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ABSTRACT

Effect of Microstructure on the Internal Hydrogen
Embrittlement of a 4340 Steel

Charles Edward Bauer, Ph.D.

Oregon Graduate Center, 1980

Supervising Professor: William E. Wood

Hydrogen-assisted delayed brittle fracture of high strength, low

alloy steels is hi.ghlydependent on microstructure. Several specific

microstructural features were observed to significantly alter both the

static and dynamic resistance to hydrogen-assisted cracking of a 4340

steel. Increasing grain size increased both the threshold stress

intensity (Kth) and the Stage II crack growth rate. More homogeneous

distribution of impurities such as P and S increased Kth but hardly

affected Stage II crack growth rate. And a fine dispersion of retained

austenite platelets greatly improved both Kth and Stage II crack growth

rate.

Sensitivity of Kth to hydrogen concentration was found to be

greatest below approximately 2 ppm nascent hydrogen while above 2 ppm

H K
h became relatively independent of hydrogen concentration. Although- t

not observed at hydrogen levels below 2 ppm, Stage II crack growth rates

did not show sensitivity to hydrogen concentration.
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INTRODUCTION

A. General Characteristics of Hydrogen Embrittlement

Sustained load cracking at low stress intensity levels typifies

internal hydrogen embrittlement in low alloy steels heat treated to

high strength levels. At or near a crack tip, hydrogen exerts an em-

brittling effect that leads to intergranular, transgranular, or mixed

mode fracture, 1 all of which exhibit drastically reduced macroscopic

ductility. Proposed mechanisms include a decohesion model,2-l0 dislo-

.
b
'
l
. 11-16

d f .
d . 17,18

cat10nmo 1 1ty an sur ace energy conS1 erat10ns, stress-

. 19 20 . 21-26
sorpt10n ' and planar pressure theor1es.

The primary concern of this treatise is the hydrogen-induced de-

layed brittle fracture of high strength steels. However, the general

characteristics of hydrogen embrittlement phenomena will shed light on

later discussions. These characteristics are summarized as fol-

10ws:2,16,18,27,28

1. Hydrogen apparently has no effect on elastic properties and

hardness values.

2. Hydrogen embrittlement occurs between approximately -100°C

and +100 °c with the most deleterious effects being near room

temperature (20°C).
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3. Hydrogen embritt1ement is highly sensitive to strain rate, the

effect being greatest at low strain rates.

4. In general, susceptibility to hydrogen embritt1ement increases

with increasing tensile strength, heat treatable high strength

martinsitic steels being most sensitive.

5. The severity of hydrogen embritt1ement increases as stress

concentration increases; i.e., as the crack tip radius de-

creases.

6. At least initially, increases in hydrogen content lead to

decreases in both the threshold stress intensity and the duc-

ti1ity to failure.

B. Historical Summary, Proposed Mechanisms

The embritt1ing effect of hydrogen in steel has been documented

since the late 1800's when Johnson29 found "that iron wire became more

brittle after a few minutes immersion in strong hydrochloric or dilute

su1phuric acid--a piece breaking after being bent once on itself, while

before immersion it would bear bending on itself and back again two or

three times before breaking.,,29 Later investigation showed reduced

d . 1. 30 d d f 31,32 d . b.l.
duct~ ~ty, ecrease racture stress, an suscept~ ~ ~ty to e-

. 33-35
1ayed brltt1e fracture.

The earliest theories for the mechanism of hydrogen embritt1ement

took the ductility drop to be due to the strain hardening effects of an



4.

iron hydride forrnation.36 Lack of any eVidence,37 thermodynamic or

otherwise, for the existence of an iron hydride led to the elimination

of this model for the case of high strength steels.

Establishment of solubility-pressure-temperature relationships for

hydrogen in steel led to the suggestion that very high pressures would

be created in internal voids when hydrogen was thrown out of solution

during quenching from higher temperatures. This high hydrogen pressure

in voids then increases as more hydrogen precipitates until a critical

pressure is reached at which the metal lattice is "sprung apart,,22-24

by the hydrostatic forces of the gas. If a stress is then applied,

premature fracture occurs. However, this "planar pressure" theory does

not account for either the strain rate dependence or the reversibility

of hydrogen-induced delayed brittle fracture.

Later theories considered the effects of gaseous hydrogen on pro-

. f G .ff. h k 17,20,38
pagatl0n 0 r1 lt type crac s. The basic mechanism of a

Griffith crack postulates that all materials, especially brittle metals,

contain microscopic or submicroscopic cracks which can propagate catas-

trophically when a critical stress intensity is exceeded. Whether or

not the crack grows is governed by the balance between the increase in

surface energy due to crack growth and the decrease in strain energy of

the surrounding material if the crack grows. When this balance is such

that the energy released by extension of the crack is greater than the

energy required to create the new surface of the enlarged region of the

k "d k . . 11 39,40
crac ,rapl crac propagatl0nWl occur.
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De Kazinczy20 suggested that the presence of hydrogen gas within

the microcracks adds an additional term to the Griffith energy balance;

i.e., the energy of the gas itself, released during adiabatic expansion

as the crack propagates.

17 38 .
Petch ' proposed that atom1C hydrogen absorbs on the surfaces

of the Griffith microcracks, thus lowering the surface energy and cor-

responding1y increasing the free energy available for crack propagation.

Uh1ig19 proposed a similar model in relation to stress corrosion

cracking.

The key to both the de Kazinczy and the Petch models is that hy-

drogen alters the thermodynamics of crack propagation. De Kazinczy

states that hydrogen increases the energy released during crack propa-

gation while Petch argues that hydrogen decreases the energy required

to form a new surface.

41-45 . . 46 47 48
Van Leeuwen, W1111ams and Nelson, , and Tete1man have

contributed to the refinement of the stress-sorption, planar pressure

theories of hydrogen embritt1ement, the essential elements of which

have been presented above.

Bastien and Azou11 were the first to suggest hydrogen might be

transported by and interact with dislocations. Tien49 showed how hy-

drogen can be transported by dislocations, and Louthen et al12,15 showed

how hydrogen might be absorbed and transported in the metal lattice

during plastic deformation.
13

Subsequently,Lynch and Ryan proposed

that hydrogen assists dislocation generation at crack tips by decreasing
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the crack tip surface tension. Beachem16 added that hydrogen might ease

the flow of dislocations50 through a similar action ahead of a crack

tip, thus localizing plastic flow.

