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FRACTURE MECHANIC S AND SURFACE CHEMISTRY STUDIES OF SUBCRITICAL CRACK GROWTH
IN AISI 4340 STEEL

by

G. W. Simons, P. S. Pao and R. P. Wel
• Lehigh University

Bethlehem, PA. 18015

ABSTRACT

Coordinated fracture mechanics and surface chemistry experiments were carried

out to develop further understanding of environment enhanced subcritical crack

growth in high strength steels. The kinetics of crack growth were determined for

an AISI 4340 steel (tempered at 204°C) in hydrogen and in water, and the kinetics

for the reactions of water with the same steel were also determined. A regime of

rate l imited (Stage II) crack growth was observed in each of the environments.

• Stage II crack growth was found to be thermally activated, with an apparent activa-
• tion energy of 14.7 ± 2.9 kJ/mol for crack growth In hydrogen, and 33.5 ± 5.0

kJ/mol in water. Fractographic evidence indicated that the fracture path through

the microstructure was the same for these environments, and suggested hydrogen

to be the embrittling specie for environment enhanced crack growth in hydrogen and

in water/water vapor. A slow step in the surface reaction of water vapor with

steel was identified, and exhibited an activation energy of 36 ± 14 kJ/mol . This

reaction step was Identified to be that for the nucleation and growth of oxide.

The hydrogen responsible for embrittlement was presumed to be produced during this

reaction. On the basis of a comparison of the activation energies, in conjunction

with other supporting data, this slow step in the water/metal surface reaction was

un nbiguousIy identif led as the rate controlling process for crack growth in water/

wa ter vapor. The inhibiting effect of oxygen and the Influence of water vapor

pressure on environment enhanced subcritical crack growth were considered. The

influence of segregation of alloying and residual impurity elements on crack growth

was also considered.
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1.0 INTRODUCTIONr Environment assisted subcritical crack growth in high—strength steels

and other high-strength alloys (particularly in hydrogen and in hydrogenous

environments) is an Important technological problem of long standing. Over

the past decade, fracture mechanics techniques (based on linear elasticity)

have been increasingly used to assist in determining the mechanisms for crack

growth through characterizations of the crack growth kinetics [1—4]. In the

fracture mechanics techniques, the crack-tip stress-intensity factor, K, is

used to characterize the mechanical driving force and for crack growth [2-4).

It has been shown that the subcritical crack growth response may be separated

Into three stages . At low values of K, the rate of crack growth (da/dt) is

strongly dependent on K and approaches zero as a “threshold K” value for crack

growth is approached [3,4]. This regime of crack growth has been designated

as Stage I [4]. At intermediate values of K, da/dt becomes essentially m dc-

pendent of K (Stage I I ) .  As K approaches the critical value for fracture

(Kc or Kit), da/dt increases rapidly and again becomes strongly dependent on

K (Stage III). The identification of the K-independent Stage II of crack

growth has provided an essential link for understanding the mechanisms for

environment assisted subcritical crack growth [4].

The rate of crack growth is determined by a number of possible sequential

processes, with the slowest one controlling the overall crack growth rate.

Since the growth rate is independent of K (the mechanical driving force) in

Stage II, it must be limi ted by the rate of a chemical reaction, or the trans-

port of the reacting environment, or the diffusion of the damaging species.

The apparent activation energy for Stage II crack growth, therefore, must be

determined by the activation energy of the underlying rate controlling process.

Thus, one might Identify the rate l imiting process through studies of the tern-

perature dependence of Stage II crack growth kinetics and of the kinetics of

- —-- ~~~~~~ 
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various possible rate limiti ng processes. This basic approach was used in

the current study and In many previous studies of environment assisted crack

growth [1 ,5—11].

A number of studies of subcritical crack growth in high-strength steels

in water, water vapor and hydrogen have been made [1,5-11]. Hydrogen was

assumed to be responsible for the enhancement of crack growth in each of these

environments. The activation energies for Stage II crack growth in hydrogen

and in water, however, were found to be significantly different (viz., approxi-

mately 18 kJ/mol for hydrogen versus 38 kJ/mol for water). This difference in

activation energies indicated that, although the interaction of hydrogen with

steel may be the cause for embrittlement in both hydrogen and water, the rate

limiting processes must be different. The primary objectives of the present

Investigation were to further develop understanding of the mechanisms of sub-

critical crack growth in high-strength steels in water, water vapor and hydrogen

through coordinated fracture mechanics and surface chemistry studies, and, more

specifically, to try to reconcile the difference in activation energies in

these environments.

The following consistent set of experimental observations ~ ~e obtained

from a number of studies on subcritical crack growth in hydrogen and in water

for high-strength carbon—martensitic steels [1,4,5,7,12,14], and served as a

basis for the present investigation:

• • Stage II crack growth rate in gaseous hydrogen (at 10 to 100 kPa)

increased with increasing temperature from about -80°C to about

0°C. The temperature dependence over this range followed an

Arrhenius—type relationship with an activation energy of about

18 kJ/mol.
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• Above about 0°C, Stage II crack growth rate departed from the
• low-temperature Arrhenius behavior and became essentially inde-

pendent of temperature up to about +40°C. Above about +40°C,

the growth rate decreased with further Increase in temperature

and followed an Arrhenius—type relationship with an activation

energy of approximately -23 kJ/mol from +40°C to +800C.*

• In the region of Arrhenius behavior at low temperatures, Stage II

crack growth rate was found to vary with the square root of

hydrogen pressure. In the intermediate temperature range, crack

growth rate was found to be proportional to the first power of

pressure. For the high temperature range, it was proportional

to the 1.5-power of pressure.*

• Crack growth in hydrogen occurred ininediately on loading, with

no measurable incubation period.

J • Stage II crack growth rates in liquid water and in water vapor

(at pressures above 0.67 kPa and tempera~.~res below +25°C)

increased with increasing temperature, and followed an Arrhenius-

type relationship with an activation energy of about 38 kJ/mol .

The rates of crack growth in water and in water vapor (above

0.67 kPa and below 25°C) at any given temperature were essen-

tially equal.

e An incubation period on the order of minutes was observed in

contradistinction to that for hydrogen.

• Oxygen In concentrations of 0.6 to 0.7 volume percent arrested

crack growth in humidified nitrogen. Oxygen of this concentration

* rn the l8Ni maraging steels, a very abrupt drop off in Stage II growth
rate was observed in the higher temperature region (8,9]. More detailed
considerations of pressure dependence are given in [8,9].
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was also found to stop crack growth in hydrogen . Once arrested,

some external disturbance in loading was required to reinitiate

crack growth.

