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ABSTRACT

It has been recognized that ultrahigh strength steels
are subjected to hydrogen embrittlement. The sevérity
of this embrittlement may be affected by the presence of
impurity elements, such as P, S, etc., in fhese steels.
The role of the impurity eleménts, however, is not well
understood. The question is whether théy produce a pure-
ly mechanical effect or there are chemical interactions
with the impurities. To provide additional insight,
-hydrogen assisted crack growth experiments were carried
out on AISI 4340 and 18Ni maraging steels having two dif-
ferent purity levels. The concept of kinetics of crack
growth was used for these experiments.

The results indicate that impurities (principally
phosphoruS‘énd sulfur) in these steelé had little in-
fluence on Stage II crack growth rates in hydrogen; The
impurities produced reductions in the apparent fractufe
toughness in both classes of steels, and significant re-
duction in the threshold K (Kth) for hydrogen éssisted
crack growth in the AISI 4340 steel. Based on these re-
sults, the principal effect of impuritiés is considegéd
to be mechanical in nature, and is attributed to the en-
hancement of crack growth by the increase in non-metallic
inclusions (such as MnS in the AISI 4340 steels). The
minimal effect of impurities on hydrogen assisted crack

X



growth in the 18Ni maraging steels is attributed to the
significant influence of intermetallic strengthening
precipitates that tended to overshadow the impurity ef-

fects at the levels used in these experiments.
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.I. Introduction

It has been recognized that ultrahigh strength steels
are-subjected.to hydrogen embrittlemeﬁtﬂ The severity
of this embrittlement may be affected by the presence of
impurity elements, such as P, S5, etc., in these steels.
The role of the impurity elements, however, is not well
understood. - The qﬁestion is whether they produce a purely
mechanical effect or there are chemical interactions with
the impurities.

ﬁcMahon and coworkers [2,3] studied the effects of
impurities on temper embrittlement and hydrogen embrittle-
ment in high strength steels. They suggested that temper
embrittlement is the result of segregation of impurities
to the internal boundaries and thereby reducing the frac-
ture toughness of the steels. They believe that hydrogen
embrittlement may follow a similar mechanism, and may
in fact combine with temper embrittlement to substantially
reduce the stress intensity (K) level required to initiate
hydrogen embrittlement (that is, redu;e Kth)' It is not
made cleér, however, in their work whether this repre-
‘sented a purely mechanical interaction, or there was an
additional chemical interaction between hydrogen and the
impurity eléments (such as phosphorus) in the steels. The
crack growth rate data are too scattered to be of value
in making this distinction. Furthermore, the steel on

which the conclusion regarding impurity effect was based

1



. contained an abnormally low amount of silicon (0.003 w/o
vs. 0.25 w/o'in norﬁal AIST 4340 steel). Silicon is known
to affect tempering response of this class of steels

and thereby affect microstructure [4]. As such, the re-
sults by these workers may reflect microstructural effects
rather than impurity effects alone,

Birkle, et al;, [5] showed that the fracture tough-
ness (KIC) of high-strength steels is affected by sulfur
content, They were able to relate this reduction in
‘toughness to the reduction in fracture process zone size
[6] which they identified with the average spacing of
sulfide (MnS) in the steel. Landes and Wei [7], in their
study on creep-controlled crack-growth, showed that the
rate of crack growth at a given K level is related to the
process zone size. As such, the K level required to en-
force a giveﬁ rate of crack growth is reduced with a re-
duction in process zone size or with an increase in im-
purity (sulfur) level., The reduction in KIc and the in-
creased ease in producing,subpritical-crack growth, there-
forg, can be related to the increase in.sulfide inclusions,
and are attributable to purely mechanical interactions
with the impurity elements.

Simmons, et al., [8] had analyzed the fracture sur-
faces produced in hydrogenous environments and showed that
the composition of fracture surfaces (principally prior

-~

austenite grain boundaries) contained carbon (iron car-
A o .



:bides), but otherwise was essentially identical with the
bulk composition. Segregation of alloying or residual
impurity elements to the prior austenite grain boundaries
did not appear to be essential for a steel to be suscept-
ible to environment assisted subcritical crack growth,
and thus raises a question of possible chemical interac-
tion between hydrogen and the impurity elements.

To resolve these different observations, an e#peri-
mental program of study is undertaken. This study is
premised én the potential influences of impurities on the
kinetics of crack growth (Fig. 1) [1], namely in terms of .
their effects on Stage I (Threshold region), Stage II (K
independént) and Stage III (near K,) of crack growth. The
influence of impurity on Stage III crack growth and frac-
ture toughness clearly reflects mechanical interactions.

A change in Stage II rates will reflect a change in the -
chemical driving force and thereby imply chemical inter-
actions of hydrogen and impurities (Fig. 2). A change

in the threshold wvalue orvStage I groﬁth (Fig. 3), on the
other hand, will reflect a change in both the mechanical
and the chemical driving forces. It should be noted, how-
- ever, that the dominant driving force at Stage I~is me-
chanical. Thus, some resolution of the issue concerning
chemical and mechanical interactions may be obtained.

Two materials, AISI 4340 steel and 18Ni méraging

steel, were chosen for the study. They represent two
3



'diffefent microstructures and strengthening mechanisms.
AISTI 4340 steel has a tempered martensite ﬁicrostructure
and uses principally carbon for strengthening. The 18Ni
maraging steel has the iron-nickel martensite microstruc-
ture, and is age hardened by the precipitation of inter-
metallic compounds (NiBMo, FezMé and FeTi). Two different
purity levels were selected for each material. Testing
was carried out in hydrogen at 133kPa (1000 torr) and room
temperature.' Previous studies indicate that these condi-
tions would preclude ambiguities in results that might be

introduced by pressure-temperature interactions.