In 1959, A. R. Troiano2 summarized his and his coworkers4-6 re-

suIts and presented a unified decohesion theory of internal hydrogen-

assisted cracking. In this theory, electrons contributed by the dis-

solved hydrogen would modify the d-electron bonds of the iron atoms such

that the cohesive bonding energy of the lattice was decreased. If a

sufficient concentration of hydrogen was concentrated in a localized

area, then a significantly lower applied stress intensity would be re-

.
d

'"
d k S .

ld 3,5,18 O
. .

qU1re to 1n1t1atean propagatea crac. te1gerwa, r1an1,
7-10 d G b . h 151-55 h . .

d
. f han er er1C et a ave 1nvest1gate var10US aspects 0 t e

decohesion model and concluded that atomic hydrogen migrates to a crack

tip under the influence of a triaxial stress56 where it exerts an em-

brittling effect.

C. Availability and Mobility of Hydrogen

Regardless of the mechanism of embrittlement, the amount of and

mobility of diffusable atomic hydrogen plays a key role in the hydrogen-

induced delayed brittle failure of high strength, low alloy steels.2,7,

49,53,57
The microstructure of BCC steel strongly influences mobility

of dissolved hydrogen. In Coe and Martin's58 review of microstructural

effects on apparent hydrogen diffusivity in steel, they found that iron
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carbide present in globular form allows apparent diffusivity one order

of magnitude greater than when the carbides form a coarse pearlite

structure. Others have shown that martensite and lower bainite have

the lowest diffusivities, apparently due to finely dispersed auto-

tempered carbides in the strained lattice.

McNabb and Foster59 developed a model assuming hydrogen to be de-

layed at specific sites in the lattice due to the presence of potential

wells significantly deeper than those encountered in normal regions of

a crystal lattice. Oriani60 expanded on this model to show that dis-

solved hydrogen is trapped or delayed even when it diffuses within a

small distance of a trap. Using a similar trapping model, Evans and

Rollason6l studied the effects of voids on apparent hydrogen diffusivity

in a high sulphur-free cutting steel and concluded that apparent diffu-

sivity could be decreased by an order of magnitude through a trapping

mechanism. Koiwa62 also studied trapping of interstitials in BCC metals

and found similar behavior.

Several investigators have suggested that trapping of hydrogen at

specific sites in the lattice should improve resistance to hydrogen-

. d d d 1 d k.
b

.
b

.
l
.. h .

h d 54,63-70
1n uce e aye crac 1ng y 1mmo 1 1z1ng t e atom1c y rogen.

Kortovich63 showed that rare earth additions of cerium and lanthanum in

AlSI 4340 steel led to increased threshold stress intensities and lower

crack growth rates in cathodically charged specimens.
- 70

Cadeno and

Ritchie et a165 found that a silicon-modified 4340 steel containing

significant quantities of retained austenite exhibited reduced crack
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growth rates when compared with an unmodified 4340 alloy. However, they

found that the threshold stress intensities remained relatively un-

changed.

The current study discusses relationships between precisely meas-

ured hydrogen concentrations, threshold stress intensities, and hydrogen-

assisted crack growth rates for different microstructures of an AISI

4340 steel. These data are explained in terms of the roles of micro-

structure, possible trapping sites, and thermodynamics of the hydrogen-

induced delayed brittle cracking of high strength, low alloy steels.
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EXPERIMENTAL PROCEDURES

A. Material and Specimen Design

The material studied was fully annealed aircraft quality AISI 4340

steel with the analyzed composition shown in Table I. The as-received

material was machined into bolt-loaded double cantilever beam (DCB)

specimens, shown in Figure 1, for threshold stress intensity study.

Compact tension specimens (CTS), shown in Figure 2, were also machined

from the same material for crack growth rate investigation.

B. Specimen Cleaning and Degassing

Subsequent to the machining operations, all samples were degreased

with acetone and then vacuum annealed at 400°C for eight (8) hours at a

pressure of 10-7 torr in a continuously ion-pumped system. This baking

operation assured a constant baseline hydrogen content for all samples

prior to heat treatment.

C. Heat Treatment Procedures

Heat treatment schedules (see Table II) included a one (1) hour

solution treatment in an argon atmosphere at either 870°C or l200°C



10.

followed by direct oil quenching to room temperature. A step quenching

procedure consisting of solution treatment at l200°C for one (1) hour

followed by a furnace quench to 870°C for one-half (1/2) hour prior to

direct oil quenching was also employed. A schematic drawing of the

solution treating furnace is shown in Figure 3. Salt bath tempering

for one (1) hour at either 180°C or Z80°C followed each solution treat-

mente The tensile and KIC data80 are presented in Table III along with

the general microstructural features for each heat treatment investi-

gated in Table IV.

D. Charging and Plating

Following heat treatment, all samples were polished on a 120 grit

wheel and cathodically charged with hydrogen at 25°C in a 4 percent

sulphuric acid bath containing a poison consisting of one (1) gram

yellow phosphorus dissolved in 20 milliliters of carbon disulphide(CSZ).

Each sample was charged in a fresh bath which contained 600 milliliters

of the acid solution and ten (10) milliliters of the poison mixture.

The charging current density was 14 milliamps per square centimeter and

the charging time was varied from six (6) hours to 48 hours to facili-

tate varying degrees of hydrogen occlusion in the test samples.

Immediately following the charging operation, each specimen was

hand-polished on all surfaces using 300 grit emery cloth and ultrasoni-

cally cleaned for ten (10) minutes in a 10 percent hydrochloric acid

(HCl) solution. After thorough rinsing, the specimens were bright
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cadmium plated in a cyanide plating bath at a current density of 1.5

amperes per square centimeter for ten (10) minutes. The purpose of the

bright cadmium plate was to trap the cathodically charged hydrogen with-

in the specimens.

