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FOREWORD

The work described in this report was performed in the Materials Technology
Laboratory of TRW Inc., under the sponsorship of the Office of Naval Research,
Contract N00014-74-C-0365. Dr. P. A. Clarkin acted as Program Monitor for the Navy.
The program was administered for TRW by Dr. C. S. Kortovich, Program Manager. The
Principal Investigator was Dr. A. A. Sheinker, with technical assistance provided by Mr.
J. W. Sweeney and Mr. R. R. Ebert. Work conducted during the first two years of this
contract involved a study of the effect of rare earth additions on the hydrogen
embrittlement resistance of cathodically charged and cadmium plated 4340 steel. Work
conducted during the third year consisted of a study of the effect of rare additions on
the stress cracking resistance of 4340 steel in salt water. Work conducted during the
fourth and final year, covered in this report, involved an investigation of the effect of
rare earth additions on hydrogen embrittlement cracking behavior and hydrogen
permeability in 4340 steel at two different strength levels.

This report has been assigned TRW Equipment Number ER 7814-4 and the data are
recorded in laboratory notebook Number 794.
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ABSTRACT

The effect of a 0.2 weight percent cerium addition on the hydrogen embrittiement
cracking resistance of AISI 4340 steel was investigated at yield strength levels of
approximately 210 and 185 ksi (1450 and 1280 MPa). Sustained-load delayed failure data
for precracked compact tension specimens electrolytically charged with hydrogen and
plated with cadmium exhibited considerable scatter which was attributed to (1) a loss of
hydrogen from the specimens during the storage period between cadmium plating and
testing and (2) a nonuniform distribution of cerium in the rare earth modified steel. The
failure time at a given initial stress intensity for a given heat and strength level
generally increased with increasing storage time, suggesting that hydrogen had escaped
from the test specimens during storage. The cerium content of the delayed failure
specimens of the cerium-bearing steels appeared to vary from one specimen to another,
also contributing to the the scatter in the test data. Because of the high degree of
scatter in this data, no conclusions were drawn regarding the effect of cerium additions
on the hydrogen embrittlement cracking resistance of 4340 steel at the two strength
levels. Hydrogen permeability measurements on the 0.2 weight percent cerium steel
and 4340 steel made without cerium showed that, at a given charging current density,
the half-time to reach the steady state hydrogen permeation flux was much longer and
the steady state hydrogen permeation flux was three to four times lower in the cerium-
bearing steel at both strength levels.
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I INTRODUCTION

Considerable experimental evidence exists indicating that hydrogen can degrade
the properties of a wide variety of materials, ranging from high strength steels to soft
iron (1). A particularly important observation is the fact that hydrogen can be
introduced in a component at any time during its fabrication (casting, welding, surface
treatment, heat treatment, etc.) or when used in various applications such as pipelines,
containers, gas wells, nuclear reactors, and ships (2). Most of the existing models do not
offer a universal explanation for all the phenomenological observations of this hydrogen
embrittlement. A factor common to these theories, however, is that in order to obtain
embrittlement, it is necessary to have sufficient accumulations of hydrogen at
particular sites in the lattice (2). As examples, particular sites can be an internal
cavity in the pressure theory (3) or a crack tip in the cohesive energy theory (4,5). This
common factor is also the key to current methods aimed at inhibiting hydrogen
embrittlement, namely, the prevention of the formation of sufficient acecumulations of
hydrogen anywhere in a component.

A number of methods of inhibiting hydrogen embrittlement in high strength steels
have been under study. These techniques include changes in microstructure (6-8),
changes in alloy composition (8), baking (9), surface prestressing (10), plating (11),
cathodic protection (12), nonmetallic coating (13), selective changes in surface
composition by heat treatment (14), and modification of the embrittling environment
(15). Because limitations exist with all of these techniques, research is being conducted
to improve the current methods and to develop new ones to inhibit hydrogen
embrittlement in high strength steels. One new method is the use of rare earth additions
in these alloys.

Rare earth additions to steels have previously been used to control hydrogen
blister formation and prevent hydrogen-induced weld cracking. The susceptibility to
hydrogen blister or flake formation in 4340-type steels was rgduced t%y adding 0.2
weight percent cerium, which formed stable hydrides below 1850 F (1280°K) (16). The
susceptibility of HY-80 steel weldments to hydrogen-induced cracking was decreased by
combined additions of cerium and lanthanum (approximately 60 percent cerium and 40
percent lanthanum)at levels of 0.05, 0.09, and 0.13 weight percent, with the maximum
effect occurring at the 0.09 weight percent rare earth level (17,18). The addition of
approximately 0.2 weight percent Misch metal (50 percent cerium, lanthanum, and small
amounts of other rare earths) eliminated the hydrogen typical of that remaining in HY-
130 steel weld metal made with an intentional 5 percent hydrogen contamination in the
argon arc shielding gas (19).