• Available fractographic data indicated that In the low tempera-

ture Arrhenius region, the crack paths followed essentially

along prior austenite boundaries through the microstructure for

both water and hydrogen.

The mechanism(s) for subcritical crack growth in hydrogen and in water must

be consistent with these experimental observations. Since these observations

were made on different steels [1,5,6,7,10,11) and since there were no data on

initial surface reactions, unambiguous mechanistic interpretations could not

be made.

In this Investigation, mechanical and chemical data were obtained on a

• single laboratory melted heat of AISI 4340 steel to provide a basis for

mechanistic development. Data were obtained from tests in hydrogen and in

• water, supplementing previous data from tests in water [7), to completely

characterize the kinetics of subcritical crack growth as a function of tem-

perature. Fracture surface morphology was determined by scanning electron

microscopy (SEll) to establish whether the same component of the microstructure

was embrittl ed by hydrogen and by water. Eleme n ta l composition of fracture

surfaces, produced in situ by subcritical crack growth in hydrogen and in

water vapor, was determined by Auger electron spectroscopy (AES). This analy-

sis was made to identify the surface composition and the nature and extent of

chemical reaction for use in planning the appropriate surface chemistry ex-

periments. AES was also used to study the reactions of oxygen and water vapor

with AISI 4340 steel, iron (both single crystal and polycrystals)’. and iron

carbide. The rates and activation energies of relevant surface reactions were

,l• .
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• ,
- determined to assist in establishing the rate l imiting process for Stage II

crack growth and in determining the mechanism for crack arrest by oxygen.

Results from these experiments and discussions in terms of possible mechanisms

for crack growth are given in this paper.

2.0 MATERIAL AND EXPERIMENTAL WORK

2.1 Material

A 136 kg (300 lbs.) laboratory vacuum melted heat, with extra-low resid-

ual impurities, and an iron carbide/iron specimen were used in this study.*

The steel was vacuum cast as a 10-cm-thick by 30.5-cm-wide by 56-cm-long slab

• ingot and was hot-rolled straightaway to 0.9-cm-thick plate. Specimen blanks

were cut ~ ot-rol l ed plate and were heat treated before finish machining

into t is. The chemical composition, heat treatment and room-ten-

perat .1~~1e properties of this steel are given in Table 1.

TABLE 1

CHEMICAL COMPOSITION, HEAT TREATMENT , AND ROOM TEMPERATURE
• 

• TENSILE PROPERTIES OF THE AIS14340 STEEL INVESTIGATED

• Chemical Composition (Weight Percenti
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

Normali ze, 1 h, 900°C, A.C. + austenitIze, 1 h, 843°C, O.Q. + temper,
1 h, 204°C, A.C.

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

Tensile Properties
0.2% Offset

Yield Tensile Young’s
Strength Strength Modulus Elongation

___________ 
MPa GPa Pct

• 1344 2082 201 9
(in 3.56 cm)

* Steel and Iron carbide/iron specimens were furnished by the Research
Laboratory of United States Steel Corporation, Monroevi lle, PA.
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The iron carbide/iron specimen was prepared by heating a composite,

consisting of alternating layers of Fe-6Mn alloy and graphite, in a car-

bonaceous env i ronment at 1140°C for up to 14 hours. This process produced

a specimen that contained large patches of cementite (Fe3C).

2.2 Crack Growth Kinetics

Modified wedge—opening-load (WOL) specimens [13], wIth width = 5.23 cm

and half-height to width ratio (H/W) 0.486, were used for determining the

crack growth kinetics in hydrogen and in distilled water at 0°C. (Crack growth

data in distilled water at other temperatures for this same heat of AISI 4340

steel were obtained previously by Landes and Wei [7] using center cracked

specimens and by Hutin and Mizuta [14] using tapered DCB -- constant K --
specimens. These data are included here for completeness. Details of the

sp ecimens used in these investigations are given in [7,14).) The specimens

were oriented in the longitudinal (LT) orientation; •that is, with the crack

plane perpendicular to the major axis of rolling and the crack growth direction

transverse to the rolling direction. A crack starter notch, 1.52 cm In length

and having a root radius of 0.25 nm , was Introduced into each specimen by

electrospark discharge machining. Each specimen was precracked in fatigue to

introduce a 0.25—cm—long crack from the tip of the notch. Fatigue precracking

was initiated in dehumidified argon, and final precracking was carried out in

vacuum (at about l0~ kPa) at a maximum load equal to about 75 pct of the

planned starting test load. Both fatigue precracking and subsequent sustained-

load testing were carried out in a closed-loop electrohydraulic machine operated

in load control. Load was maintained constant to better than ± 1 pct during the

sustained-load tests. Load was applied to initiate the test after the desired

environmental conditions had been established.

Test environment and control for hydrogen, and the dc electrical potential

crack monitoring systems used In this investigation were identical to those
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used by Gangloff and Wet [9], and are not described here. Tests In water at

0°C were carried out by inmnersing the specimen In triply distilled water

containing ice made from the triply distilled water. The water was deaerated

with nitrogen during the test, and the space above the water was filled with

nitrogen to minimize absorption of oxygen by the water. Temperature sta-

bility during a given test was typically within ± 1.5°C. Crack length

resolution was estimated to be about 10 im, and growth rate resolution,

2 x 10-8 m/s. The uncertainty for crack length measurements was estimated

to be ± 3 pct, and that for crack growth rate measurements, about ± 20 pct [9].

The stress intensity factor was computed from Eq. (1), wh ich Is accura te
to ± 1 pct for 0.3 ~ a/W ~ 0.75 [13].

K . P/a~~( W) ( 1 )I BW a/

Y(a/W) = 30.96 - 195.8(a/W) + 730.6(a/W)2 - 1186.3(a/W)3

+ 754.6(a/W)4

where K1 • stress intensity factor for mode I [16]; P = applied load; B speci-

men thickness; W specimen width; a • crack length; and Y(a/W) = geometrical

factor.

2.3 Characterization of Fracture Surfaces

The technique used for determining the elemental composition of fracture

surfaces, produced by crack growth in hydrogen and in water vapor inside the

Auger electron spectrometer, has been described elsewhere [15]. For this

technique, a special device was designed to allow sustained-load crack growth

experiments to be carried out inside the Auger spectrometer. All of the

In situ fracture experiments were carried Out at room temperature by back-filling
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the Auger chamber with the selected environment. High purity water vapor

was obtained by alternately freezing and thawing triply distilled water in

a side-arm , connected to the spectrometer through a variable leak valve.