E. Threshold Testing and Acoustic Emission Detection

Subsequent to a 24-hour aging period, the DCB specimens were bolt-

loaded to a constant crack opening displacement to initiate the thresh-

old stress intensity level test. The delayed hydrogen-induced cracking

was monitored at 25°C using an AET Model 201 acoustic emission detection

system. The acoustic emission testing established that 50 to 75 hours

was sufficient to achieve crack arrest; i.e., no acoustic emission was

detected at longer times. Therefore, the DCB specimens were left under

load for 100 hours to assure achievement of crack arrest, at the thresh-

old stress intensity level, before being fast-fractured to the end of

the specimen. Crack length "a" at the point of crack arrest was deter-

mined with a Gaertner cathatometer and several samples weighing between

one (1.0) gram and 2.5 grams were immediately sectioned from each speci-

men (~ee Figure 1) and stored in liquid nitrogen until the dissolved

hydrogen (~) content was determined.
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F. Crack Growth Rate Testing

All CTS specimens were cathodically charged for 48 hours and aged

24 hours after cadmium plating prior to testing in the dead weight frame

and monitoring system shown schematically in Figure 4. Following the

aging period, each CTS specimen had an 0.008 inch wide slot ground into

the base of the notch (see Figure 2) to establish a sharper initial

crack tip radius. The CTS specimen would then be loaded, to a stress

intensity level of approximately 50 percent of the Krc stress intensity

for the particular heat treated microstructure being tested, for about

15 minutes. This preloading step was employed to initiate a sharp crack

prior to crack groWth rate investigation. Finally, the CTS specimens

were loaded so as to produce a stress intensity level as close to the

threshold stress intensity level as possible. Crack growth was moni-

tored as a function of time using an Instron crack opening displacement

gauge in conjunction with an AET time base generator. Immediately upon

final fracture of each CTS specimen, several samples were sectioned from

each specimen (see Figure 2) and stored in liquid nitrogen for subse-

quent hydrogen analysis.

G. Hydrogen Analysis

The occluded hydrogen measurements were conducted utilizing an

"Ultrasensitive Hydrogen Analysis System" developed by K. B. Das7l,72
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The system works on the principle of selective permeation of hydrogen

through a semipermeable metallic membrane. This instrument allows the

measurement of hydrogen content in the range of a few parts per billion

by weight in a carrier gas stream of argon and is proven to have the

capability of measuring relative hydrogen contents in metals of the

order of a few tenths parts per million by weight (ppm) with an accuracy

of better than plus or minus 10 percent. This unique capability was

necessary for hydrogen measurements in this study since the presence

of only a few ppm nascent hydrogen can embrittle high strength

1 2,53,73stee s. Details of operating procedure, range, and accuracy of

the instrument are described elsewhere.72

H. Fractography

SEM fractographs were taken as a function of applied stress inten-

sity employing a JEOL scanning electron microscope at a secondary accel-

erating voltage of 20 kV.
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RESULTS

A. Hydrogen Content and Charging

Figure 5 shows dissolved hydrogen content as a function of charg-

ing time for microstructure A. Although hydrogen pick-up tended to in-

crease with increasing charging time in general, the scatter in the data

clearly shows why one should not make an attempt to predict accurate

hydrogen levels based on charging time alone. This ambiguity points

out the danger inherent in the application of calculated hydrogen con-

centrations to studies of internal hydrogen-induced cracking.

B. Threshold Stress Intensities and Microstructure

Threshold stress intensity values (Kth) were determined using the

1 . 74
re at10n

2 31/2
VEh 3h(a + O.6h) + h

3 2
4 (a + O.6h) + h a

(1)

where "V" is the crack opening displacement, "E" the Young's modulus,

"h" the half height of the specimen, and "a" the crack length from the

line of loading. Data plotted in Figure 6 for dissolved hydrogen con-

tent versus threshold stress intensity showed that the correlation of
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Kth with bulk hydrogen content was very consistent with a low scatter

level. It should be noted that because of some scatter in the hydrogen

data, the hydrogen contents reported in Figure 6 are the average of at

least three measurements per specimen. As can be seen, for all heat

treatments, sensitivity to hydrogen-induced cracking essentially dis-

appeared at hydrogen levels below approximately 1 ppm. The extreme sen-

sitivity of Kth to small changes in hydrogen content between 1 ppm and

2 ppm emphasizes the critical nature of internal hydrogen embrittlement

and importance of hydrogen measurements in such studies. At hydrogen

levels greater than 2 ppm, an apparent "baseline" threshold stress in-

tensity value was attained; i.e., the Kth values became essentially in-

dependent of bulk hydrogen content above 2 ppm occluded hydrogen.

The significant microstructural features produced by the various

heat treatment schedules are found in Table IV75-78 along with the cor-

responding KIC and "baseline" Kth values. Optical photomicrographs of

heat treatments A and E in Figure 7 show the difference in grain size

produced by the 1200°C and 870°C solutioning treatments. The TEM photo-

micrographs in Figure 8a show the presence of retained austenite79 as

thin films on lath boundaries in microstructure A. Figures 8b and 8c

show the absence of significant amounts of retained austenite in micro-

79. 79 77 78
structures Band E, respect~vely. Kahn et al and Wood et al '

have also shown that direct quenching from 1200°C results in a micro-

structure that displays little twinning while step quenching from 1200°C

to 870°C and direct quenching from 870°C result in extensively twinned

microstructures.
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Evidence for segregation of impurities such as phosphorus and sul-

80-84 85
fur has been collectedby McMahon et al. And Clark et a1 have

shown indirect evidence for a model of phosphorus and sulfur segregation

similar to that implied in this work.

Microstructures E and F each showed baseline Kth values of

12 MPa~ and revealed that small changes in the tempered carbide struc-

ture had little or no effect on the mechanics of hydrogen embrittlement.

Heat treatments A and B showed baseline threshold values of 30 MPaltD

and 21 MPaltD, respectively, a difference in threshold stress intensity

value of approximately 9 MPalt;. The only difference in microstructure

was the presence of retained austenite in microstructure A, while in

heat treatment B, the 280°C temper transformed the retained austenite.