The effects of rare earth additions on the hydrogen embrittlement cracking
resistance of AISI 4340 steel were evaluated at TRW Materials Technology under ONR
Contract Number N00014-74-C-0365. In the first phase of this study, the hydrogen
embrittlement cracking resistance of vacuum-induction melted 4340 steel containing
about 0.05, 0.1, and 0.2 weight percent cerium or lanthanum was determined (20). This
material was heat treated to a yield strength leve%of appsoximately 205 ksi (1410 MPa)
by austenitizing, quenching, and tempering at 450" F (505 K). The test specimens were
cathodically charged with hydrogen, plated with cadmium to contain the hydrogen in the




metal, and baked at 300°F (420°K) to homogenize the hydrogen content. Sustained load
delayed failure tests showed that, at the 0.2 weight percent rare earth level, the
threshold stress intensity (i.e., the stress intensity level below which failure did not
occur) increased by a factor of about four and the crack growth rate decreased by about
an order of magnitude as compared with 4340 steel without rare earth additions. This
improvement was attributed to the ability of the rare earth elements to interact with
hydrogen, thereby reducing the supply of hydrogen available for embrittlement and
impeding the diffusion of hydrogen to the crack tip where it would accumulate and
cause crack growth by local embrittilement.

In the second phase of this program, the concept of rare earth additions to high
strength steels was extended to stress corrosion eracking behavior, because this type of
failure in high strength steels is believed to be a form of hydrogen embrittlement (21).
Three heats of 4340 steel containing zero, 0.20 and 0.30 weight percent cerium were
heat treated to a yieid strength level of gpproxigmtely 215 ksi (1480 MPa) by
austenitizing, quenching, and tempering at 450 F (505 K), and their resistance to stress
corrosion cracking in 3.5 percent sodium chloride solution at room temperature was
evaluated. The cerium additions had a much smaller effect on the stress corrosion
cracking resistance than the cerium and lanthanum additions had on the hydrogen
embrittlement cracking resistance in the previous study. The stress corrosion crackin
threshold (K ) was about the same for all three steels, ranging from 15 to 17 ksi /in.
(16.5 to 19 I\;Fﬁg /m). The higher cerium (0.30%) material had longer failure times and
lower average crack growth rates than the lower cerium (0.20%) material. The failure
times and average crack growth rates for the steel without cerium could not be directly
compared with those for the two cerium-bearing steels because of crack branching
which occurred only in the material without cerium. However, it was estimated that in
the absence of branching, the failure times for the non-cerium steel would be shorter
and the average crack rates higher than those for the lower cerium steel. The
difference between the effects of the rare earth additions on stress corrosion cracking
and hydrogen embrittlement cracking was attributed to the difference in the source of
hydrogen in the two cracking phenomena, which affects the amount of hydrogen
available for embrittlement and the processes of hydrogen transport to the tip of the
crack.

The purpose of the current study was to develop a better understanding of how the
rare earth elements inhibit hydrogen embrittlement in high strength steels. This work
represented the final phase of the program. Specifically, efforts were concentrated on
cerium additions made to AISI 4340 steel plates. The experimental approach involved
first a study of the effects of the additions on internal hydrogen embrittlement at a
number of strength levels. Resistance to hydrogen was characterized in terms of
delayed failure tests conducted on specimens cathodically charged in sulfuric acid and
cadmium plated. In addition, permeability studies were conducted to determine
whether hydrogen transport through the steel was affected by the presence of the rare
earth additions.




I EXPERIMENTAL PROCEDURE

The test material for this program was obtained by making four experimental 50-
pound (23-kg) heats of 4340 steel, two containing 0.20 weight percent cerium and two
with no rare earth elements added. The chemical compositions of the four heats are
presented in Table 1, along with the specified composition ranges for AISI 4340 steel.
All of the standard elements were within the specified ranges, except the silicon in heat
X991A, which was just 0.01 percent higher. This slight deviation in silicon content has
no effect on hydrogen embrittlement in 4340 steel (22). The presence of 0.02 percent
lanthanum in the two cerium-bearing heats was due to its presence in the cerium
silicide used to make the cerium additions.