II. Material and Experimental Work

A. Material

The steels used in this study were prepared by the
Research Laboratory of the United States Steel Corporation
under an Air Force sponsored program [9] and were provided
to this program by the Air Force Materials Laboratory.
These stgels were prepared by using a series of vécuum-
induction-melting steps followed by a final vacuum-arc-
remelting step with prescribed residual impuritigs, and
were cast into 22.9 cm-diameter ingots. The ingots were
then forged into approximate 17.8 by 30.5 by 33.0 cm
slaBs. Each slab was hot-rolled to produce a 2.54 cm
thick plate. The plate was then cut into specimen blanks,
heat treated and finished to 0.635 cm by surface grinding
and then machined into specimens. Chemical composition,
heat treatment and mechanical properties for these steels

are given in Tables I, II and III, respectively.

B. Specimen and Test Procedure

Wedge opening load (WOL) specimens were used in this
study, Fig. 4 [10]. Two slightly different configurations
were used. The specimens used\for measuring crack growth
rates from the Stage I to Stage II transition region into
Stage II at constant load fincreasing K tests) are as shown
in Fig. 4. For measuring créck growth rates into Stage I,
tests were carried out under constant cracg opening dis-

5



.placement (decreasing K) conditions. These specimens
were modified to aécept a clip-gage at the specimen edge
as shown in Fig. 5. A crack starter notch was introduced
into each specimen by electrospark discharge machining
(EDM), and the specimen was subsequently precracked by
fatigue to introduce a 0.25 cm long crack at the notch
tip. Final fatigue precracking was conddcted in vacuum
at about 10-1 Pa at a maxiﬁum load equal to about 75%
of the anticipatéd test value [11]. B
The stress intensity factor expression for the WOL

specimen is given by Equation 1, and is accurate over the

range 0.3 < a/W < 0.75 to %1% [10].
_ Pva a
Kr=sw Y@ (L

K; = Mode I stress intensity factor (Mode I
means pure tensile)

P = Applied load (constant)

B = Specimen thickness

W = Specimen width X

H = Specimen height = 0.486W

a = Crack length measure from the load line

Y = 30.96 - 195.8(D) + 730.6(H? - 1186.3(D°

+ 754.6(‘%)4

Both constant load (increasing K) and constant dis-

placement (decreasing K) tests were used. For the con-

6



stant load (increasing K) tests, load (P) was maintained
constant during crack extension to better than *17% using

a closed-loopAelectrohydraulic test machine operated in
load control. Stress intensity factor increased continu-
ously with increasing crack length in accordance with
Equation 1. In the constant displacement (decreasing K)
tests, load-line displacement (V) Qas maintained constant
during crack extension, to better than *17 with the.aia of
an automated closed-loop electfohydraulic test machine
operated in displacement control, whereby the load line
displacements are cbntinuously converted to crack dpening
displacements at the specimen edge and used in conjunction
with a clip gage to provide control. During a typical
test, the applied load decreased with créck growth, and K
decreased to Kth value as established by the decreased
load, Equation 1.

The tests covered a range of K values from about 14
to 60 MPa-m%. For this range of K levels and for the
piate thickness (B) andkthe yield streﬁgth (oys) levels
émp}oyed, the ratio (K/oys)le was less than 0.21[{12].

C. Crack Monitoring System

An ac eleqtrical potential system was used for moni-
toring crack growth in the constant load (increasing K)
tests, utilizing a continuous recording system. This éys-
tem is based on the increase in electrical resistance of
the specimen with crack growth. A constant ac current of

7



. 1A(rms) was applied to the specimen, and changes in electri-
cal potential were measured between fixed points above and
below the crack (Fig. 4). A schematic diagram of the sys-
tem is shown in Figure 6. Since an analytical relationship
between the electrical potential and crack length is not a-
vailable for the WOL specimen, an experimental calibration
curve had to be established. This calibration was accom-
plished by making simultaneous visual and potential measure-
mentsvof a growing crack (see Appendix I). From the cali-
bration data the following empirical relationship was ob-

tained by the least squares error method:

a=1.529 + 4.724 V* - 1.224 V¥2; in cm (2)
da _ 1 dav
dt = G.724 - 2,449 V¥) v—r- It (3)

The equation was referenced to the poten;iél (Vr) corres-
ponding to the crack starter notch. All of the terms in
these expressions are defined in Appendix 1. in conjunc-
tion with details of the data analysis. |

" For the case of high strength steels tested gaseous
hydrogen, however, large deviations‘have been shown to ex-
ist between the actual crack lengths and those indicated
by}the potential readings [13]. Presumably these devia-
tions are manifestationé of the nature of the intergranu-A
lar fracture process which allows continued electrical
contact (or shorting) over much of the crack surface. The

correction developed by Landes and Wei and Gangloff (13-15}

8



.to account for this shorting was employed in this investi-
gation. It was assumed that the amount of crack surface
"in electrical contact is a function of the linear elastic
displacement between the crack surfaces. Thus, an esti-
‘mate of the electrically shorted length can be made and
can be applied as a correction to the apparent crack
length. The form of this function was empirically chosen.
The correction procedure has been verified for several
materials under conditions whicﬁ cause shorting. )

In this work a constant current of 1 ampere rms was
employed. For the material and instrument setting used,
resolution at room temperature was better than 0.003 cm
based on 0.1 uV resolution in potential and growth rate
resolution of about 6 x 10—8 m/sec. The unéertainty asso-
ciated with the corrected crack 1ength,ﬁalues was esti-
mated to be %37, while the error inherent iﬁ individuai
crack grbwth rate measurements was about *20% [15].

A compliance method was used for monitoring crack
growth in the constant displacement (&ecreasing K) test;
utilizing a clip gage and a digital computer controlled
testing system. This method is based on the change in
' specimen compliance with crack growth. A schematic diagram
of the system is shown in Figure 7. The following equa-
tion was used to convert load line displacement (V) into

crack length (a) [16], for 0.2 < a/W < 0.975 [16].