For microstructures C and D, baseline Kth values of 26.5 ~!Paltnand 17.5

MPaltnwere found. Again, the presence of retained austenite led to an

increase of 9 MPaltD in the baseline threshold stress intensity. This

tends to indicate that the presence of retained austenite definitely

improves the threshold stress intensity values in hydrogen charged

specimens. Presence of twinning and/or segregation to grain boundaries

in the microstructure appears to decrease the Kth values by approxi-

mately 3.5 MPalt;when the specimens A,B and C,D are compared at a given

hydrogen level. However, in the succeeding discussion, it will be shown

that twinning does not play any part in this decrease.

An increased resistance to hydrogen-induced cracking with increased

grain size was found by comparing microstructures D and F. The magni-

tude of the increase in the Kth value was approximately 5.5 MPalt; for an
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increase in grain diameter from 15-20 microns for microstructure F to

a grain diameter of 150-200 microns in microstructure D.

Comparison of the microstructures produced by heat treatments A

and C, or Band D revealed two possibly interrelated significant differ-

ences: first, the presence or absence of extensive twinning of the

martensitic phase and second, the distribution of trace impurities such

83-85 .
as phosphorusand sulphur. Heat treatmentsA and B resulted1n a

dislocated lath martensite containing few twins and a relatively "homo-

geneous" distribution of P and S impurities, suggested by Clark.85 On

the other hand, microstructures C and D were extensively twinned and

phosphorus and sulphur were segregated at grain boundaries.83,84 Twin-

ning of the martensite would not be expected to playa significant role

in the hydrogen-induced delayed brittle cracking of this steel since

hydrogen-induced cracking at threshold stress intensity levels in 4340

steel was almost exclusively by intergranular fracture (see Figure 9)

and twins or twin packets operating as crack nucleation sites would have

led to significant amounts of transgranular cleavage-type fracture.

Thus, a more homogeneous impurity distribution appears to increase the

baseline threshold stress intensity of this steel by approximately 3.5

MPalril.

The microstructural manipulations employed in the present work con-

tributed to increased resistance to hydrogen-induced delayed brittle

fracture in the following amounts: Retained austenite increased base-

line Kth by approximately 9 MPalril,increased grain diameter from 15-20
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microns to 150-200 microns, increased baseline Kth by approximately

5.5 MpaiIn, and increased homogeneity of impurity distribution (most

probably P and S) led to an increase in baseline Kth of approximately

3.5 MPa~.

C. Crack Growth Rates, Applied Stress Intensity and Microstructure

Figures 10 through 15 present the hydrogen-assisted crack growth

rate (~~) as a function of the applied stress intensity for each micro-

structure investigated. All specimens displayed the same "three stage"

crack growth rate dependence on applied stress intensity as noted by

Gerberich et al.5l-55 Stage I (see Figure 10) represents the threshold

stress intensity where crack growth rate was essentially nil below Kth.

During Stage II, crack growth rate became relatively independent of the

applied stress intensity and Stage III resulted in increasing crack

growth rates as the plane strain fracture toughness of the material

(KIC) is approached.

Since the hydrogen content of each specimen was greater than two

(2) parts per million (see Table V), Stage I crack growth rate was ne-

gligible near the baseline threshold stress intensity level determined

from the DCB specimens for each microstructure. Also, the Stage III

crack growth rates approached the catastrophic level as the plane strain

fracture toughness of the specimen was approached.

In Figure 16, the Stage II crack growth rate for each heat treat-

ment schedule is shown as a function of the applied stress intensity.
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Note that the range of applied stress intensities over which Stage II

crack growth occurred was limited but not necessarily determined by the

relative values of the baseline threshold stress intensity and the plane

strain fracture toughness of each specimen, while the Stage II crack

growth rate was controlled by the microstructure of each specimen.

Comparison of microstructures E and F (see Table VI) revealed that

small changes in the tempered carbide structure had a strong effect on

the kinetics of hydrogen-assisted crack growth. The larger, more ext en-

sive carbides produced by the 280°C temper apparently decreased the

hydrogen-assisted Stage II crack growth rate by a factor of four (4).

Microstructures A and C showed the lowest Stage II crack growth

rates of approximately 3.5 x 10-6 in. sec.-l and revealed that the im-

purity redistribution previously shown to have improved the baseline

threshold stress intensity had no significant effect on the hydrogen-

assisted crack growth kinetics of the AISI 4340 alloy.

A comparison of microstructures D and F with respect to Stage II

crack growth rate shows the 870°C quenched and 280°C tempered (F) Stage

II crack growth rate to be superior to an identically tempered step

quenched specimen (D) by a factor of ten (10). This implies that simi-

lar specimens tempered at 180°C, but not containing retained austenite,

would display a Stage II crack growth rate of approximately 1.5 x 10-4

in. sec.-I, since the carbide tempering reaction appears to be rela-

tively independent of the solutioning temperature for this alloy. There-

fore, the increased grain size (150-200 microns diameter) produced by

the l200°C solution treatment apparently increases the Stage II crack
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growth rate of the present alloy by one order of magnitude.

Microstructures Band D showed Stage II crack growth rates of

-5 -1 -5 -1
2.8 x 10 in. sec. and 4.0 x 10 in. sec. , respectively. Com-

parison with microstructures A and C disclosed the value of retained

austenite for improved properties with respect to hydrogen-assisted

cracking in the present alloy. Retained austenite not only increased

the baseline threshold stress intensity, but also decreased Stage II

crack growth rates. The magnitude of this Stage II crack growth rate

decrease was at least one order of magnitude, and considering the detri-

mental effect of the increased grain size, the true contribution of re-

tained austenite was a two (2) order of magnitude decrease in the Stage

II hydrogen-assisted crack growth rate of this AISI 4340 steel.