Hydrogen was obtained by passing ultrahigh purity hydrogen through a heated

palladium thimble into the vacuum chamber. To ensure accurate measi~,ments

of the extent of the reaction that had occurred at the fracture surface during

crack growth in water vapor, it was essential to reduce the water vapor pres-

sure in the system into the low iPa range before making AES analysis to avoid

electron beam induced reactions with residual water vapor.

Characterization of the morphology of fracture surfaces, produced bj

sustained-load crack growth (for both the kinetics and the in situ fracture

experiments) and by impact, were made wi th the aid of scanning electron micro-

scopy. The entire broken halves of selected specimens were placed inside an

ETEC Autoscan microscope for examination. In this way, the location on the

fracture surface can be identified and specific morphological features could

be correlated with the kinetic data and the appropriate mechanical variabl es.

The microscope was operated at 20 kV with a working distance of 11 nm . The

specimen was tilted 25° with respect to the inc ident electron beam, about an

axis parallel to the direction of crack growth.

2.4 Surface Reaction Kinetics

The kinetics for the reactions of water vapor and oxygen with AISI 4340

steel surfaces were obtained by measuring the increase in the oxygen Au ger

electron peak intensity as a function of exposure (pressure x time) in a manner

similar to that described previously for the reactions of these gases with iron

single crystals [17,18]. A polished and ion-etched specimen of AISI 4340 steel

(0.08 cm x 0.5 cm x 2.0 cm) was used. (Based on results from the characteriza-

• tion experiments described in section 3.2, the composition of this surface
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closely approximates that of fracture surfaces exposed by crack growth). For

experiments above room temperature, the specimen was heated directly by pas-

sing a dc current through the specimen. Temperature was monitored by an iron-

constantan thermocouple spot-welded to the specimen. Temperatures were main-

tained constant to within ± 2°C of the desired values.

Ultrahigh purity oxygen was obtained from an one-liter Pyrex flask

connected to the Auger spectrometer through a variable-leak valve. Water

vapor was obtained in the manner described tn section 2.3. Flowing oxygen at

pressures up to 133 iPa (10 6 torr) was used . Oxygen pressure was monitored
with an ionization gauge. F~. reactions with water vapor, much higher pressures

(up to 0.67 kPa or 5 torr) were required. A static water vapor environment was

used, and the water vapor pressures were measured with a capacitance manometer.
Pr ior to exposures to the respective gases, the specimen was argon ton

etched (1000 eV) until the base composition of the alloy was reached. No

evidence was found for surface enrichment or depletion of alloying elements by

preferential sputtering. The reaction kinetics were measured for the as ion-

etched (atomically rough and strained) surface. Followi ng each experiment In

water vapor at high pressures, it was necessary to outgas the specimen and

specimen holder to minimize reaction of the specimen surface with residual

water vapor during subsequent ion etching.

For measuring the oxygen reaction kinetics, a cumulative exposure

procedure was used. The flow of oxygen was interrupted and the system was

evacuated for each determination of the oxygen Auger signal intensity. Oxygen

was then readinitted to continue the exposure, and the procedure was repeated

for each successive measurement. For the reaction with water vapor, each

exposure was made from a freshly ion-etched surface to el iminate effects

induced by the incident beam during previous measurements and , thereby, ensure

• 
~;•
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reproducible measurements. Since the incident electron beam of the spectro-

meter tended to induce further reaction of water vapor with the specimen

surface, the effect was minimi zed by re-evacuating the spectrometer to below

1.33 aPa (10-8 torr), following exposure, before measuring the oxygen Auger

signal intensity. In addition, only one measurement was taken at each of

P several areas of the specimen. To avoid beam induced reactions during ex-

posure, the incident electron beam for the Auger analyzer was turned off for

both the water vapor and the oxygen experiments.

Normalization of the oxygen signal was required for comparisons of

different experimental runs, since various instrumental factors (such as

specimen position and electron multiplier gain) influenced the absolute signal

strength . The oxygen signa l was normalized by dividing the peak-to-peak height

for the 510 eV oxygen signal by the peak-to-peak height for the 605 eV iron

signal. The normalized signal has been quantitatively calibrated in terms of

the extent of reacti on of oxygen and water vapor with single crystal iron

surfaces [17,18]. The quantification for annealed single crystal surface,

however, is not necessari ly applicable to the present studies wi th ion etched

surfaces of polycrystalline steel. Nevertheless, the normalized oxygen/iron

signal is expected to provide comparisons of the relative reaction rates of

oxygen and water vapor and the changes in the reaction of water vapor as a

function of temperature.

3.0 RESULTS

3.1 Crack Growth Kinetics

The results from sustained-load test of AISI 4340 steel at a hydrogen

pressure of 133 kPa (1000 torr ) for different temperatures are shown in Fig. 1.

These data show the K dependent (Stage I) and K i ndependent (Stage I I )  crack

growth behavior that Is typical of environment enhanced subcri tical crack growth

(4]. The mean Stage II crack growth ra te from Fig. 1 are shown as a function of
4
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the reciprocal of absolute temperature In Fig 2 Error flags indicate the

magnitude of the 90 pct confidence interval estimate of the mean Stage II
crack growth rate. The K-range over which each mean rate value was measured

typically extended from about 40 to 70 MPa-m1”2.

The curve describing the temperature dependence of the mean Stage II
crack growth rate is made up of three different regions similar to that

reported previously by William s and Nelson for AISI 4130 steel [5]. At low
temperatures, the mean Stage II crack growth rate increased wi th increasing
temperature. The crack growth rate in this region can be described by an

exponential relationship of the Arrhenius type. A least square analysis of

the data in the low temperature region gave an apparent activation energy of

14.7 ± 2.9 kJ/mol on a 90 pct confidence level basis. At intermediate tem-

peratures, the mean Stage II crack growth rates attained a maximum and were

essentially insensitive to changes in temperature. This region apparently

represented a change in the rate controlling process for hydrogen enhanced

crack growth. At higher temperatures, the mean Stage II crack growth rates

decreased with further increases in temperature. Although all three tempera-

ture regions of Stage II crack growth are of interest in developing an under-

standing of the mechanisms for environment enhanced crack growth , attention

Is focused only on the low temperature region tn the present investigation.