Ll

= £(U) = 1.002037 - 5.11220 + 39.43120%2 - 751.1910°3
+ 4929.57u% - 10464.7U° (4)
u=ENHE Lyt
where W = specimen width

= specimen thickness
E = elastic modulus
Precision in crack length measurement was estimated to be
+1%. Uncertainty in crack growth rates is estimated to be
better than 45% and that for K.}, to be better than #15%
(see Appendix II).

D. Environment Control System

A gas supply system was used to maintéin an ultra-
high pufity hydrogen environment (see Fig. 8). A stainless
steel test chamber (Fig.'9) was bolted to the WOL speci-
men, and sealed with siliéone O-ring seated on both faces
of the specimen and within the EDM notch. Dehumidifica-
tion and purification were accomplishe& with the aid of the
gas tfain (Fig. 85. Ultra-high purity hydrogen'(99.999
pct purity) was passed thfough a gas purifier (Matheson
Mo%gl 460 containing Linde 5A molecular sieve, at room
temperature) and a cold trap (ét -196°C) before admission
into the specimen chamber. A cryogenic pump (containing
Linde 13X molecular sieve) chilled to -196°C was connected
to the discharge side of the specimen chamber and served

10



:as“a,pump_for_residual impurities such as CO, COZ’ 0,,

- H,y0, N, and A [17]). Gas discharge was made through a
silicone fluid back-diffusion trap. Care was taken to
minimize residual impurities by evacuating the system
while heating the test chamber and gés supply system to
approximately 100°c, and then cooling the traps and cryo-
pump before back-filling the system.with hydrogen. For
tests at pressure 133kPa (1000 torr), hydrogen was allowed
to flow continuously through the system with an estimated

contamination level of below 1 ppm.

E. Fractography

Characterization of the morphology of frécture.sure
faces, produced by constant load and constant displacement
'érack growth tests, were made with the aid 6f scanning
electron microscopy (SEM) to help to identify those micro-
structural elements or impurities that contribute to hy-
drogen embrittlement.

The entire broken halves of seleqted,specimens were
placed inside an ETEC Autoscan microscope for examination.
In this way, the location on the fracture surface can be
'identified and specific morphological features could be
correlated with the stress intensity factor and crack
growth rate. The microscope was operated at 20 kV with a
- working distance of 11 and 16 mm. The specimen was tilted
25° with respect to the incident electron beam, about an

11



.,axis parallel to the direction of crack growth. X-ray
analysis was used in conjunction with SEM to identify the
elemental compésition of particles of interest. All
fractographs were obtained from areas near the mid-thick-
ness region of the specimens. K values were based on
measurements of the distance from the precrack-H2 crack
interface to the area pf interest using a precision micro-

meter. stage.

12



III. Results

Constant load (increasing K) method was used princi-
pally to measure Stage II crack growth rates. The data
for the two steels at two purity levels are shown and are
compared as log (g%) versus stress intensity factor (K)
in Figs. 10 to 15. Least squares analysis of the Stage
'II data showed that crack growth rate was independent of
K on.é 95% confidence level basis. The average value of
Stage II crack growth rate in hydrogen at room temperature
for normal pufity AISI 4340 steel was found to be
9.9 x 10-5ﬁ/sec (3.9 x 10—3in/sec) (Fig. 10) and that for
high purity AISI 4340 steel 7.9 x 10-5m/sec (3.1 x 10"3
in/sec) (Fig. 11). Because of the *20% scatter in growth
rate data from each specimen, there was considerable over-
lap among the data from the normal and high purity steels.
The minimum value of growth rate in the normal pufity steel
was less than the average crack growth rate for the high
purity steel, and the maximum value of crack growth rate
in the high purity steel was greater than the average
crack growth iate for the nprmal purity steel. Thus,
Stage II crack growth rate for the normal and high purity
AISTI 4340 steel are considered to be essentially equal
(Fig. 12). A Simiiar situation existed in the Stage II
crack growth rate data for the normal and high -purity 18Ni

maraging steels. Average Stage II growth rate for the

13



3in/sec)

5

;normalipurity steel was 7.9 x 10 °m/sec (3.1 x 10~
(Fig.13) and that for the high purity steel, 4.6 x 10~
m/sec (1.8 x 10-3in/sec) (Fig. 14). Again, the Stage II
crack growth rates for ﬁhe normal and high purity 18Ni
maraging‘steels were considered to be essentiélly equal
(Fig. 15). | |
The decreasing K method was used principally to mea-
__sure Stage I and K., value. Data were calculated from
;ﬂgiload and displacement measurements with the aid of a
PDP11/04 minicomputer. After crack arrest has been indi-
cated, the crack opening displacement was maintained con-
stant for at least one hour to ensure that there would be
no further crack growth (i.e. at rates greater than the
detectability limit of 2.5 x 10—8m/s). The threshold K
value (Kth) for crack growth in hydrogen at room tempera-
ture for the normal purity AISI 4340 steel was found to be:
14.1 MPa - m® (12.8 ksi - in.%) (Fig. 10), and that of high
purity AISI 4340 steel was 20.4 MPa - m% (18.5 ksi - in.%)
(Fig; 11). AnAuncertainty of +£15% exiéted in Ktﬁ values
(seeiAppendix II5. Considering this uncertainty, the
difference between these two K p values is considereﬁ to
be significant (Fig. 12). The corresponding Kin values
for normal purity 18Ni maraging steel was 17.6 MPa - m?
© (16.0 ‘ksi - in®) (Fig. 13), and for high purity 18Ni
maragins steel at Stage I was 17.1 MPa - m% (15.5 ksi -
_ in,%) (Fig. 14). Based on an uncertainty of *15%, Keh
14