The effects of the present microstructural variations on the

hydrogen-assisted Stage II crack growth rates of AISI 4340 steel were

as follows: Increased grain diameter of an order of magnitude (from

15-20 microns to 150-200 microns) also increased the Stage II crack

-6 -1
growth rate by an order of magnitude (from 4.8 x 10 in. sec. to

-4.0 x 10-5 in. sec.-1 in the case of the 280°C tempered condition),

impurity redistribution had no effect on Stage II crack growth kinetics,

and retained austenite present in the form of thin films (100-200A) be-

tween martensite platelets or packets decreased the hydrogen-assisted

Stage II crack growth rate by two orders of magnitude.
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D. Fractography

Optical and SEM fractography confirmed, as found by Gerberich et

al,53 that hydrogen-induced brittle fracture in 4340 steel proceeds by

an intergranular fracture path with some plastic deformation evident on

the intergranular facets. The extent of the plastic deformation de-

pended on the applied stress intensity (K ) at which the hydrogen-app

inducedcrackingoccurredas shown in Figure 9. Little plastic defor-

mation appeared

hydrogen level,

at applied stress intensities near Kth for any dissolved

but if K exceededK h by more than about 5-10 MPa~,app t

a noticeable increase in plastic deformation on the intergranular facets

was observed. The amount of plastic deformation on the intergranular

facets increased with further increases in K (see Figure 9).
app

E. Acoustic Emission

Acoustic emission results were typical of those shown in Figure 17,

where the number of emissions is plotted vs. time showing the inter-

mittent nature of hydrogen-induced delayed brittle cracking.

Note that the total acoustic emission from the large grain size

specimen (microstructure D) is much greater than that from the small

grain size specimen (microstructure F) for the same applied stress in-

tensity range.
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DISCUSSION

A. Hydrogen Activity and Mobility

The present investigation has identified three microstructural fea-

tures which can be utilized to increase the resistance to internal

hydrogen-induced delayed cracking in high strength steels. These in-

clude trace impurity control, grain size, and the presence and distribu-

tion of retained austenite. Discussion of the specific effects of each

of these microstructural features on the hydrogen-assisted cracking be-

havior of AISI 4340 steel necessitates consideration of hydrogen acti-

vity and activity gradients in the crack tip region.

Consider a specimen with relatively homogeneous hydrogen distribu-

tion. Assume a bulk hydrogen content well above that level at which

the baseline Kth is first attained but below that hydrogen level above

which permanent lattice damage is introduced. In such a specimen con-

taining a sharp notch with no load applied, the activity of hydrogen is

a constant (a~) throughout the specimen and no significant activity gra-da

dients ( d~) of hydrogen exist within the specimen. In general, this

means the hydrogen concentration throughout the specimen will also be

constant except for small local variations in hydrogen solubility (see

Figure 18a).

Upon application of a Mode I load to the specimen, a region of

hydrostatic expansion, of a magnitude and extent dependent on the magni-

tude of the applied stress intensity, is created ahead of the crack tip.
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This hydrostatic expansion lowers the local hydrogen activity near the

crack tip to a value (~:(K )) (Figure 18b) dependent on the magnitude
ti app

of the hydrostatic expansion forces. This low local hydrogen activity

d ' . d '
d d

. d .' f (
d~G

)pro uces an act1v1ty gra 1ent an correspon 1ng r1v1ng orce dx

for diffusion of hydrogen86 toward the crack tip region. The driving

force for hydrogen diffusion to the crack tip is given by

where "G" is the Gibbs free energy~ "R" and "T" have their usual mean-

ings~ and the superscript "ct" refers to the crack tip. Under the ini-

'
I

'
l

'
b

'
d

' . ct b
d h f

t1a equ1 1 r1um con 1t10ns~ aH = aH an t ere ore

D In
d~G = -RT
d x

= 0 (III)

However~ immediately upon loading~ the driving force becomes

= -RT In

b
aH

I
( K )

aH app
d x

(IV)

and hydrogen begins diffusing towards the crack tip under the influence

of this driving force. This initial driving force (assuming constant

temperature) for hydrogen diffusion to the crack tip region and thus the

b

D Gb Gct aH
In -

dG = -B. _ .--!!....= -RT ct
(II)dx b ct

xH dx
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local hydrogen level ultimately attained, depends on two factors: first,

the local hydrogen activity which is determined by the applied stress

intensity and second, the bulk hydrogen activity determined by the heat

of solution of hydrogen in the microstructure.

As hydrogen diffuses into the region of hydrostatic expansion, the

local hydrogen activity increases until equilibrium is achieved; i.e.,

until ~ = a~ and thus

= 0 (V)

This results in an increased local hydrogen concentration c~ as shown

in Figure 18c. Should the critical combination of hydrogen content and

applied stress intensity be attained in this localized region, hydrogen-

induced cracking will proceed; otherwise, a greater applied stress in-

tensity is required in order to bring more hydrogen to the cracking re-

gion. Thus, both the local "equilibrium" hydrogen concentration and the

applied stress intensity must increase interdependently until a critical

combination is obtained and hydrogen-assisted cracking occurs.

B. Twinning and Grain Size Effects

Oriani7 suggested that increased grain size might reduce sensitivity

to hydrogen-induced cracking of high strength steels by reducing the

number and density of possible crack nucleation sites. Several investi-

54,87 h b d .
d K .

h
.

d
..

gators ave 0 serve 1ncrease th W1t 1ncrease gra1n S1ze as

shown in Figure 19.
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With regard to the mechanism of cracking~ Troiano2~4 observed that

internal hydrogen cracking initiates ahead of the crack tip as a result

of hydrogen diffusion to the triaxial stress points and cracks back to

join with the original crack. The process of hydrogen diffusion~ crack

initiation~ and crack jumping then repeats itself. The acoustic emis-

sion data shown in Figure 17 supports this model of the cracking mecha-

nism. Therefore~ hydrogen-induced delayed brittle failure is predomi-

nantly a static~ crack initiation phenomenon rather than a dynamic crack

growth phenomenon.

Since Troiano's work, it has been observed directly88 that these

hydrogen-induced cracks frequently initiate at grain boundary junctions.

The present work has shown (see Figure 9) that hydrogen-assisted crack-

ing in AISI 4340 steel at threshold stress intensity levels was almost

wholly intergranular~ which implies that any preferred crack initiation

sites must lie on the grain boundaries. Thus~ the available preferred

initiation sites are grain boundary junctions and any inclusion that

may lie on or very near the grain boundaries.

The location and extent of the hydrostatic expansion ahead of the

crack tip depends on the applied stress intensity as shown schematically

in Figure 20. Comparison of fine grain and large grain structures in

Figure 20 describes the mechanism by which the threshold stress inten-

sity is determined when only grain size is varied.