The crack growth rate versus K data for AISI 4340 steel tested in

distilled water at different temperatures are shown in Fig. 3 (7 ,14]. Only

the data for Stage II at 0°C were obtained from the present work. Fig. 4

shows mean Stage II crack growth rate as a function of the reci procal of test

temperature . The mean Stage II crack growth rate values used in this plot

were measured over a K- ra nge from about 30 to 70 NPa _mU2. E rror bars on each

data point indicate 90 pct confidence Interval. In distilled water and over

___
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the temperature range of 0°C to 75°C , Stage II crack growth rate followed
an Arrhenius—type relationship. A least squares analysis of the data gave
an apparent activation energy for Stage Il crack growth of 33. 5 ± 5.0 kJ/mol
(on a 90 pct confidence level basis) which is in agreement with the value of
about 38 kJ/mol reported by previous investigators [1,7,10,19].

An Indication of crack growth response as a function of water vapor

• pressure and stress intensity was determined in a separate experiment inside
the Auger spectrometer. The purpose was to determine the minimum vapor pres-
sure required to produce crack growth wi thin the range of K-values found for
Stage II growth in distilled water. With an initial vacuum In the spectro-
meter on the order of 0.1 pPa (10-10 torr ) and with a source of ul trapure
water, the possible influence of contamination on crack growth was minimized .
The output of the Ins trumented bolt used to apply the l oad to the specimen
(15] was monitored as a function of time at different vapor pressures of water.
The changes in this output (produced by decreases In load with crack extension )
was used only as an indication of crack growth and was not used for measuring
the absolute rate of growth . The crack growth response, observed at 13.3 Pa

(0.1 torr) , 133 Pa (1.0 torr ) and ‘1064 Pa (8 torr ) of water vapor pressures for
an Initial K1 of about 50 MPa—m’1”2, is Illustrated in Fig. 5. At pressures above
about 670 Pa (5 torr), crack growth was relatively fast and was essentially con-
tinuous . At pressures bel ow approxima tely 670 Pa (5 torr), on the other hand ,

the crack grew at a very slow rate (comparable to creep crack growth rates (20])

for approxImately 15 to 20 mI nutes, which was followed by an increment of rapid

crack growth. This rapid crack growth was accompanied by an audible emission of

, ‘ • • sound from the specimen. At these low pressures, the K level required to produce
crack growth was much higher than the - threshold K value for crack growth in l iquid

• 

water and in water vapor pressures above 670 Pa (5 to,’,’) (see Fig. 3 for example).

~~
- :  