.for the normal and high purity steels are considered to
be equal (Fig. 15). |
To estimate the K levels associated with Stage III
crack growth or the onset of instability, the load re-
quired to fractpre the specimen iﬁ air, after eaéh test;
was used. K values were computed by using the failure
load the the final crack length from the subcritical
crack growth test. Since no further crack growth was
considered, each of the K values represents a lower bound
estimate of Kc (designated here as Kg). Kg fof the normal
and high purity AISI 4340 steel are 69.3 MPa - m® (63.0
‘ksi - in?) and 135.0 MPa - m? (123.0 Ksi - in®), respec-
tively; and for the normal and high .purity 18Ni maraging
steels, 118.0 MPa - m% (107.0 ksi - in%) and 198.0 MPa -
m% (180.0 ksi -in%),respectively. The differences in K¥
for these two materials, between the normal and high purity
conditions, are considered to be significant and to be
cauSed‘by impurity. These Kg ~values reflect a mixture
of opeﬁing mode (mode I) and tearing ﬁbde(modelllj,failure
and are therefore larger than the KIc values. Neverthe-

less, they indicate that impurity would decrease K. and

KIc'
In summary, the results indicate that impurities in
the steels did not significantly affect Stage II crack

growth rates in hydrogen at room temperature. They de-

pressed fracture toughness in both steels, while a de-
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.crease in Kth for crack growth‘in hydrogen was noted only
in the AISI 4340 steel.

Examinations of fracture surface morphology were made
by scanning electron microscopy; the various locations
for SEM examinations are indicated in Fig. 16. Théy showed
that fracture in hydrogen was predominantly of the "inter-
granular cracking' type (Fig. 16). The fracture surfaces
showed a large amount of intergranular cracking along
prior austenite grain boundaries,and small regions of quasi-
cleavage and tearing through the prior austenite grains.
The tensile overload fracture was predominantly of the
“ducfile dimple'" type. |

The fracture surfaces corresponding to K near Kth
contained a large component of intergranular separation
along the priof-austenite grain boundaries, deformation
markings and apparent phase decohesion on intergranular
facets, secondary cracks that apparently fbllow along
prior-austenite grain boundaries, a small amount of quasi-
cleavage with respect to the prior austenite grains, and a
small amount of ductile tearing (Fig. 17,18). The frac-
ture morphology is similar to that reported for these
steels and other iron based alloys, and the susceptibi-
lity of prior austenite boundaries to environment induced
failures hé; been observed previously [18-21]}. Some in-
clusions were observed on prior austenite grain boundaries,
and areas aof quasi-cleavage, and tearing. The characteri-
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;zation of fracture surfaces for Stage I (Fig. 19,20) and
Stage II (Fgi. 21,22) crack growth were the saﬁe as that
for the Kth region,< The only difference is that" there
was a small decr;ase in the amount of intergranular
cracking, and a small increase in quasi-cleavége or duc-
tile tearing, especially in the normal purity steels.

In the AISI 4340 steels, the increase in the amount of
tearing was greater than that of quasi-cleavage ét Stage
1 and Stége II. In the 18Ni maraging steels, the amount
of quasi-cleavagg increaéed more than tearing.

'SEM fractographs indicated that the prior austenite
grain‘sizes of the normal purity and high purity AISI
4340 steels were definitely different. Light microscopy
was used to examine the microstructure and estimate the
prior austenite grain sizes (Fig. 23). The estimated
average prior austenite grain sizes were summarized in
Table IV. Average prior austenite grain size for AISI
4340 high purity steel was about three times larger than
that of the normallpurity steel (30.0.um vs. 12.5 um).
The prior austenite grain sizes were similar in the 18Ni
maraging steels. |

The fracture surfaces produced by overload were co-
vered entirely by ductile dimples (Fig. 24,25), which
fprmed by microvoid coalescence. Microvoids are initiated
at interfaces between the matrix and particles such as

—

caribes and inclusions, and also at imperfections such as

17



:microporosity and microcracks. The shape and depth of
dimples, or microvoid, can be related to the size of, and
spacing between, -initiating particles. The number of

particles in the normal purity steels was more than that

in the high purity steels.

18



. IV. Discussion

Understanding the influence of steel‘purity on hydro-
gen assisted crack growth in ultrahigh strength steels is
a complex problem. A number of suggestions concerning the

"mechanisms"'

for the interaction have been proposed in
the literature. Results from this study indicated signif
ficant influence of impurities (such as sulfur) on the
threshold K for hydrogen assisted crack growth (at least
in the case of AISi 4340 steel) and on fracture toughness,
and minor influence on the rates of Stage II crack growth.
These results may be used in assessing the various sug-
gestions and can‘provide additional insight on the role
of the impurity eleménts in affecting crack growth re-
sponse. Before the data can be used, however, 'it is ne-
cessary to address the two folloﬁing experimental-issues
that directly affect the interpretation of these data.
Firstly, for some of the constant displacement tests used
in determining Stage I crack growth and Kin» the crack

- deviated from thé intended gfowth diréction by ﬁp to 15°.
This deviation introduced Mode. Il (forward sliding mode)
loading which can affect the apparent K., value and crack
érowth_rate. An estimate of this source of variability

is needed in assessing the significance in the qbserved
differences in Kth and Stage I rates. Secondly, the con-

tribution from differences in prior austenite grain sizes

19



. for the AISI 4340 steels must be estimated. Once these
issues are addressed, considerations of the experimental

data can be made.

A. Influence of Crack Plane Orientation

In some of the deéreasing K tests, the crack plane
was inclined at some angle (B8), with respect to the normal
crack plane oriéntation (that is, oriented perpendicular
to the loading direction). In these cases, the apparent
Kin values are not expected to be the same as those for a
normal crack, because crack growth should be considered as
combined Mode I and Mode II extension. -&n other words,
K, = £(K;,K;p). Suberitical crack extension under mixed
mode loading in hy&rogen.has not been studied before. An
estimate of its effect}may be made by using the concept
of strain-energy density factor (S) pfopoSed by Sih [22],
if one assumes that the crack. driving force in mixed mode
might be characterized by S. The solution for an inclined
central crack in an infinitely large plate is used in
making this estimate [22], see Eq. (S).