Consider first the 15-20 micron grain diameter material in this

study loaded at the baseline threshold stress intensity level. The
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point of greatest hydrostatic expansion is located at the interface be-

tween the plastic zone ahead of the crack tip and the elastically de-

formed material surrounding it. This location in the fine grain materi-

a1 tempered at 280°C is approximately 0.165 microns ahead of the crack

tip. And assuming this crack tip to be at a grain boundary junction

and the preferred initiation site to be the nearest nonseparated grain

boundary junction ahead of the crack tip, then the greatest hydrostatic

expansion is located approximately 3.77 microns away from this preferred

initiation site. Thus, in the fine grain material of this investigation,

an applied stress intensity of approximately 12 MPaltn was sufficient to

produce a driving force great enough to attain a critical combination of

stress intensity and hydrogen content at a preferred crack initiation

site approximately 3.935 microns ahead of the crack tip (see Figure

20a) .

Now consider a large grain (150-200 micron grain diameter) speci-

men of the same material loaded to the same applied stress intensity of

12 MPaltn. The location of the point of greatest hydrostatic expansion

remains the same with respect to the crack tip, but note that the nearest

preferred initiation site is over ten (10) times as far ahead (approxi-

mately 39.10 microns) of the source of the diffusive driving force for

hydrogen in this larger grain size material.

Therefore, the driving force for hydrogen diffusion is insufficient

to supply the required hydrogen to the preferred initiation site, which

is also at a lower applied stress intensity level (see Figure 20b) than

the preferred initiation site in the fine-grained material, to produce
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the critical combination of stress intensity and hydrogen concentration

necessary for crack initiation. A greater applied stress intensity is

therefore required in order to attain a critical combination of stress

intensity and hydrogen concentration at preferred initiation sites in

the large grain size material as shown in Figure 20c.

It is important to note that as the applied stress intensity in-

creases, three factors important to crack initiation are altered: first,

the source of the driving force for hydrogen diffusion moves away from

the crack tip slightly; second, the magnitude and extent of this driving

force for hydrogen diffusion increases; and third, the applied stress

intensity at the preferred crack initiation site increases. Therefore,

whether the critical stress intensity and the critical hydrogen concen-

tration at the preferred initiation sites in both grain size materials

are the same or not cannot be decided conclusively. In either case,

baseline threshold stress intensity increases with increasing grain size

as long as crack initiation ahead of the crack tip occurs predominantly

at these preferred initiation sites, namely, grain boundary junctions.

Although increasing the grain size improved the baseline threshold

stress intensity of the AISI 4340 steel, the Stage II crack growth rate

characteristics were drastically degraded by increasing grain size.

This is easily explained by considering crack jump length and hydrogen

diffusion distance.

Note that the concentration profiles in Figure 20 are "equilibrium"

hydrogen distributions, but that crack initiation will occur as soon as

the hydrogen content at the preferred crack initiation site (c~iS)
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reaches the critical level for the corresponding local stress intensity

levels above the threshold stress intensity; i.e., in the region of

Stage II crack growth. This means that the distance over which the hy-

drogen must diffuse in either the large grain or fine grain size materi-

al is comparable. However, each time a crack initiates and jumps back

to the original crack tip, it jumps ten (10) times as far in the large

grain size specimen as in the fine grain specimen. This model is sup-

ported by two observations in the present study: first, the Stage II

crack growth rate for microstructure D (150-200 micron grain diameter)

was an order of magnitude greater than that for microstructure F (15-

20 micron grain diameter) and the other microstructural features were

essentially identical for these two heat treatment schedules. Second,

the acoustic emission data in Figure 17 implies that the large grain

size material crack jumps release more energy; i.e., trigger more counts

per event or crack jump, than the small grain size material. This may

partially be due to the higher applied stress intensity near threshold

stress intensity levels, but the fact that the distribution of energy

appears to be the same throughout the Stage II crack growth range of

applied stress intensities implies that the large grain size material

simply has a larger crack surface area swept out by each crack initia-

tion and jump back event. Also, the number of counts per event could

simply be more sensitive to the size of the crack jumps than to varia-

tions in applied stress intensity for the case of crack initiation.
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C. Impurity Segregation and Carbide Effects

Phosphorus and sulphur segregated at grain boundaries are known to

be embrittling impurities in high strength, low alloy steels.43,93 In

the case of hydrogen-induced cracking, the segregation of phosphorus

and sulphur would have the dual effect of lowering the cohesive strength

f h " b d . 80-84,89 d I . h ." 5,73 f d "

o t e gra1n oun ar1es an ower1ng t e act1v1ty 0 1S-

solved hydrogen in the vicinity of the grain boundaries. Lowering the

activity of H near grain boundaries leads to increased local solubility

for hydrogen as well as an activity gradient to provide a driving force

for hydrogen diffusion to the grain boundaries or other areas of phos-

phorus or sulphur segregation. Thus, phosphorus or sulphur segregation

at grain boundaries induces H segregation to grain boundaries, and under

the influence of a triaxial stress ahead of a crack tip, less hydrogen

is required to diffuse to grain boundaries in the crack tip region than

if no phosphorus or sulphur segregation were present. The corresponding

attainment of the critical combination of stress intensity and hydrogen

concentration required for crack initiation and growth can then occur at

a reduced applied stress intensity. The elimination of impurity gra-

dients of phosphorus and sulphur would improve resistance to hydrogen-

induced cracking by requiring a larger triaxial stress in order to attain

the critical combination of stress intensity and hydrogen concentration

ahead of the crack tip.

The effect of reducing the overall impurity content of a steel

would be even greater, since it is well documented that both phosphorus
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and sulphur are effective recombination poisons enhancing the absorption

of hydrogen by iron base alloys.5,73 Latanison and Opperhauser88 showed

that Sb, another hydrogen recombination poison, segregated at grain

boundaries in a nickel 270 alloy and through this poisoning action led

to intergranular brittle hydrogen cracking by inducing preferential hy-

drogen absorption on, and internal hydrogen transport to, grain boun-

daries. Banerji et a183 found that by decreasing P from .009 to .003

weight percent, S from .016 to .003 weight percent, and Si from .08 to

.002 weight percent, Kth increased from approximately 20 MPalt; to

approximately 100 MPaAn in a similar 4340 steel. A similar effect was

87
observed by Carter.