The four heats were vacuum-induction melted and aluminum deoxidized. The
cerium was added after deoxidation. The heats were cast in the form of tapered round
ingots measuring 4 inches (0.10 m) in diameter at the bottom, 4-3/4 inches (0.12 m) in
diameter at the top, agd 10 inches (0.25 m) tall. The four ingots were forged in four
passes at 2150°F (1450°K), cross-rolled in two passes at 1950°F (1340°K), and straight-
rolled in two passes at 1950°F (1340°K). These operations resulted in four plates
measuring 3/4 inch (0.019 m) thick, 8-1/2 inches (.22 m) wide, and 20 inches (0.51 m)
long. The plates were then annealed at 1150°F (894°K) for 8 hours. This ingot
breakdown procedure was indicative of the hot workability of 4340 steel containing 0.20
percent rare earths.

The test specimens were rough machined from the plates, heat treated, and then
finish ground to their final dimensions. The heat treatment consisted of the following:

1. Normalize at 1700°F (1200°K) for 15 minutes in salt bath and air cool.
2. Austenitize at 1550°F (1120°K) for 30 minutes in salt bath and oil quench.

3.  Temper at either 400°F (480°K) or 750°F (670°K) for 1 hour plus 1 hour in air,
and air cool.

Half of the specimens frorg each glate were tempered at 400°F (480°K) and the other
half were tempered at 750 F (670 K). These two tempering temperatures were used to
obtain two different strength levels at which to evaluate the effect of rare earth
additions on hydrogen embrittlement cracking resistance and hydrogen permeability.

The conventional mechanical properties of the four heats were evaluated by
performing duplicate tensile and Charpy impact tests at room temperature on
transverse specimens tempered to both strength levels. The dimensions of the tensile
and Charpy impa%t specigxens are shown in Figure 1. The hardness of the specimens
tempered at 400 F (480 Ié) was Rockwell C 51 to 52, while the hardness of the
specimens tempered at 750" F (670°K) was Rockwell C 43 to 45.
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C

Mn

Si
Ni
Cr
Mo
Al
Ce

La

SEecification
0.

0.

Table 1

Compositions of 4340 Steel Hec.ts, Weight Percent

AISI 4340

38-0.43

60-0.80

.040 max.
.040 max.
.20-0.35
.65-2.00
.70-0.90

.20-0.30

Heat
X990A

0.39
0.70
0.008
0.008
0.26
1.80
0.78
0.25

0.053

Heat
Y30

0.

0.

40

77

.009
.004
<29
.80
(9
.24

.020

Heat
X991

0.

0.

41

70

.008
.003
.35
.80
.70
.27
.050
.21

.02

Heat
X991A

0.009
0.004
0.36
1.80
0.80
0.26

0.07
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Hydrogen-induced delayed failure tests were conducted at room temperature on
precracked compact tension specimens which were charged with hydrogen and plated
with cadmium. The design of these specimens is shown in Figure 2. These specimens
were cut from the plates in the T-L orientation, i.e., the direction normal to the crack
plane (loading direction) was parallel to the width direction of the plate and the
direction of expected crack propagation was parallel to the longitudinal direction of the
plate. The saw-cut notch was extended 0.050 inch (0.0013 m) by electrical discharge
machining (EDM) in order to promote initiation of the fatigue precrack. The specimens
were precracked by cyclic tension-tension loading on a Sonntag SF-4 fatigue testing
machine at a frequency of 60 hz and a load ratio (R = ratio of minimum load to
maximum load) of 0.1. The fatigue cracks were grown to a length of 0.15 inch (0.0038
m) beyond the EDM slot to obtain a total precrack length of 0.58 inch (0.015 m)
measured from the load line. These cracks were produced in two successive increments
of 0.10 and 0.05 inch (0.0025 and 0.0013 m), with maximum stress intensity factors (Kl)
of 20 and 15 ksi /in. (22 and 16.5 MPa v m), respectively, at the ends of the two
increments of crack growth. This required 19,000 to 44,000 load cycles for the first
increment of crack growth and 19,000 to 53,000 load cycles for the second. All of the
fatigue cracks grew straight and perpendicular to the loading direction. After
precracking, the compact tension specimens were degreased with acetone and
electrolytically hydrogen-charged in 4% sulfuric acid at a current density of 0.02
amp./in”. (30 amp./m”) for 260 minutes. Following charging, the specimens were rinsed
with distilled water and cadmium plated in a sodium cyanide, cgdmium oxide,bath
containing organic brighteners at a current density of 0.14 amp./in” (220 amp./m”~) for
15 minutes, tooconfineothe hydrogen within the metal. The specimens were then baked
in air at 300°F (420°K) for 60 minutes to homogenize the hydrogen content. This
hydrogenating procedure resulted in the type of embrittlement caused by certain metal
processing operations and is commonly used in studying hydrogen embrittlement of
steels (23).