Sip, = (ap9Kicos?B + 2a;,K;K;;sinBcosB + a,,Kiy

‘ sinze)coszB : (5)

a;; = I%ﬁ [ (3-4V-cosH) (14+cosB)]
a12 = T%F 2 sinB[cosb-(1-2Vv)]

25y = I%ﬁ[4(1-v)<1-cose> + (l+cos®) (3cosb-1)1
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— 2
KI = Kth cos“f

KII ='Kth sinBcoSB
where KI and KII are the stress intensity factors for

Mode I ahd Mode II at the‘tip of the inclined crack, ﬁ'is
the shear ﬁodulus, v is the Poisson ratio, B is the crack
plane orientation, and 6, is used to define the direction

of Smi [22]. K h here is to be interpreted as the ap-

t
parent threshold value that one would compute from the

2}

applied stress and the crack length as if the stress‘were
applied normal to’the crack plane. The apparent‘Kth for
various crack plane orientations (B) are given in Table

v, along'with' the directions (eo) for Smin’ (See also
Fig. 28) A ‘comparison of four sets of experimental data
(corresponding to B = O°, 8°, 10° and 14°) with the pfe-
dicted values of apparent K.y from Eq. 5,.baSedvon data -
for B = 0° and 8, obtained from Sih [22], is shown in

- Fig. 28. The predicted values were slightly less than the
experimentalidata. The difference begween the two sets

of vaiues may be caused by the fact that Eq. (5) was de-
rived for a center crack under uniform remote tension,
which may not be fully compatible witﬁ the WOL specimen
used in these experiments. The difference may also re-
flect local crack orientation as determined by the orienta-
tion of the prior austenite grain boundaries at the crack
tip wiEh respéct to the loading axis. In any case, dif-
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ferences in crack plane orientation appear to offer a
reasonable explanation for the observed scatter in Kth’ and,
more importantly, indicate that the difference between

the Kth values in normal and.high purity AISI 4340 steels

is significant.

B. Effect of Prior Austenite Grain Size

The results ffom the AISI 4340 steel indicate that the
high purity steel exhibited a higher K. , . But because of
the difference in prior austenite grain size, it is ne-
cessary to consider what influence this grain size dif-
ference might have on the observed difference in K.y- One
of the possible effects is through the increased concentra-
tion of impurities that might segregate on the boundary
surfaces. With increases in grain size, the surface to
volume ratio decreases; Thus the concentration of impuri-
ties is expected to incfeasé with increasing grain size,
and would result in a 1ower%gg of Ktﬁ' Increasing grain
size would also lead to a decrease in fracture stress,
which is proportional to the inverse square root of grain
size. This dependence would also suggest a lowering of
th with incréasing prior austenite_grain size. On the
other hand, ihcreasing grain size may result in a reduc-
tion in flow (yield) stress, which may cause an increase
in Kth [23]. Available experimental data [23,24,25] sug-
gest that K., tended to increase with prior austenite

22



.grain size, and thus contradict the first two of the above
suggestions. In any case, for the grain sizes considered
here (10 to 30 ym) the difference in Kth is not large;
that is, oﬁ the order of 10 percent. These considerations
suggest that even if gll»of the possibilities are appli-
cable, correction for the influence of grain size would
tend to lead to a larger difference in Kein between the
normal purit? and high purity AISI 4340 steels than that
observed. Thus, the observed‘difference represents, at

least, a lower bound on the impurity effect.

C. Influence of Impurities

Results from increasing K tests of the two different
steels at a hydrogen pressure of 133 kPa (1000 Torr) and
room temperature showed that the crack growth rates at
Stage II are'not-significantly affected by the presence of
impurities in the steels. These results are consistent
with those reported by others and with the Stage II growth
rates oStained on comparable steels [2, 8, 26, 27]. Using
'the data of‘McMahon, et al. [2], for nbrmal-purity énd high
purity AISI 4340 steel at room temperature, extrapolating
to 133 kPa hydrogen pressure, one would estimate Stage II
rates of about 1.0 x lQ'am/sec (4.0 x lO-Bin/sec). Sim-
mons, et al. [8], measured Stage II rate in another high
purity AISI 4340 steel {o be 7.8 x 10-5m/sec (3.1 x 10”3
in/sec). All of these data are comparable to those ob-
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. tained in this study. Similarly for high-purity 18Ni
maraging steels, Pao, et . al. [26], and Gangloff, et al.
[27], found crack growth rates at Stage II in hydrogen
were comparable (that is, 5.1 x lO-Sm/sec (2.0 x 10-3in/
sec)) to those obtained in this study. These results
suggest that there was no chemical interaction between hy-
drogen and the iﬁpurities to affect the chemical driving |
force for crack growth. |

The results. from the decreasing K tests showed that
Kth values for the 18Ni ma;aging steels were essentially
unchanged by steel purity, while those for the AISI 4340
steels were different. The results for the 18Ni maraging
steels would tend to suggest that impurity had little
effect on eiéher the chemical or the mechanical driving
forces at Ken and in Stage I. Data on the AISI 4340 steels,
on the other hand, indicate‘a'meaningful effect that need
to be accounted for through considerations of the metal-
lurgical and mechanical contributions.

.Fractographic examinations showed that the fraéture
surfaces of these two steels exhibited intergranular crack-

ing for the most bart at K., . In the 18Ni maraging

| steels, there was a large component of intergranular se-
paration with a finite amouht of traﬁsgranular quasi-

cleavage. The susceptibility of prior austenite grain

boundaries to hydrogen induced failure has already been
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:documented in several studies [19,28]. It is reasonable
to expect that massive martensite lath boundaries would
also be. susceptible, and that the observed transgranular
quasi-cleévage failure would follow along these martensipe
lath boundaries. Fractographic results would suggest that
martensite lath boundaries tend to be less susceptible

to hydrogen embrittlement at Ki,- The only difference
between the normal purity and high purity steels is that
more inclusions were observed on the fracture surfaces

of the normal purity steel. X-ray analysis indicates the
presence of Fe, Ni and S in these inclusions (Fig. 26).
Since there was no apparent difference in’Kth’ fhe presence
of these inclusions or the segregation of impurities (such
as phosphorous) to prior austehite grain boundaries cannot
be readily reconciled against the experimental data (that
is, an apparent absence of impurity effects).