Impurities such as phosphorus and sulphur thus present three possi-

ble negative influences on resistance to hydrogen-induced delayed brit-

tIe fracture of high strength, low alloy steels. First, phosphorus and

sulphur produce an embrittling effect on their own when segregated at

grain boundaries. Second, the reduced activity of H and resulting solu-

bility increase for H at grain boundaries leads to hydrogen segregation

at grain boundaries; and third, an increased susceptibility to hydrogen

absorption by the steel occurs due to the action of phosphorus and sul-

phur as recombination poisons.

The relative homogeneity or segregation of such small amounts of

phosphorus or sulphur of concern here would not be expected to signifi-

cantly affect the mobility and diffusion of hydrogen, and thus Stage II

crack growth rates should not be noticeably altered. Comparison of the
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Stage II crack growth rates for microstructures A and C or Band D show

this to actually be the case.

The effect of the changes in carbide structure between microstruc-

tures E and F can help ascertain the mechanism by which hydrogen-

induced delayed brittle fracture is affected by microstructure. In-

creased number and size of carbides decreases the mobility of hydro-

gen.58,59,63 Carbides also have a higher solubility for hydrogen than

the surrounding metal lattice.59 And carbides are not known to act as

recombination poisons for hydrogen absorption. Carbides apparently do

not have an embrittling effect of their own in these microstructures

since KIC actually improves with increased number and size of carbides

(see Table III) while the yield strength remains constant.

Combining these four statements with the observation that Kth was

the same for microstructures E and F (see Table IV and Figure 6), it is

observed that a trapping mechanism does not explain improved baseline

threshold stress intensity values since carbides must act as potential

well traps for hydrogen due to their high solubility for hydrogen rela-

tive to the metal lattice.

The use of a trapping mechanism does, however, explain reduced

crack growth rates since increased trapping would lead to decreased hy-

drogen mobility and thus to decreased crack growth rates in Stage II.

This is observed in comparing Figures 14 and 15 for microstructures E

and F where microstructure F exhibits a lower Stage II crack growth rate

due to increased number and size of carbides.
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D. Effects of Retained Austenite

79 76 75 78 90 .

Khan and Kannan, Thomas, and others ' , have estab11shed

that increases in austenitizing temperature for quenched and tempered

steel leads to increased quantities of retained austenite in steel, al-

though conflicting evidence has been presented by Ritchie and Horn.91

Further, it was found 75,79 that the retained austenite was present in

the form of thin (100-200 A) films predominantly along inter1ath boun-

daries of the martensitic phase. This finely dispersed distribution of

retained austenite would then be ideal for increasing resistance to

hydrogen-induced cracking in terms of proposed trapping models.

In the present work, retained austenite apparently acts as a trap

for dissolved hydrogen either due to its high solubility for hydrogen

relative to the BCC or BCT structure49,57,92 or due to interfacial ac-

commodation between the FCC and BCC structures.

In either case, the amount of retained austenite present is not

sufficient to drastically alter the solubility of hydrogen in the over-

all microstructure. However, similar to the effects of silicon and man-

h " f b . . 1d 1 93 h. f. d. .
ganese on t e act1v1ty 0 car on 1n m1 stee, t 1S 1ne 1sperS10n

of retained austenite does significantly lower the mean effective hy-

drogen activity (a~) and thus greatly decrease the magnitude of the

driving force for hydrogen diffusion to the crack tip region as seen

from Equation II. Thus, the required applied stress intensity to pro-

duce hydrogen-assisted cracking must increase in order to create suffi-

cient driving force for hydrogen diffusion to produce the critical
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combination of applied stress intensity and hydrogen concentration at

the crack initiation site.

In addition to increasing the baseline threshold stress intensity

as discussed above, the fine platelets of retained austenite also

effectively reduce the available diffusional cross-section62 for hydro-

gen and thus the rate of hydrogen diffusion toward the crack tip region.

This drastic reduction in the hydrogen mobility of the microstructure

combined with the decreased relative driving force for hydrogen dif-

fusion leads to the Stage II crack growth rate reduction of two orders

of magnitude shown in Figure 16.

The present retained austenite distribution has a dual effect on

the hydrogen-induced cracking behavior of AISI 4340 steel. It increases

the baseline threshold stress intensity approximately 9 MPa/m by re-

ducing the mean effective hydrogen activity and decreases the Stage II

crack growth rate two orders of magnitude by strongly reducing the mo-

bility of hydrogen in the steel matrix. The presence of a fine distri-

bution of retained austenite in quantities great enough to significantly

reduce hydrogen activity and mobility but not so great as to detrimen-

tally affect macroscopic mechanical properties is therefore extremely

beneficial in terms of resistance to hydrogen-induced delayed brittle

fracture of high strength steels.
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SUMMARY AND CONCLUSIONS

The hydrogen-induced delayed brittle failure of high strength, low

alloy steels is highly dependent on the microstructure produced during

heat treatment. Several specific microstructural features significantly

alter resistance to hydrogen-assisted cracking: Increased grain size

increases both the threshold stress intensity and the Stage II crack

growth rate, more homogeneous distribution of impurities such as phos-

phorus and sulphur increases the threshold stress intensity but hardly

affects Stage II crack growth rates, and a fine dispersion of retained

austenite platelets greatly improves both threshold stress intensity

and Stage II crack growth rate.

From a practical standpoint, both threshold stress intensity and

Stage II crack growth rate are important. Higher threshold stress in-

tensities mean improved design capabilities for load-bearing applications

under adverse conditions. Slower Stage II crack growth rates allow less

frequent integrity checks on service parts operating near design limita-

tions. The plane strain fracture toughness (KIC) must be sufficient to

allow crack detection by available techniques; Le., crack length "a"

must be greater than - 0.025 inches for practical applications and

greater than - 0.015 inches under ideal conditions to be detectable.