The delayed failure tests were conducted under sustained load on Satec self-
leveling, lever-loaded creep rupture testing machines. These tests were conducted at
various initial stress intensity (K,.) levels to determine failure time as a function of Kl"
the hydrogen embrittlement craéking threshold (Kt , the stress intensity level belot
which failure is not observed), and crack growth pate (da/dt) as a function of the
instantaneous stress intensity factor (K,) for each heat of steel at both strength levels.
Fracture toughness (K, ) tests were perl'formed in accordance with the standard ASTM
test procedure (24) on llsgydrogen—charged and cadmium plated specimens from each heat
of steel at both strength levels in order to establish the upper bound of K, for delayed
failure. Stress intensity factors for both the delayed failure and the fracture toughness
tests were calculated from the equation (24)

A al/2 3/2
K, =y [zg.a(w)

5/2

g a 5.7(2
185.5(W) +65.).7(w)

a.\7/2 a,9/2
- 1017(-‘;1) + 638'9(W) ]
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where P = applied load, pounds (newtons)
B = specimen thickness, inches (meters)
w = specimen width measured from load line, inches (meters)
= crack length measured from load line, inches (meters)

In the delayed failure tests, crack growth was continuously monitored by means of a
double-cantilever clip-on type crack-opening displacement (COD) gage mounted on
knife edges spot welded to the front surface of the specimen on each side of the notch.
The COD was recorded on a strip-chart recorder and later converted to crack length by
means of the compliance relationship for the compact tension specimens (25). Crack
growth rate (da/dt) was obtained by calculating the slope of the crack length versus
time curve at a series of points along the curve. The delayed failure tests were
discontinued after 10,000 minutes if failure did not occur sooner. A total of 10 delayed
failure tests, five at each strength level, were performed for each heat of steel.

Hydrogen permeability measurements were made from heats X990A (0% Ce) and
X991 (0.21% Ce) heat treated to both strength levels. These samples were 1-inch (0.025
m) square by 0.040-inch (0.001 m) thick membranes which were cut from the 3/4-inch
(0.019 m) thick plates and finish ground after heat treatment. The measurements were
conducted under the direction of Professor Howard Pickering at Pennsylvania State
University. The permeability of hydrogen through these membranes was determined
using & Devanathan and Stachurski cell (26) containing a charging solution of 1IN
sulfuric acid with 20 ppm arsenic added to promote hydrogen entry. A schematic
illustration of the cell is shown in Figure 3 and the experimental procedures for the
measur-ments have been detailed previously (27). The steady state hydrogen
permeation flux was mea?red galvagostaticahly at successivei chargirg current densities
of 65, 32, and 9.7 mA/in” (1 x 10, 5 x 107, and 1.5 x 10" mA/m"), and the time to

reach onez-half of ghe stea.sly state flux was obtained for the charging current density of
65 mA/in” (1 x 10" mA/m”).
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I RESULTS AND DISCUSSION

A. Mechanical Property Characterization

The mechanical properties of the four heats of 4340 steel for the two tempering
conditions are presented in Table 2. As in the previous studies (20,21), the strength,
ductility, and impact resistance all decreased when cerium was added to the steel in
both temper conditions. Only transverse specimens were tested, since previous work
(21) had shown no significant differences between the longitudinal and transverse
mechanical properties of 4340 steel made with or without cerium and processed in the
same manner as the material used in this study. This isotropy probably resulted from
the cross-rolling operation.

The reductions in strength with the addition of 0.2 percent cerium were sma&l.
The largest decrease in average yield strength was only 2.2 percent for the 400°F
(480°K) temper condition, and the larges% decreage in average ultimate tensile strength
was only 3.3 percent, also for the 400°F (480 K) temper condition. However, the
reductions in ductility and impact r%sistanc% were considerable. The average elongation
decrgased 41 percent for the 400 F (480°K) temper and 40 percent for the 750 F
(670 _K) temper, while the average reduction of areg decreased 57 percent for the 460°F
(480°K) temper and 50 percent for the 750°F (680°K) temper. Except for heat X991A
in both temper con%itions, othe average Charpx impact energy decreased 38 and 56
percent for the 400" F (480 K) and 750 F (670 K) tempers, respectively. The higher
Charpy impact values for heat X991A were due to a difference in specimen orientation.
Whereas all of the Charpy impact specimens from the other three heats were machined
from the plates in the T-L orientation, i.e., with the direction normal to the notch
(applied stress direction) parallel to the width direction of the plate and the direction of
expected crack propagation parallel to the longitudinal direction of the plate, the
Charpy impact specimens from heat X991A were inadvertently machined from the
plates in the T-S orientation. In this case the direction of expected crack propagation
was parallel to the thickness direction of the plate. Consequently, the cracks in the
latter specimens propagated in a direction perpendicular to the elongated rare earth
oxide inclusions (21), which resulted in an increase in the energy required for crack
propagation. Because of the plate-like shape of these inclusions, the mechanical
properties in the longitudinal and long transverse (T-L) directions were equal but the
short transverse (T-S) properties were different.