For the AISI 4340 steel, near Kth’.the fracture sur-
faces again confained a large component of intergranular
separation along the prior austenite érain boundaries, a
small amount of quasi-cleavage, and a small amount of duc-
tile tearing. It is also reasonable to expect trans-
granular quasi-cleavage to occur along martensite boun-
daries. Some inclusions were also found on fracture sur-
face, including the prior austenite grain‘boundariés,
martensite lath boﬁndaries and tearing areaé. X-ray analy-
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. sis indicate ﬁhe inclusions to be composed of Fe, Mn, S
and probabily MnSh(Fig. 27). Some other particles that
were preseﬁt on the fracture surfaces are probably car-
bides, but could not be identified by X-ray analysis.
Because previous discussion and the results on the 18Ni
maraging steels suggest that segregation of impurities
(éuch asiphosphorous) to the prior austenite grain boun-
daries could not account for observed difference in Ktﬁ',
an aiternative explanation is needed. Birkle,et al. [5],
had shéwn that fracture toughness can be affected by im-
purity (mamely sulfur) in high-strength steels. Its
effect can be related quantitatively through correlation
~with a fracture process zone size (dT), which can bé i--
dentified in turn with the average spacing of sulfide
inclusions (§r other inclusions) in the steel. A more
direct identification may be made through considerﬁtions
of creep-controlled crack growth by Landes and Wei [7].
These workers showed that the crack growth rate at a
given K 1eVel is a function of K., which can be related
in turn to dg. o

Specifically, from [7],

dp = (—920.75 N e) N (6)
oy/? y

S < N an_

- S(—‘L/_)2<o.75 Ned N oanny/il - @Y D)
O'y 'ﬂ' (]
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: Combining Egqs. (6) and (7) gives
2N+1
K« (dp) 2N

As a first oiiii/approximation, one can identify Kth with
the K level that would be required to enforce a given rate
of crack growth. Thus, one can expect K.y, to be approxi-
ma;ely proportional to di or to the average inclusion
spacing (that is, K « dp = d) for large values of N.

~ Inclusion spacings were estimated from SEM fracto-
graphs of AISI 4340 steels and 18Ni maraging steels at
'magnificatiohs of 1500X, 3000X and 66G00X, and are given in
Table VI. The ratio of average inclusion spacings between
the high-purity and normal-purity AISI 4340 steel was
found to be 1.5 # 0.7 at the 95% confidence level. This
fatio is in good agreement with the ratio of Ken of about
- 1.45 for this steel. The corresponding ratios for the
18Ni maféging_steels are 1.3 * 0.3 for inclusion spacings
~and 1.0 for-Kth. These comparisons suggest that the
observed influence of impurities resuited from an easing
of the mechanical processes of crack gréwth 6nly, parti-
cularly in the AISI 4340 steels, through the introduc-
tion of inclusions. The apparent absence of impurity
effect in the 18Ni maraging steels may reflect, in part,
the sensitivity of measurements and, in part, the over-

whelming influence of principal alloying elements (26,27].

27



This suggestion ig consistent with the effect of im-
purities on the apparent fracture tggghness of these
steels. The appearance of the overléad fracture surfaces
is consistent with the model of the growth and coales-
cence of particle-nucleated voids, which was suggested
to be the principal mechanism for crack growth in these
steels at room temperature. The normai purity 18Ni
maraging steel and AISI 4340 steel fracture surfaces con-
tained more inclusions than those of the high purity
steels; some of the inclusions were composed of Mn and S.
The suggestion of Birkle, et al. [5], that the different
K, or K;. values were affected‘by MnS inclusions is con-
sistent with these observations. The suggestion 1is also
cqnsiétent with the observations of Simmons, et al. [8],
which showed that there was no segregation of alléyihg
or residual impurity elements at the prior austenite grain
boundaries. Thus, the reduction in Kth resulted frbm the
presence of increased amounts of inclusions in the less
pure steels. In AISI 4340 steel, the difference between
normal purity and high purity was asso%§ated with MnS
inclusions. In the 18Ni maraging steelsnthe effect was
overshadéwed by other inclusions or precipitates. The
segregation of impurities on prior austenite grain boun-
daries, as suggested by McMahon, et al. [2,3], and the
suggested additive effects of impurities and hydrogen on
Kth do not appear to be reasonable.
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CONCLUSIONS

| The'kiﬁetics of hydrogen assisted crack growth at
room temperature and a hydrogen pressure of 133 kPa and
the apparent fracture toughness were determined on two
classes of high-strength steels and two purity levels to
obtain further insight on the role of impurities in these
steels on their hydrogsn embrittlement and frscture re-
sponse. The steels include a'quenched and tempered,
medium-carbon low-alloy steel (AISI 4340 steel) and an
age-hardening nickel-martensitic steel (18Ni maraging
steel). The principal results are as follows:

1. Impurities lowered the apparent fracture toughness
and the threshold K,(Kth)vfor hydrogen assisted crack
grbwth in the AISI 4340 steel, but had essentially no
effect on Stage II crack growth.

2. Impurities lowered the apparent fracture toughness
in the 18Ni maraging steel, but otherwise had little
effect on Kgﬁ‘or Stage II crack growth in hydrogen.

3. ‘The fracture paths for hydrogen assisted crack growth
in both steels followed principally along prior
austenite grain boundaries.

4, Nonmetallic inclusions (MnS) were identified on the
fracture surfaces of AISI 4340 steels cracked in
hydrogen. The ratio of average inclusion spacings

for the normal and high purity steels correlated
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with the ratio of Kth in these steels on the basis

of the Landes-Wei model fbr crack growth.

