size of the damage zone would then be expected to be-
come larger than its original size, and a larger increment of crack growth
would resul t  on the subsequent cycle of loa di ng . Crack growth wou l d proceed
thereafter in successively larger increments until the steady state crack
growth rate and damage zone size, corresponding to the l ower frequency, are
established. This process is illustrated schematically in Fig. 6a Con-
versel y, the reverse process is expected to occur with an increase in fre-
quency , see F ig . 6b .

The concept of “volume embrittle rnent’ is essential in constructing the
suggested conce p tual model .  Otherw i se, it would be difficult to account for
the observed trans i ent phenomenon.

Sumary

The effect of cycl ic load frequency on the room-temperature fatigue
crack growth response of AISI 4340 steel (tempered at 205°C) in water vapor
at 585 Pa (4.4 torr) was investigated. The water vapor pressure had been
chosen to preclude capillary condensation at the crack tip. Crack growth
tests were conducted over a frequency range from 0.1 to 10 Hz, and st ress
Intensity factor range (AK) from 15 to 40 MPa-m 1/2 (at a load ç~~io R of 0.1).The corres pond i ng Kme,c levels were below the K jscc of 55 MPa_ rn I~ for this
environment. The principal findings of this investigation are as follows :

(1) There was a significant effect of cyclic load frequency on the rate
of fatigue crack growth in water vapor. The rate of crack growth 
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for the prescribed conditions, may be represented by an empirical
relationship

=

(2) The rate of fatigue crack growth may be separated into an environ-
ment independent and an environment dependent component. Over the
range of AK used in this investigation , these components may be
represented by C0 an d C 1 = C - C0 respect ivel y . C 1 was found to be

• inversely proportional to frequency (f) or to be directl y propor-
tional to period CT = 1/f) over the frequency range from 0.1 to 10
Hz.

(3) Transient crack growth , associated wi th a change in cyclic load
frequency, was observed. Transient growth persisted over distances

• on the order of 0.1 cm; these distances being dependent on the mag-
nitude of the frequency change and of AK.

+ (4) The results are consistent with a conceptual model involving crack
growth through a portion of a “damaged” zone ahead of the crack tip
during each cycle of loading; the mechanism for damage being that
of hydrogen embrittlement. The size of this zone would depend on
the time available for reaction (cyclic load period) and the sur-
face reaction kinetics. The conceptua l model is also consistent
with other data in the literature, and suggests that the environ-
me~t dependent component would be proportional to the extent of

+ surface reaction per load cycle.

(5) The morphology of fractured surface is very sensitive to the cyclic
frequency in water vapor. At high frequencies, the fractures are
predominantly transgranular and are comparable to specimens tested
in argon. The fracture surfaces of the specimens tested at low
frequencies , however, exhibit predominantly intergranul ar separation

+ along prior austenite grain boundaries. The intergranular fractures
are consistent with those observed for sustained-load crack growth ,
and tend to support the identical nature of the embrittlement
mechanism for these two loading conditions.
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