B.  Hydrogen Embrittlement Cracking Results

The delayed failure test results for the four heats of 4340 steel in the two temper
conditions are presented in Tables 3 through 6. The storage time given in Tables 3
through 6 represents the timeelapsed between cadmium plating and delayed failure
testing of the compact tension specimens. Failure times are plotted as a function of
initial stress intensity (K,.) in Figures 4 through 7, and crack growth rate (da/dt) is
plotted as a function of ifstantaneous stress intensity factor (K,) in Figures 8 through
11. The results of the fracture toughness tests used to establish the upper bound of KI
for delayed failure are presented in Table 7.
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Specimen
Number

5-9
5-7

5-5

7-11
7-9
7-7
7-5

7-3

Table 3
Delayed Failure Test Results for 4340 Steel Without
Cerium Tempered at 200°F (RUEF’S
Storage Initial Stress Failure

Time Intensity (K,.) Time
Days ksi /1n. MPB‘V m Minutes

Heat X990A

13 15.1 16.6 (No failure)
11 20.3 22.3 366
12 40.5 44.5 1512
21 60.5 66.5 720
Heat Y30
16 18.2 20.0 582
7 18.1 19.9 372
1 17.9 19.7 60
1 29.7 32.6 78
8 49.6 54.5 600
12
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Specimen

Number

1-9
-3
1-5

1-3

6-11

6-9

* Test was discontinued after 28,830 minutes with crack growing.

o~ s s

Table 4

Delayed Failure Test Results for 4340 Steel with
0.2% Ce Tempered at 700°F IZEUERF

Storage
Time

Days

28
24
13

25

15
29

4
10

11

Initial Stress

Intensity (K’.g
ksi vin. MPavm

Heat X991

14.5
19.8
39.4
58.8

Heat X991A

18.0
29.8
29.9
29.6

51.4

13

16.0

43.3

64.6

19.8
32.7
32.9
32.6

56.5

Failure
Time
Minutes

(no failure)
6234
468
8790

216
5712
348
162

(no failure)*




Table 5

Deluyed Failure Test Results for 4340 Steel Without

Cerium Tempered at 750 F (670" K)

Storage Initial Stress
Specimen Time Intensity (K,))
Number _Days ksi vin. M?ﬂ'? m
Heat X990A
5-6 23 39.6 43.5
5-8 49 50.6 55.6
5-10 51 54.6 60.0
5-4 27 59.4 65.3
Heat Y30
7-8 35 54.1 59.5
7-12 (a) 8 58.8 64.6
7-6 30 59.8 65.7
7-2 (b) 2 59.0 64.8
7-4 3 60.6 66.6

* Test was discontinued after 20,000 minutes with crack growing.

(a) Baked for 112 hours at 300°F (420°K) after plating.

(b) Baked for 10 hours at 300°F (420°K) after plating.

14

Failure
Time
Minutes

(no
(no

(no

(no
(no

(no

failure)
failure)
failure)

1944

failure)
failure)
failure)*
8766

288
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Specimen

Number

1-8

1-10

1-4

6-12

6-8

6-10
6-6

Table 6

Delayed Failure Test Results for 4340 Sgeel With

0.2% Ce Tempered at 750 F (670"K)

Storage
Time

Days

64
50

53

74

14
32

31

Initial Stress

Intensity (K,.)
ksi/in. MFah7m

Heat X991

39.8 43.8
49.7 54.6
54.3 59.6
58.8 64.6
Heat X991A

50.0 54.9
56.0 61.5
55.3 60.7
54.8 60.3
59.0 64.9

15

Failure
Time
Minutes

(no failure)
(no failure)

(no failure)

3882

66
2994
1122

36

1044
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Crack Growth Rate (da/dt), Inches/Minute

MPa Vm
10-2 30 40 50 60 70 80 90
| Py | | | I |
Specimen 7-9
1078
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Specimen 5-5

/ 11077

i | 1 | | | |
10740 0 10 50 80 70 80 )0
INSTANTANEOUS STRESS INTENSITY (K) KSI Vin.

Figure 8. Hydrogen-induced crack growth rate as a function of
instantaneous stress inteasity fog 4340 steel without
cerium, tempered at 400" F (480 K).