•

~~~~~ It appears, therefore that the threshold value of K Is dependent on water vapor

pressure. 1’
1
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3.2 Characterization of Fracture Surface

Representati ve fractographs of AISI 4340 steel tested in hydrogen

133 kPa, T 22.2°C and K • 33 MPa-m1”2) and in liquid water (T 0°C,
2 1’2K 33 MPa-m ‘ ) are compared in Fig. 6. These results indicate that sub-

critical crack growth in this steel, in hydrogen and in water, followed

essentially the same path through the microstructure, and suggest that the

cracking mechanism was the same in these two environments. The surface

morphology can be descri bed by the following characteristics: ( 1) a large

component of intergranuIar separation along the prior austenite grain bound-

aries; (2) deformati on markings and apparent phase decohesion on inter-

granular facets; (3) subcracks or secondary cracks out of the plane of

macroscopic fracture that apparently follow along prior-austenite grain

boundaries ; (4) a fini te amount of transgranular quasi-cleavage (i.e., with

respect to the prior austenite grains) ; (5) a smal l amount of ductile tearing,

often mi xed with quasi-cleavage. The bimodal fracture morphol ogy , composed of

a large component of intergranular separation combined with a fi ni te amount of

transgranular quasi-cleavage, is similar to that reported for other iron based

alloys (6]. The susceptibility of prior austenite boundaries to environment

induced failure has been documented already in severa l studies (21-24) . It is

reasonable to expect transgranular quasi-cleavage to occur along massive

martensite boundaries . Since such interfaces were not observed , they are

apparently less susceptible to hydrogen than the prior austeni te boundaries (22].

The results of fractographic studies of specimens tested in water vapor

at 0.61 to 1.06 kPa (5 to 8 torr) at room temperature were essentially identical

to those described for tests in liquid water at 0°C. For crack growth tn water

vap or at pressures less than 0.67 kPa (5 torr), the fracture surface morphol ogy

was considerably different from that associated wi th crack growth at the higher

-~~~~~~~~~~~~~ •~~
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water vapor pressures and in water (compare Figs. 6 and 7a). At the low water
vapor pressures , there was considerably more ductile tearing in comparison to
interg ranular separation and transgra~wlar quasi-cleavage (Fig. 7a). Some
evidence of secondary cracking was also observed . Comparison with fracture
surface morphology for Stage III crack growth or overload failure (see Fig. 7b)
suggested that these “brittl e” facets were manifestati ons of environmenta l
effects. The ex tens ive amounts of ductile tearing reflected, in all likelihood,
creep crack growth [20] that accompanied environment assisted crack growth at
high K levels.

Auger electron spectra obtained from fracture surfaces of AISI 4340

steel specimens fractured in situ in hydrogen 
~~ 

• 53.2 kPa , T -30°C), and
2

in water vapor at 0.67 kPa and at less than 0.67 kPa (1 — room temperature ) are
shown In Figs . 8a , 8b, and 8c respectively. There were no indications of
segregation of either alloying or residual elements on the fracture surfaces
(that is , al ong prior austenite grain boundaries) of the steel tested in either
water vapor of hydrogen . The extent of reacti on of water vapor with AISI 4340
steel , as ind icated by the height of the oxygen peak shown in Figs. 8b and 8c,
is equivalent to the formation of not more than two layers of ‘oxide ” . Further
details on the formation and on an estimate of the thickness of thi s passivating
layer of “oxide” In water vapor are described in section 3.3. The extent of
ox idation of the fracture surface tested in hydrogen (caused by backstreaming
of air into the spectrometer during re-evacuation) was greater than that found
for the surfaces exposed to water vapor (compare Fig. 8a with Figs. 8b and 8c).
While the amount of “oxide” formed on the fracture surfaces produced In hydrogen
may have obscured the Auger electron signal from small amounts of segregated
el ements, this Is not likely to be the case for specimens tested in water vapor.
Comparison of the Auger spectra from fracture surfaces produced above and below
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0.67 kPa (5 torr) water vapor pressure, Figs. Sb and Sc respectively, Indicated

that iron carbide was present along the prior austenite grain boundaries.

Phosphorus, tin and antimony, that have been associated with temper embrlttle—

ment (25], were not observed on these surfaces; at least not in concentrations

greater than the sensitivity limi t of the AES technique (~0.l 
- 1.0 atomic

percent [26]).

The fact that the surface analyses showed that the composition of frac-

ture surfaces (principally prior austenite grain boundaries) contained iron

carbide, but otherwise was essentially identical with the bulk composition [15],

suggested that it would be appropriate to study the reactions of hydrogen and

water vapor with ion-etched surfaces of AISI 4340 steel and with iron carbide

to evaluate whether these reactions were the rate controlling step in Stage II

• crack growth.

3.3 Surface Reaction Kinetics

Reactions of oxygen and water vapor with AISI 4340 steel surface and

with iron carbide surfaces were studied with Auger electron spectroscopy. This

technique, however, cannot be used either for studying surface reactions of

hydrogen or for determining the disposition of hydrogen during the surface

reaction of water vapor. Only those reactions for which AES is applicable were

considered in this study.

3.3.1 AISI 4340

According to an earlier study (18], the initial chemisorption of water

vapor on iron Is extremely rapid and is essentially complete followi ng an

• exposure of about 7 x IO~ Pa-s (5 x 10 6 torr-seconds). At water vapor pres-

sures of 0.67 to 1.06 kPa (5—8 torr), where appreciable crack growth in AISI

4340 steel was observed , this reaction would be completed in about 1 mIcro-

second. Taken In conjunction with an observed Incubation period of the order

-
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of mi nutes for the initiation of crack growth In this steel [4,14], this fast

initial reaction of water vapor with the steel was deemed unlikely to be the

rate controlling step for Stage II crack growth. Al though this fast initial

reaction was considered to be an essential step, reactions of water vapor with

AISI 4340 steel beyond this chemisorption step were considered to be the more
likely reactions for controlling Stage II crack growth, and were examined.

Further increases in the (0/Fe) Auger signal ratio beyond that found
for the fast chemisorptf on reaction required water vapor exposures on the

order of 1.33 to 1.33 x l0~ kPa-s (10 to l0~ torr seconds). Figure 9 shows

the (0/Fe) Auger signal ratio as a function of exposure* at 25°C, 100°C and
175°C. The changes in reaction rate with temperature indicated that this step

of the reaction was thermally activated., Changes in the energy distribution

of low energy iron Auger electrons suggested that an iron oxide or oxyhydroxide
(as opposed to chemisorbed oxygen or hydroxyls) was formed during this reaction

step. The value for (0/Fe) Auger signal ratio observed for AISI 4340 steel
after high exposure to water vapor was comparable to that found on the fracture
surfaces of this steel following crack growth in water vapor ~t 0.67 to 1.06 kPa

t (5 to 8 torr). The relatively high exposure required for this second step of
water-metal surface reaction was consistent with the 0.67 to 1.06 kPa (5 to 8 torr)
water vapor pressure required to obtain appreciable crack growth.

At all three temperatures the ox ide film reached a l imiting thickness that
was less than the escape depth of iron and oxygen Auger electrons in iron oxide**

(17]. The (0/Fe ) Auger signal ratio for AISI 4340 steel following saturation

* The reaction rates f~r both water vapor and oxygen were found to be directly
proportional to pressure, and the kinetics are, therefore, conveniently
described In terms of exposure (pressure x time).
The mean escape depth of Iron and oxygen Auger electrons for ox ide formed on