These crack lengths are noted in Figure 16, and as can be seen, only

heat treatment A produces a microstructure with the requisite KIC value

for practical situations. Also, the Stage II crack growth rate is low

enough to allow almost 4.5 hours of lead time between attainment of
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crack detectability and catastrophic failure. For example, in testing

of aircraft landing gear, this could be significant savings since load-

bearing time is relatively short compared to desired lifetimes.

The most significant implication to arise from this study is that

any alloy addition or microstructural modification which lowers the

bulk activity of hydrogen in a high strength steel while significantly

increasing neither the solubility nor the absorption (nor absorption

rate) of hydrogen in the alloy should improve resistance to hydrogen-

induced delayed brittle fracture. This improvement should be reflected

in both decreased baseline threshold stress intensities and reduced

Stage II crack growth rates.

Another conclusion is that a trapping mechanism alone cannot ex-

plain improved baseline threshold stress intensity, but only reduced

Stage II crack growth rates.
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Figure 7. OPTICAL PHOTOMICROGRAPHSSHOWING

a) LARGE (150-200~m) GRAIN SIZE PRODUCED BY 1200°C

SOLUTIONING TEMPERATURE,



Figure 7.

(cont.)

OPTICAL PHOTOMICROGRAPHS SHOWING

b) SMALL (15-20~m) GRAIN SIZE PRODUCED BY 870°C
SOLUTIONING TEMPERATURE.
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Figure 8. TEM MICROGRAPHS SHOWING

a) PRESENCE OF RETAINED Y IN MICROSTRUCTURE A
(ALSO PRESENT IN MICROSTRUCTUREC) AND

44.



Figure 8. TEM MICROGRAPHS SHOWING

(cant.) b) ABSENCE OF RETAINED y IN MICROSTRUCTURE B
ALSO ABSENT IN MICROSTRUCTURE E).
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Figure 9. SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING
FRACTURE SURFACES

a) MICROSTRUCTURE A IN STAGE I CRACK GROWTH REGION

(30MPaltn)
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Figure 9.

(cont.)

SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING
FRACTURE SURFACES

b) MICROSTRUCTURE A IN STAGE II CRACK GROWTH REGION

(55 MPa/iIi)
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Figure 9.

(cont.)

SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING

FRACTURE SURFACES

c) MICROSTRUCTURE A IN STAGE III CRACK GROWTH REGION

(90 MPaltii)



Figure 9. SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING

FRACTURE SURFACES

d) MICROSTRUCTURE E IN STAGE I CRACK GROWTH REGION

(12 MPa/m)

(cont.)
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(cont. )

SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING
FRACTURE SURFACES

e) MICROSTRUCTURE E IN STAGE II CRACK GROWTH REGION
(30 MPav'Di)

Figure 9.
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Figure 9.

(cant. )

SEM MICROGRAPHS OF HYDROGEN ASSISTED CRACKING

FRACTURE SURFACES

f) MICROSTRUCTURE E IN STAGE III CRACK GROWTH REGION

(55 MFa/in).
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TABLE I

Compositionof 4340 Alloy

C Mn Si Cr Ni Mo Cu S P- - - - - - -

.4 .69 .32 .69 1.87 .20 .16 .015 .010
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TABLE II

Schedule of Heat Treatments Employed

Heat Treatment Solution Treatment Tempering Treatment

A l2000e 1 hr. oil quench 180°C 1 hr.

B l2000e 1 hr. oil quench 280°C 1 hr.

e l2000e 1 hr. furnace quench 180°C 1 hr.

to 870°C 1/2 hr. oil quench

D l2000e 1 hr. furnace quench 280°C 1 hr.

to 870°C 1/2 hr. oil quench

E 870°C 1 hr. oil quench l800e 1 hr.

F 870°C 1 hr. oil quench 280°C 1 hr.
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TABLE III

Mechanical Properties and KIC as a Function of Heat Treatment

Heat Treatment
° (MPa)

0u1t (MPa) E1ong.(%) R.A. (%) KIC (MPa/m)ys

A 1515 1931 4.5 7.1 99.23

B 1448 1655 1.2 4.5 68.24

C 1526 2069 7.1 13.0 69.50

D 1448 1793 7.3 16.5 57.85

E 1520 2000 13.6 40.2 65.71

F 1517 1655 13.7 53.7 83.84



TABLE IV

Microstructural Features and Mechanical Properties as a Function of the Heat Treatment Variables

Tempering

Temperature SOLUTION TREATMENT

l200°C 1200°C/870°C 870°C

A E

180°C Retained y
Relatively homogeneous
impurity distribution

No twinning
Grain diameter 150-200~m

KIC 99.23 MFa/,;

Kth 39.25 MFa/,;
o 1515 MPa
ys

C

Retained y

Grain boundary impurity

segregation
Extensive twinning
Grain diameter 150-200~m

KIC 69.5 MFa/,;

Kth 26.5 MFa/,;

o 1526MFa
ys

No retained y

Grain boundary impurity

segregation

Extensive twinning
Grain diameter l5-20~m

KIC 65.7 MFa/,;

Kth 12.0 MFa/,;

o 1520 MFa
ys

B F

280°C No retained y

Relatively homogeneous

impurity distribution

No twinning
Grain diameter l50-200~m

KIC 68.24 MFa/,;

Kth 21.0 MPav'ffi

o 1448 MFa
ys

D

No retained y
Grain boundary impurity

segregation
Extensive twinning
Grain diameter l50-200~m

KIC 57.9 MFa/,;

Kth 17.5 MPalin
o 1448 MFa
ys

No retained y

Grain boundary impurity

segregation

Extensive twinning
Grain diameter l5-20~m

KIC 83.9 MPa/,;

Kth 12.0 MFa/,;

o 1517 MPa
ys

0'
0'



TABLE V

Stage II Crack Growth Rates and Dissolved Hydrogen Contents
of Microstructures Studied

67.

da -1
!!. (ppm by wt)Heat Treatment dt (in sec )- -

1200/180 A -6
2.323.7 x 10

1200/280
-5 2.75B 2.8 x 10

1200/870/180
-6

3.00C 3.4 x 10

1200/870/280
-5

2.65D 4.0 x 10

870/180
-5

2.89E 2.0 x 10

870/280
-6

3.25F 4.8 x 10
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