20




-S89

Crack Growth Rate (da/dt), Inches/Minute

MPa yVm

1072 40 50 60 70 80 90 100 110
[ | ] | | | I
1076
Specimen 1-5
-3
10
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e
5
2
()]
x
1 l('l-7
Specimen 6-9
104 |-
1078
10-5 | | ] J ] 3
30 40 50 60 70 80 90 100
INSTANTANEOUS STRESS INTENSITY (K)), KSI Vin.
Figure 9. Hydrogen-induced crack growth rate as a function of

instantaneous stress intengity for él340 steel with
0.2% Ce, tempered at 400" F (480" K).
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Figure 10. Hydrogen-induced crack growth rate as a function of
instantaneous stress inteBsity fog 4340 steel without
cerium, tempered at 750 F (670" K).

22




I-L996
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Crack Growth Rate @a/dt), Inches/Minute
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B i o st St oun: s

Specimen 6-8

Specimen 1-4

u ' L E— f——for-

60 \/—
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Figure 11. Hydrogen-induced crack growth rate as a function of
instantaneous stress intengjty for 04340 steel with
0.2% Ce, tempered at 750 F (670" K).
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As is evident from Tables 3 through 6 and Figures 4 through 7, there was
considerable scatter in the delayed failure data. This variability was attributed to two
sources: a loss of hydrogen from the specimens during the storage period between
plating and testing, and a nonuniform distribution of cerium in the rare earth modified
steel. It was noted that, for a given heat and tempering condition, the failure time at a
given K,. level generally increased with increasing storage time. This occurred both for
heats mgde with and without cerium and at both temper conditions, and is evidenced by
the results for specimens 7-7, 7-9, and 7-11 of heat Y30 (Table 3), specimens 6-5, 6-7,
and 6-9 of heat X991A (Table 4), and specimens 6-6, 6-8, and 6-10 of heat X991A (Table
6). Hydrogen-induced crack growth in high strength steels is believed to occur by the
accumulation of a critical hydrogen concentration at the tip of the crack where the
hydrogen locally embrittles the metal (4,5,18). At any given stress intensity level above
the hydrogen embrittlement cracking threshold, the rate of crack growth (and hence,
the failure time) depends on the rate at which hydrogen is transported to the crack tip,
which in turn depends on the hydrogen content in the bulk of the metal. Thus, the
observed increase in failure time with increasing storage time suggested that hydrogen
had escaped from the specimens during storage so that the hydrogen content was lower
in specimens stored for longer periods prior to delayed failure testing. In order to
verify this hypothesis, a baking experiment was performed. Since baking accelerates
hydrogen movement out of steel (29), baking times longer than the 1 hour employed in
the regular specimen preparation should result in longer failure time% at theosame K,.
level. Thus, specimens 7-2 and 7-12 of heat Y30 were baked at 300 F (420 K) for lh
and 112 hours, respectively, after cadmium plating. Both of these specimens had
relatively short storage times (2 and 8 days, respectively). These two specimens were
then tested at a K,. level of approximately 60 ksi v in. (66 MPa /m) and the results
compared with thosg for specimen 7-4, which was from the same heat, was in the same
temper condition, had a similar storage time (3 days) and was tested at about the same
K;. level, but had been given the regular 1-hour baking treatment. As indicated in Table
5, this comparison showed that increasing the baking time from 1 to 10 hours increased
the failure time from 288 to 8766 minutes, while a further increase in baking time to
112 hours resulted in no failure in the 10,000 minutes allotted for the delayed failure
test. Therefore, some hydrogen was able to escape from the specimens during storage.
Examination of the mouth of the crack at the end of the EDM slot, under a binocular
microscope, revealed that the cadmium plating did not completely seal the crack
opening. Since the cadmium plating was an effective barrier to hydrogen passage
through the surface, the path of escape was probably through the mouth of the crack.

The other suspected cause of the large scatter in the delayed failure data, a
nonuniform distribution of cerium in the rare earth modified steel, was suggested by the
appearance of the fracture surfaces of the specimens. In the previous study of the
effect of rare earth additions on the hydrogen embrittlement resistance of 4340 steel
(20), many longitudinal ridges were present on the fracture surfaces, both in the
hydrogen-induced cracking area and the rapid fracture area, of the compact tension
delayed failure specimens of the rare earth modified steels. The number of ridges
increased with increasing rare earth content. These ridges were attributed to
separation along the rare earth oxide inclusions which were elongated by the forging and
hot rolling operations (21). In the present work, it was noted that the number of these
ridges on the fracture surfaces of the specimens from the heats containing cerium
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varied from specimen to specimen, indicating that the cerium content varied from one
specimen to another. This variation probably resulted from inadequate mixing when the
cerium was added to the heat. In the previous study (20), little improvement in
hydrogen embrittlement resistance occurred for rare earth additions less than about 0.2
weight percent. Therefore, a delayed failure specimen having a lower cerium content in
the area of crack growth would behave similar to a specimen from a heat with no rare
earths added, which would contribute to the scatter in the delayed failure data.