iron by room temperature exposure to oxygen was found to be 70 nm (17].
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exposure, Fig. 9, was about two times higher than the (0/Fe ) signal ratio
observed on a Fe(OOl ) surface passivated by an one-atom-layer thick “FeO- like ”
layer that had been formed by heating a single crystal in 133 ~Pa (10

-6 torr)

water vapor at 500°C. The difference In the amount of oxygen may be attributed
to differences in the nucleation and growth process for the oxide, or to dif-
ferences in the extent of hydration of the oxide , or to surface roughness. In
any case , it can be concluded that the oxide layer that formed on the ion-

etched AISI 4340 steel surface, after saturation exposure to water vapor, was
on the order of one to two atomic layers thick.

The S—shape curves shown in Fig. 9 for the reacti on of water vapor wi th
steel are similar to those observed for the kinetics of phase transformations
through nuc l eation and growth [27-30]. It is reasonable to expect that the forma-
tion of oxide film during the reacti on of wa ter vapor with steel also took place by

a nucleation and growth process. Detailed development of kinetic model s for
this process is beyond the scope of the present paper. Model i ng of the reaction
of water vapor with Fe(OOl) surface, however, is in progress. The concepts
developed thus far provide a usefu l basis for describing the kineti c data shown
in FIg. 9, and are described briefly here .

It has been shown (18] that the initial chemisorption of water vapor on
Fe(0O1 ) was disordered , and that only 80% of the available sites were filled at
saturation coverages . Most of the unoccupied sites were along the boundaries
that separated the domains covered by chemisorbed species. This Initial chemi-

sorption was rapid in comparison with the subsequent nucleation and growth of
• oxide . Based on these data (18], the following model has been suggested for

the oxidation process. During high exposures to water vapor, the oxides nucleate

and grow along the boundari es of preexisting domains of chemisorb ed species.
These domains have a distribution of sizes which in turn determine the niurber of

LL
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boundary sites available for oxidation. Since the final oxide thickness is

l imi ted , the latera l growth of the ox i de is much faster than growth norma l to the
surface and , therefore, predominates. Kinetic equations can be derived for this

model by assuming that the shapes of the domains can be approximat ed by circles
and that the rate of lateral growth of the oxide layer (viz. ,  the rate of change
of radius of the circles ) Is a constant and is directly proportional to pressure.
Details of the model , however , still  need to be developed .

For the purpose of this paper, a Gaussian distribution of domain sizes was
assumed. The fraction of the surface converted to oxide (0) as a function of
B(pt) given by the model is shown in Fig. 10. The parameter $ is proportional to
the standard deviation for the Gaussian distribution . The product pt (pressure x
time) is the exposure . By assuming that an (0/Fe) Auger signal ratio of 0.7
corresponded to the initiation of oxidation (8 = 0) and a ratio of 1.40 corres-

ponded to completed layer of oxide (a — 1.0), values for 8 were obtained from the

data shown in Fig. 9 by minimizing errors in 8 over the rising portion of the
reaction curves . The values of $, along with the estimated 90 pct confidence

interval, are as follows: (2.3 ± 1 .0 )  x 10
.6 

(25°C); (3.5 ± 1.7) x l0~ (100°C);

and ( 3.3  ± 2.0) x l0~ (l750C).* These values are in units of (Pa—s Y 1 and were
used to construct the solid lines shown in Fig . 9. Al though the agreement between

model predictions and experimental data was not exceptionally good , the model did
reflect the correct trend and was considered to be physically reasonable. Since
the model provided a consistent and systematic basis for data analysis , it was
used for determining the activation energy for the oxidation reaction from the
experimental data.

* The 90 pct confidence Interval s represent ~~~ forma estimates. An alternative
procedure, involving minimi zin g errors in exposure (Pt) over the same range,
tended to favor the data at the higher exposures and yielded proportionatel y
higher val ues for B. This alternative procedure, however , did not signifi cantly
change th. relative positions of the curves (viz., the temperature dependence). 4
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By plotting in B vs lIT , an activation energy for the reaction was obtained

and was found to be equal to 36 ± 14 kJ/mol (8.7 ± 3.4 kJ/mol) on a 90 pct confi-

dence basis (Fig. 11). The relatively large uncertainty in activation energy

resulted from the fact that material and experimental constraints limi ted the

measurement to only three temperatures. This activation energy is comparable to

that for crack growth In water (33.5 ± 5.0 kJ/mol) and is significantly different

from that for crack growth In hydrogen ( 14.7 ± 2.9 kJ/mol).

The (0/Fe) Auger signal ratio obtained f rom an ion-etched surface of AISI 4340
steel exposed to oxygen at room temperature is shown as a function of oxygen ex-
posure in Fig. 12. In contradistinction with the reactions with wa ter vapor , which
fo rmed an oxide layer of one to two atom l ayer thickness , the oxide produced by
reactions with oxygen reached a thickness that approached the escape depth of the
oxygen Auger electron (‘~70 nm) fol l owing an exposure of the order of 10 mPa-s
(0.75 x l0~~ torr second). The oxygen exposure required to In it iate ox idat ion
was found to be more than six orders of magnitude below that for water vapor.
Because of the very rapid reaction wi th oxygen , the presence of oxygen In the
environment is expected to form a surface oxide and inhibit reaction with water
vapor. These results will  be considered in relation to the inhibit ing effect of
oxygen on subcri tical crack growth in the discussion section.

3.3.2 Iron Carbide (Fe3C) / Iron

Since iron carbide was shown to be present on the fracture surfaces (or along

prior austenite grain boundary surfaces), the reactions of water vapor and oxygen

with iron carbide were also examined to assess the importance of these reactions
for crack growth . Unfortunately, single phase iron carbide could not be obtained.

A specimen containing large patches of cenentite (Fe3C) , FIg. 13, was used for this

study . Because the incident electron beam diameter of the spectrometer (‘~.500 u n)

was much larger than the size of the Iron carbide and iron phases (see Fig. 13),

it was not possible to distinguish between carbon that may be In solid solution
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with Iron from carbon In Iron carbide. Consequently, detailed kineti c information

on the surface reactions could not be obtained. Qual i tative comparisons of the

rel ative reactivity of I ron carb i de and pure i ron wi th water vapor and oxygen ,
however , could be obtained and used in assessing the importance of the reactions
of Iron carbide wi th the environment.

The I ron carbide and i ron specimens were ion-etched prior to exposures to
either water vapor or oxygen . Althou gh it is not known what effect this ion
etching may have had on inducing changes in the stoichiometry of iron carbide,
studies of the Ion-etched surface may, nevertheless, give an indication of the de-
tails of this reaction. Results of the reaction of water vapor wi th iron carbide

at 0.67 kPa (5 torr) and room temperature are shown In Fig. 14. For comparison,

resul ts from an ion-etched pure i ron specimen , (exposed to water vapor at the
same time) and from the carbide specimen durin g ion etching are also shown. The
(0/Fe) Auger signal rat io from the reacted surfaces of both specimens were com-
parable. These results suggested that the extent of oxidation In each case was
similar. Compari son between the spectra for iron carbide before and after ex-

posure to water vapor showed an apparent reduction of the carbon signal by the
water reaction. In addition, the carbon Auger electron peak wa~ examined at a
higher energy resolution. The results showed that the reaction produced spl i tti ng

of the carbon peak (Fig. 15). This change in energy distribution of the carbon