These inclusions were also found on surfaces produced
by tensile overload fracturevin the AISI 4340 steels.
The fracture process here was by inclusion initiated
void nucleation and growth. The density of inclusions
is consistent with the increase in fracture toughness
with pufity.

Inclusions (containing Fe, Ni and S) were identified
on the fracture surfaces of 18Ni maraging steels
cracked in hydrogen. No meaningful correlétion
between inclusion épacing and K,y was established in
this case. »

These inclusions and others (probably Ti(C,N) and .
TiS) ﬁere found on the tensile overload fracture
surfacesvof»the 18Ni maraging steels. The density of
these inclusions is again consistent with the change

in fracture toughness with purity.

These results suggest that there was no significant

chemical interaction between impurities and hydrogen.

The principal effect of impurities appears to be mechani-

cal in nature, and is consistent with an enhancement of

the mechanical process for cracking by the presence of

nonmetallic inclusions in the case of AISI 4340 steel.

This is consistent with a reduction of K, for hydrogen
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assisted cracking,by.temper embrittlement, and does not
depend on additional chemical interaction between hydro-
gen and second phases that might segregate at prior
austenite grain boundaries or other internal boundaries.
The apparent absence of impurity effects on hydrogen
assisted crack growth in tée 18Ni maraging gteels is
believed to be the result of ﬁhe dominant-gifluence of
strengthening precipitates that segregated at the prior
austenite grain boundaries. Additional work at other
purity 1evelsﬂare needed to fully explore the influence
of impurity elements on hy@rogen embrittlement response

in high-strength steels.
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Fig. 1. Schematic of environment enhanced crack
growth response.
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Fig. 2. Schematic of crack growth response where
impurity resulted in chemical and mechanical
interactions.

Normal Purity

N

High Purity

da
dt

LOG

K K S
th " th e ¥re
1
Fig. 3. Schematic of crack growth response where
impurity produced only mechanical inter-
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Fig. 9. Photograph of WOL specimen and environment
chamber
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‘——  Notch Tip

= (Crack Growth Direction

— K1 Increasing
Stage I Fractography\' <Overload Fractography

N

(a)

~a—— Notch Tip

= . Crack Growth Direction
~o— K1 Decreasin'g
Stage | Fractography \ ractography

R

Fig. 16. Schematic diagram of fracture surface show-
ing the location of SEM fractographs:
(a) Increasing K test; (b) Decreasing K
test. .
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Fig.

17.

(b)

A comparison between fracture surface morpho-
logies characteristic of hydrogen assisted
crack growth in normal purity and high purity
AISI 4340 steels near K threshold. (PH =133
kPa and R.T. ) (a) normal purlty

K=14.2 MPa-m*?, (b) high purlty, K=20.4 HPa n
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(b)

Fig. 18. A comparison between fracture surface morpholo-
gies characteristic of hydrogen assisted crack
growth in normal purity and high purity 18Ni
maraging steels near K threshold (PH =133 kPa

2
and R.T.) (a) normal purity, K = 17.8 b’IPa-ml/2
(b) high purity, K = 17.1 MPa-m+/2. |
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Fig.

19.

(b)

A comparison between fracture surface morpho-
logies characteristic of hydrogen assisted
crack growth in normal purity and high purity
AIST 4340 steels at Stage I. (PH =133 kPa and

R.T.) (a) normal purity, K=15.6 ﬁPa-ml/z,

(b). high purity, K=20.9 MPa-ml/z.
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Fig. 20.

(b)

A comparison between fracture surface morpho-
logies characteristic of hydrogen assisted
cracking growth in normal purity and high
purity 18Ni maraging steels at Stage I. (PH
=133 kPa and § T.) (a) normal purity, 2
K=18.7 MPa-ml/2, (b) high purity,

K=18.7 MPa-ml/2, = 7. .
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Fig.

21.

(b)

A comparison between fracture surface morpho-
logies characteristic of hydrogen assisted crack
growth in normal purity and high purity AISI
4340 steels at Stage II. (PH =133 kPa and
R.T.) (a) normal purity, K=3% MPa-mllz,
(b) high purity, K=33 MPa-m!/2
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Fig. 22.

A comparison between fracture surface morpho-
logies characteristic of hydrogen assisted
crack growth in normal purity and high purity
18Ni maraging steels at Stage II. '(PH =133
kPa and R.T.% (a) normal purity, 2. 3
K=31.9 MPa-m?, (b) high purity, K=31.9 MPa-m=?.
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(d)

Microstructure of AISI 4340 steel and 18Ni
maraging steel. (a) normal purity AISI 4340
steel, (b) high purity AISI 4340 steel,

(c) normal purity 18Ni maraging steel,

(d) high purity 18Ni maraging steel.
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(b}

A comparison between fracture surface morpho-
logies of normal purity and high purity AISI
4340 steels broken by tensile overload in

air at room temperature. (a) normal purity,
(b) high purity. ‘

54
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Fig.

25.

A comparison between fracture surface morpho-

logies of normal purity and high purity 18Ni
maraging steel broken by tensile overload in
air at room temperature. (a) normal purity,
(b) high purity.
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(d)

SEM micrograph and X-ray microscan images of
inclusions on grain boundary of normal purity
18Ni maraging steel tested in hydrogen.
(a) SEM micrograph of inclusion on grain
boundary, (b) X-ray scan image - Fe radiation,
(c) X-ray scan image - Ni radiation, (d) X-ray
scan image - S radiation. : :
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(d)

SEM micrograph and X-ray microscan images of
manganese sulfide (MnS) inclusion on grain
boundary of normal purity AISI 4340 steel
tested in hydrogen. (a) SEM micrograph of
inclusion on grain boundary, (b) X-ray scan
imace - Fe radiation, (c) X-ray scan image