In addition to delayed failure time, hydrogen embrittlement cracking behavior was
characterized in terms of crack growth rate (da/dt) as a function of instantaneous stress
intensity factor (K,) for each test specimen. Representative curves of da/dt versus K
are shown in Figu:!es 8 through 11. These curves generally exhibit a characteristi
shape typical of environment-induced subcritical crack growth under sustained load
(1,20). Three stages of da/dt - K, behavior can be identified. At low K, levels, da/dt
increases rapidly with increasing I (Stage 1). At intermediate K, levels, &a/dt is either
independent of K, or only slightly Kl-dependent (Stage II). At l&igher K, levels, da/dt
again increases r&pidly with increasing K, (Stage IiI). This last stage is followed by
rapid fracture of the specimen. Stage II ]behavior is generally associated with crack
growth limited either by mass transport or by the kinetics of a reaction between the
metal and its environment. In the present case, the crack growth rate in Stage II is
most likely controlled by the diffusion of hydrogen from the bulk of the metal to the tip
of the growing crack. The da/dt - K, curves substantiate the high degree of scatter in
the delayed failure data, i.e., in tests for which there was a large difference in failure
time, there was also a large difference in crack growth rate at any given K; level
(Figures 8 through 10). This indicates that the scatter in the delayed failure times was
not merely due to variability in crack growth incubation time or the K; level at the
onset of rapid fracture, but was associated with variations in the kine{ics of crack
growth. Thus, the variations in hydrogen content and cerium content from one
specimen to another affected the crack growth rate.

Because of the high degree of scatter in the delayed failure test data, no
conclusions were drawn regarding the effect of cerium additigns on Othe hydroggn
embrittlement cracking resistance of 4340 steel tempered at 400 F (480 K) and 750 F
(670 °K). However, this work indicated that a uniform distribution of rare earths in the
steel is necessary to obtain a consistent benefit from the rare earth additions.
Therefore, research is needed to develop a method of incorporating rare earth elements
into the microstructure of high strength steels in a more homogeneous distribution.
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C. Hydrogen Permeability Results

The results of the hydrogen permeability measurements are presented in Table 8.
The half-time to reach the steady state hyergen pern?)eation fkux was determined only
at a charging current density of 65 mA/in® (1 x 10° mA/m”~) because the charging
current density on each specimen was successively decreased after the hydrogen
permeation flux had reached steady state. The permeation transients at the two
subsequent charging current densities would thus be affected by the previous
permeation runs in the same specimen. The half-time to reach the steady state
hydrogen permeation flux is a relative measure of the apparent hygrogen gif fusivzity in
the metal. This half-time at a charge current density of 65 mA/in” (1 x10°mA/m"~) was
four times longer in the cerium-bearing steel than in the non-cerium steel in the 400°F
(480°K) temper condition and 2.5 éimes lgnger in the cerium-bearing steel than in the
non-cerium steel tempered at 750 F (670 K). These results indicate that the apparent
hydrogen diffusivity is lower in the steel containing cerium, at both tempering
temperatures. However, because hydrogen permeation transients are affected by
hydrogen trapping and surface reactions (27,30,31), it cannot be deduced whether the
cerium reduced the true (lattice) hydrogen diffusivity. Cerium compounds in the steel
could be potent traps for hydrogen since the rare earth elements are known to combine
readily with hydrogen (32). In addition, since most of the cerium in the steel was
present as oxide inclusions (20) and solid-solid interfaces are believed to be important
sites for hydrogen trapping (31), the inclusion-matrix interface may be a potent
hydrogen trap in cerium-bearing 4340 steel. Although the surfaces of the cerium-
bearing and non-cerium steel membranes were identically prepared, the electrochemical
reactions at the surface of the former could be affected by the presence of the cerium.
Thus, hydrogen trapping and changes in surface chemistry may have been responsible for
reducing the apparent hydrogen diffusivity of 4340 steel when cerium was added to this
alloy.