peak may be caused by a change in the binding energy of the carbon ls level , or

by a change In the distribution of energy states In the valence band of iron

carbide, or by both. It is apparent, therefore, that in addition to oxidation,

the reaction of water vapor wi th i ron carbide removed a fraction of the carbon

from the surface, and also converted a fraction of the carbon into a chemically

differen t form that remained on the surface.

In contrast to the reaction wi th water vapor , a relati vely short exposure

(approximately 0.27 Pa-s x io~ torr second ) of the iron carbide specimen to
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oxygen at room temperature reduced the carbon Auger el ectron peak almost to zero.

The (0/Fe) Auger signal ratio was comparable for both iron carbide and iron

specimens. The value of the (0/Fe) Auger signal ratio ind icated that the oxide

thickness on both spec i mens was greater than the escape depth of oxygen and iron

Auger electrons.

4.0 DISCUSSI ON

The combined infl uences of stress and chemical environm ent on subcritical

crack growth in high strength steels is very complex. Many fun damental issues
remain to be resolved before an universally acceptable mechanism (or mechanisms)

can be proposed. The results from this investigation have provided further under-

standing of subcritical crack growth in high strength steel in water , water vapor

and hydrogen, and have contributed to the resolution of some of the issues,

particularly with respect to the rate controlling process for crack growth.

Any one of a number of sequential processes may be responsible for l imiting

the rate of Stage II crack growth in an external chemical environment [9). These

processes include transport of the environment to a region near the crack t ip,  a

number of sequential steps in the reaction of the environment with the crack sur-

face, entry and subsequent transport of the embritt l ing species to the fracture

(or embrittl ement) site , and the fracture process itself. Results from this

investigation , taken in conjunction wi th published data in the literature , sug-

gested that one of the surface reaction steps was the most probable rate l imiting

process for crack growth in water/wa ter vapor. The reactions of water vapor with

AISI 4340 steel were, therefore , investigated .

Analyses of fracture surfaces indicated that segregation of alloying or

residual elements (except possibly of carbon in the form of iron carbide) to the

prior austenite grain boundaries is not essential for AISI 4340 steel to be

susceptible to environment assisted crack growth , unless concentrations of such

elements below 0.1 to 1.0 a tomic percent can determi ne susceptibility . Based on
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these results , one can conclude that the environments react essentially with

surfaces having compositions s imilar  to the bulk  composition (pr in cipal ly

i ron in this case) and poss ibly wi th iron carb ide at or near the pr ior aus ten ite
grain boundaries . Studies of the surface reaction kinetic,  therefore, were made

principally on polished and Ion-etched surface of AIS I 4340 steel .

A number of studies [31-35] of the reaction of water vapor wi th iron indicate

that the followi ng steps are i nvolved : (1) physIcal adsorption of water , ( 2) dis-

sociative cheml sorption of water, (3) oxidation of the iron surface and liberation

of hydrogen and (4) hydration of the oxide surface. This sequence of reactions is

expected to be similar for the reactions of water vapor with iron carbide, except

in this case methane and/or the oxides of carbon may be produced duri ng the chemi-

sorption and/or oxidation steps. Physical adsorption is not thermally activated,

and physically adsorbed water does not interact strongly with the steel. This

step of the reaction, therefore is not expected to play a direct role in crack

growth . Since the chemisorption reaction Is essentially instantaneous at the

pressures that are required for appreciable crack growth [18], this reaction step

is also not l ikely to be the rate controlling process for Stage II crack growth.

The decomposition of iron carbide along the prior austenite grain boundaries by

water vapor and by hydrogen may be considered as plausible cause for subcritical

crack growth . Indeed, some decomposition of i ron carbide was shown to occur in

water va por. Decomposition of iron carbide ~~~~~~ however , does not appear to

be a direct cause for enhancing subcritical crack growth , since oxygen was also

shown to decompose the carbide and yet does not enhance crack growth. Further-

more, the formation of oxide ~~~ se does not appear to cause embrittl ement,

otherwise oxygen would be expected to enhance, rather than arrest subcritical

crack growth .

It is appa rent, therefore, that hydrogen produced durin g the reaction of

the steel surface in water vapor is the cause of embrittlement. This is consistent

--~~~~~~~~~~~~~ —~ ~~~~~~ —~~~~~~-
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with the observed similarity in the fracture surface morphology for specImens

cracked In hydrogen and in water. The agreement between the activation energy

for Stage II crack growth (33.5 ± 5.0 kJ/mol ) and the activation energy for the

nucleation and growth of the oxide in water vapor (36 ± 14 kJ/mol ) suggests that
the hydrogen responsible for embrittlement is produced duri ng this oxidation
reac tion, and indicates that the oxidation reaction is the rate l imiting process

for crack growth . The results of this study suggest that the difference in apparent

activation energies for Stage II crack growth in hydrogen and in water for AISI 4340

steel is caused by the fact that the activation energy for the oxidation reaction

and production of hydrogen in water is higher than the activation energies for the

surface reactions of hydrogen and/or transport of hydrogen in the steel . Which

one of these later processes is responsible for controlling crack growth in hydrogen

remains to be determined. Similar studies of the reactions of water with iron

carbide are required to determi ne whether hydrogen produced during these reactions

may also contri bute to crack g rowth . A specimen containing much larger carbide

phases (‘-‘p500 urn) or an Auger spectrometer with a smaller diameter incident electron

beam than those used in this investigation, however, would be required.

Crack growth in water vapor at pressures below about 0.67 kPa (5 torr) occurred

as a series of rapid growth increments interspe rsed by slow creep crack growth .

The fracture surface moephology indicated that crack growth occurred by a relatively

high proportion of ductile-d impl e failure , wi th mi nor amounts of ‘brittl e” facets .

At water vapor pressures have about 0.67 kPa (5 torr) , continuous crack growth was

observed, and the fracture morphology indicated tha t the maj or fa i lure  mode was

intergranular. Changes in crack growth behavior as a function of water vapor pres-

sure has been reported previously by Johnson and Willner on a H-li steel [1]. These

investigators reported that the crack growth rate increased wi th increasing water

vapor pressure up to about 0.67 kPa (5 torr) and then became independent of water

vapor pressure. They attributed this saturation behavior (above about 0.67 kPa ) to
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possible capillary condensation of water vapor at the crack tip. The pressure

dependence at the lower water vapor pressures is consistent with the fact that

the extent of (oxidation) reaction and, hence, the amount of hydrogen production

is a function of exposure or pressure. The possibil i ty that capillary condensation

might occur at the crack tip raises a question concerning the appropriateness of

correlating vapor-solid reaction kinetics with that for crack growth in water vapor

at pressures above 0.67 kPa (5 torr ) and in (liquid) water. Two observations tend

to support the position that such a correlation is indeed appropriate . First,

passivation layers of oxide of comparable thickness (equivalent to at most two

layers of oxide) were found on the fracture surface fol lowing crack growth in water