- S radiation, (d) X-ray scan image - Mn
radiation. | 57 . .
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Normal Purity
High Purity

da

S

LOG

B

K K K

th lc
] —-_’
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Fig. 29. Schematic of crack growth k-inetics for normal
purity and high purity AISI 4340 steel.
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Fig. 30. Schematic of crack growth kinetics for normal
purity and high purity 18Ni maraging steel.
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'Fig. Al. Crack front geometry and related parameters.
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o Experimental Data

2401
—_— Predicted

200} —

160 |—

NORMALIZED COMPLIANCE ( BEV/P)
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o

(0]
o

40 }—

0 | 1 | 1 |
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NORMALIZED CRACK LENGTH (a/W )

Fig. A3. Comparison of predicted compliances with expe-
rimental data for WOL specimen.
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VN

Table IV

"Prior Austenite Grain Size

Specir?{en Grain Size ( um )
4340 15\. P. 12.5

4340 . P. "0

18Ni N. P, - 12

18Ni H. P, 10

[
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Table V

“Crack Orientation

B 8 P 1 K
L 3, .. 3
° ° kg (1b ) | MPafm (km-'m )
0 0 |251(551) | 17.6 ('16‘...‘('):)
8 -15 255 (560 ) 17.8 (16.2)
10 | -17 |256 (563) 17.9 (16.3)
14 | -21 | 260 (570) 18.0 (16.4)
30 | -39 |285(627) 20.0 (18.2)
60 ~59.5] 475 (1044) 33.3 (30.3)
80 | -73.0/1415 (3112) 99.3(90.3)
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| APPENDIX I
Application.of the Electrical Potential Technique -

to WOL Specimens

'An ac electrical potential system was employed for

+ monitoring crack growth. The use of WOL specimens in'
the current study, as dictated by experimental considera-
tiéns, requires an experimental calibration of the elec-
trical potenfial system for measuring crack length for R
this speciméﬁ geometry. A precision grid, consisting of
wforty llnes spaced at O. 05 cm lntervals,’was photograph-
flcally etched onto pollshed WOL spec1mens of AISTI 4340
steel. The crack in each specimen wds extended from EDM
notch by fatigue loading in an. MTS test machine. ' The
electricél'potential (V) was continuously monitored on

a strip chart recorder. The potential value at each in-
stant in time when' the crackwinpersécted a grid line (as
visually monitored Qith 10X telescope) was noted. Data
from replicéte calibrétion experiments are‘presented

in Figure Ai aé visually measured crack length (a) (cor-

rected aposteriori for crack‘tunnelingf) versus the

"To account for crack tunneling, the "actual' crack
length measured to this point was taken equal to the

quantity 2a +4b + c where a, b and ¢ are the distances

from the loading line to respectively the p01nts A, B
and C,. as shown in Fig. Al.
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nofaelized potential V* (V* = (V—Vr)/Vf). The reference
pcrential Nr) was arbitrarily chosen at a crack length
sufficiently removed from the 'EDM notch to minimize the
influence of the notch. |

A second degree polynomial was fitted to the data in
Figure A2 by a least squareg:yechnique which minimized
errors in visually measured crack lengrh, Equation(Al).

a = 1.529 + 4.724 V* - 1,225 U* @aly 7

where a = crack length

* = -
.V v V_r)/Vr
V = measured potential
V. = reference potentlal correspondlng to a crack

length of 529 cm (0.602 ln)

The derivative of this calibration is used to relate crack
.grcwth rate to the rate of changevof electrical potential-
‘Equation (A2).

-%3 (4724-2449v*) 1%%’ @a2)
r

‘Equation (A2) agreed to within 1% within an expression
for da/dt obtained by numerical differentiation of (V*,a)
dara; The uncertainty’associated with the crack length-'
vpotential calibration_expreggion is less than *1% due to
an uncertainty of 6.005 cm iﬁ visual measurement of crack
length. Use of the crack length correction procedure to
modify a values predicted by Equation (Al) increased the

uncertainf& to *3% [14). An uncertainty of :0.005 cm in
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thd .

. crack length measurement over a 0.05 cm interval trans-
lates to an estimated error of =207 in crack growth rates
This estimated uncertainty in rate is in excellent agree-

‘dent with statistical analysis of the calibration data

population which revealed that the predicative precision

of Equafion (A3) was *187% on a 957% confidence level. Cor-

rection of rate values inferred from Equation (A3) by

crack length shorting procedure introduced an error esti-

mated to be about 20%.
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‘crack length (a) has been given by Hudak, etral. [16)

APPENDIX II

- Application of the Constant Displacement Control

to Modified WOL Specimen

The use of constant displacement control in this
study, using\z clip gage to measure the crack opéning dis-
placement (COD), requires an experiment calibration of
the displacement for measufiqg crack length for this
modified WOL specimen geometry, Equation (A4). An analy-
tical relationship between the COD (V),ldad (P) and.

, and

was used as an analytical calibration curve Equation (A4).

2 - £(U) = 1.002037 - 5.1122U + 39.43120% - 751.1910°

4

+ 4929.57U0% - 10464.7U° (a4)

@

A comparison between the predicted crack length and ex-
perimentally measured crack length is shown-in Fig. A3.
This comparlson indicates an apparent systematlc error

of up to 4A, which is llkely to be the result of differ-
ences in gage location, elastic modulus etc. A correc-
tion for this error is made on the basis of the initial and

final crack length for each specimen u81ng a linear cor-

rection scheme.
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o
Estimates of uncertainties with this technique can
be made using standard methods [29J.\ If one retains the
4%.systemat}é error as an>upper estimate. of both syste-
matic and random errors on crack_léhgth'énd assume an
uncertainty in load of about 1%, the estimated uncertainty
in K., is then +15%. Most of thié uncertainty is asso-
éiated with the infiuence.ofAuncertginty in cragk length
on the geometrical factor in the §tfess intensity factor
expression. Throﬁgh a propagation qf error analysis,
after correcting for sysﬁematic errors,‘unCertainty in
crack_gfdwth rate was estimated to be less than t45%

based on estimated uncertainty of *17 in the measurements

of load and crack opening displacements.
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