The results given in Table 8 also show that the steady state hydrogen permeation
flux was three to four times lower in the cerium-bearing steel than in the non-cerium
steel at both tempering temperatures and all three charging current densities. Since
permeability is the product of solubility and diffusivity, the effect of the cerium on the
steady state permeation flux could be due to its effect on either or both the hydrogen
solubility or the hydrogen diffusivity in the steel. The separate effects of cerium on the
solubility and the diffusivity of hydrogen in steels are not presently known, but in view
of the strong affinity of the rare earth elements for hydrogen, the solubility would be
expected to be increased and the diffusivity decreased by the addition of cerium to
steels. Thus, the reduced hydrogen permeability in the cerium-bearing 4340 steel is
probably associated with a lower hydrogen diffusivity. The steady state hydrogen
permeation fiux was not affected by tempering temperature for either the cerium-
bearing or the non-cerium steel. This result could be due to constant hydrogen
solubility and diffusivity or compensating variations in hydrogen solubility and
diffusivity with temperature in this range of tempering temperatures. Hydrogen
permeability has been reported to decrease slightly and hydrogen diffusivity to remain
constant for a similar high stren%th stegl (British_ R.S. %40) when the tempering
temperature was increased from 400 F (480°K) to 750°F (670°K) (33). In general, it can
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be concluded that the presence of cerium retarded the permeability of hydrogen through
4340 steel at both tempering temperatures. Since this would reduce the rate of flow cf
hydrogen from the bulk of the metal to the tip of the crack, the presence of cerium 1
would be expected to decrease the rate of hydrogen-induced crack growth and increase 1
the delayed failure time in a high strength steel.
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IV. SUMMARY AND CONCLUSIONS

The addition of the rare earth element cerium to AISI 4340 steel was investigated
as a means of inhibiting hydrogen embrittlement cracking in this alloy. Previous work
had indicated that rare earth additions at levels of approximately 0.2 weight percent
substantially improved the resistance of this steel to hydrogen embrittlement cracking.
Because the most important metallurgical variable affecting the susceptibility of high
strength steels to hydrogen embrittlement is the strength level of the steel, the effect
of cerium additions on the hydrogen embrittlement cracking resistance of 4340 steel
was evaluated at two different strength levels. The experimental work included the
preparation of four 50-pound (23-kg) heats of 4340 steel, two containing 0.2 weight
percent cerium and two with no rare earth elements added, which were vacuum-
induction melted and hot worked into plate form. The test material was heat treated to
yield strength levels of approximately 210 and 185 ksi (1450 and 1280 MPa). The
resistance to hydrogen embrittlement cracking was determined by conducting sustained-
load delayed failure tests at room temperature on fatigue-precracked compact tension
specimens whicg were e&ectrolytically charged with hydrogen, plated with cadmium, and
baked at 300°F (420°K) for 60 minutes. In addition, hydrogen permeability
measurements were made on samples from one of the cerium-bearing heats and one of
the non-cerium heats heat treated to both strength levels, to determine whether
hydrogen transport through the steel was affected by the presence of the cerium.

The delayed failure results exhibited scatter to the extent that no clear
conclusions could be drawn from the data. This scatter was attributed to (1) a loss of
hydrogen from the compact tension specimens during the storage period between
cadmium plating and testing and (2) a nonuniform distribution of cerium in the rare
earth modified steel. It was observed that, for each heat and strength level, the failure
time at a given initial stress intensity level generally increased with increasing storage
time. Since the hydrogen induced delayed failure time depends on the hydrogen content
of the metal, this observation suggested that hydrogen had escaped from the specimens
during storage so that the hydrogen content was lower in specimens stored for longer
periods prior to delayed failure testing. The path of escape was believed to be through
the mouth of the crack since the cadmium plating did not completely seal the crack
opening. It was also observed that the number of longitudinal ridges on the fracture
surfaces of the delayed failure specimens from the cerium-bearing heats varied from
one specimen to another. Since previous work had shown that these ridges were
associated with rare earth oxide inclusions and that their number increased with
increasing rare earth content, this observation indicated that the cerium content varied
from specimen to specimen. Because little improvement in hydrogen embrittlement
resistance was found for rare earth additions less than about 0.2 weight percent in the
previous study, this variability in the cerium content would contribute to the scatter in
the delayed failure data. Because of this scatter, no conclusions were drawn regarding
the effect of cerium additions on the hydrogen embrittlement cracking resistance of
4340 steel at the two strength levels.
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The hydrogen permeability results showed that the half-time to reach the steady
state hydrogen permeation flux at a given charging current density was much longer in
the cerium-bearing steel than in the non-cerium steel at both strength levels. These
results indicated that the apparent hydrogen diffusivity was lower in the steel
containing cerium, at both strength levels. Hydrogen trapping by cerium compounds and
changes in surface chemistry were suggested as possible causes for reducing the
apparent hydrogen diffusivity of 4340 steel when cerium was added to this alloy. The
permeability results also showed that the steady state hydrogen permeation flux at a
given charging current density was three to four times lower in the cerium-bearing steel
than in the non-cerium steel at both strength levels. @ The reduced hydrogen
permeability in the cerium-bearing steel was probably associated with a lower hydrogen
diffusivity in this steel. It was concluded that the presence of cerium retarded the
permeability of hydrogen through 4340 steel at both strength levels.
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