vapor above 0.67 kPa (5 torr) and on a flat steel surface (on which condensation

did not take pl ace) followi ng exposure at the same pressure. Second, there is good

agreement between the activation energy for the surface reaction with water vapor

and that for Stage II crack growth in ( l iquid)  water. These observations suggest

tha t the extent of reaction in water (in the absence of el ectrochemical infl uences),

as in the case of water vapor, is l imited , and tha t a single reaction mechanism

applies to the reaction with water and water vapo~r.

The reported arrest of crack growth by the presence of oxygen in water vapor

[12] appears to be caused by the formation of an oxide l ayer that inhibits the

reacti on of water vapor wi th the steel , which is in agreement with the hypothesis

of Hancoc k and Johnson [12]. The effectiveness of oxygen in stopping crack growth

In water vapor resul ts from the fact tha t the reaction of oxygen with steel (both

iron and iron carbide phases) is at least 106 times faster than the oxidation

reaction in water vapor.

5.0 SUMMARY

Based on the results from coordina ted fractu re mechanics and surface chemistry

studies of the kinetics of cra’~k g rowth in hydrogen , in water and In water vapor,

—~~~Sli~~~~~~~~~ I ~~~~~~~~~~~~~~~~~
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r and of the kinetics of surface reactions with water vapor on a single material ,

hydrogen has been identi fied as the embrittl ing specie for enhancing subcritical

crack growth in these environments for low alloy, carbon martensitic steels. The

surface reacti on associated with oxidati on and the liberation of hydrogen has
been unambiguously identified as the rate controlling process for crack growth in

water/water vapor. The rate controlling process for crack g rowth in hydrogen re-
mains to be determined , and could be one of the sequential steps in surface reaction,

or hydrogen entry and subsequent transport to the fracture site, or the fracture

process itself . The difference in crack growth behavior in water vapor at low and

high vapor pressures (below and above about 0.67 kPa) may be related to the effect

of pressure on the rate of surface reaction, rather than to a difference in the

mechanism of reaction between water vapor and liquid water (resulting from capillary

condensation).

The inhib i t i n g  effect of oxygen for crack growth in water vapor can be attri-

buted to the formation of an oxide layer by the reaction of oxygen with the surface

that precludes the reaction wi th water vapor to produce hydrogen. The effectiveness
of oxygen lies in the fact that its reaction ra te wi th iron (or steel ) is at least
106 times faster than the oxidation rate for water vapor. This finding is consistent

with the earlier hypothesis of Hancock and Johnson [12].

Segregation of al l oying or residual impurity el ements to the prior austenite

grain boundaries does not appear to be essential for a steel to be susceptible to

environment assisted subcritical crack growth . The role of such segregation in

further enhancing the susceptibility still needs to be identified and understood.

p
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FIGURE CAPTIONS

Figure 1: The kinetics of sustained—load crack growth in AISI 4340 steel (temp-
ered at 205°C) in dehumidified hydrogen at 133 kPa.

Figure 2: Effect of temperature on the rate of Stage II (rate l imi ted) crack
growth in AISI 4340 steel (tempered at 205°C) in dehumidified hydro-
gen at 133 kPa.

Figure 3: The kinetics of sustained-load crack growth in AISI 4340 steel (tamp-
ered at 205°C) In distilled water [7,14].

Figure 4: Effect of temperature on the rate of Stage II (rate limited) crack
growth in AISI 4340 steel (tempered at 205°C) in distilled water.

Figure 5: Tracing of load—time record to indicate crack growth response as a
function of water vapor pressure.

Figure 6: Representative SEN fraçtggraphs of AISI 4340 steel fracture by crack
growth at K — 33 MPa_m J/Z: (a) -In hydrogen at 133 kPa and 22.2°C,
and (b) in distilled water at 0°C.

Figure 7: Representative SEN fractographs of AISI 4340 steel specimens: (a) frac-
tured by crack growth in water vapor below 0.67 kPa at room temperature,
and (b) fractured by overload at room temperature.

Figure 8: Auger electron spectra obtained from fracture surfaces of AISI 4340
steel specimens fractured by in situ crack growth: (a) in hydrogen
at 53.2 kPa and — 30°C, (b) in water vapor at 0.67 kPa , and (c) In
water vapor at less than 0.67 kPa.

Figure 9: Oxygen Auger electron signal from AISI 4340 steel surface as a func-
tion of exposure to water vapor at three temperatures. (The steel
surface was ion etched prior to each exposure to water vapor.)

Figure 10: Fraction of surface converted to oxide as a function of exposure.

Figure 11: Effect of temperature on the rate of reaction of water vapor with
AISI 4340 steel surface.

Figure 12: Oxygen Auger electron signal from AISI 4340 steel surface as a func-
tion of exposure to oxygen at room temperature .

Figure 13: SEN mlcrographs of ion—etched surface of an iron carbide/ iron specimen.

Figure 14: Auger electron spectra obtained from (a) i ron carbide/ iron specimen
during ion etching, (b) iron carbide/iron specimen following exposure
to water vapor at 0.67 kPa and room temperature, and (c) polycrystal-
ii n pure iron specimen exposed to water vapor at the same time.

FIgu re 15: Carbon Auger electron peak before (a) and after (b) exposure to water
vapor.
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Figure 1: The kinetics of sustained-load crack growth in AISI 4340 steel ( temp-ered Tat 205 C) In dehumidified hydrogen at 133 kPa .
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Figure 2: Effect of temperature on the rate of Stage II (rate l imited) crackgrowth In *151 4340 steel ( tempered at 205 C) in dehumidifi ed hydro—gen at 133 kPa .
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Figure 3: The kinetics of sustained-load crack growth in AI SI 4340 steel ( temp-
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Figure 5: Tracing of load-time recOrd to indicate crack growth response as a
function of water vapor pressure.
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- Figure 7: Representative SEN fractographs of AISI 4340 steel specimens; (a) frac-
tured by crack growth in water vapor bel ow 0.67 kPa at room temperature ,
and (b) fractured by overload at room temperature .
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FIgure 8: Auger electron spectra obta i ned from fracture surfaces of AI SI 4340
steel specimens fractured by in situ crack growth : (a) in hydrogen
at 53.2 kPa and - 30°C, (b) In water vapor at 0.67 kPa, and (c) In
water vapor at less than 0.67 kPa .
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Figure 13: SEN micrographs of ion-etched surface of an iron carb ide/iron specimen .
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FIgure 14: Auger electron spectra obtained from (a) iron carbide/iron specimen
during Ion etching, (b) iron carbide/iron specimen following exposure
to water vapor at 0.67 kPa and room temperature, and Cc) polycrystal-
line pure Iron specimen exposed to water vapor at the saee time.
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November 16, 1977

Dr. P. A. Clarkin Code 471
~~~~ Metallurgy Program

Office of Naval Research
Department of the Navy
Arlington, VA.

Re: Met. Trans. A
77—348—E

Dear Phil:

We have discovered an unfortunate error on pages 16
and 19 of the referenced paper. The escape depth for
oxygen Auger electrons was given incorrectly as 70 nm in-
stead of 0.7 nm. Would you please make the corrections
in your copy of the report? By a copy of this letter,
the errata sheet is being sent to individuals and organi-
zations on the Distribution List.

Best regards.

Sincerely yours,

R. P. Wei

RPW:ss
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Report Number: IFSM—77-83

“Fracture Mechanics and Surface Chemistry Studies of
Subcritical Crack Growth in AISI 4340 Stee].~ by G. W.
Simmons, P. S. Pao and R. P. Wei, Lehigh University ,
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Page 16 (last line on page) Change from 70 run TO
0.7 run

Page 19 (line #13) Change from (~ 7O run) TO
(‘0.7 nu~’


