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FOREWORD

This report was prepared by Syracuse University under USAF Contract
No. AF 33(616)-2362, 8/A 4(56-445). The contract was initiated under
Project No. 7360, "Materials Analysis and Evaluation Techniques ," Tasgk No.
73605, "Design and Evaluation Data for Structural Metals!' It was adminis-
tered under the direction of the Materials Laboratory, Directorate of Re-
search, Wright Air Development Center, with Mr. A. W, Brisbane as project
engineer. This work was performed in the period between September 1, 1955
and August 31, 1956.
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ABSTRACT

The embrittlement of high strength steels due to the action of hydrogen
introduced by Cd-electroplating has been studied in sustained-load, rotating
beam fatigue, and bending tests. Strength levels from 180,000 to 300,000
psl as suitable for the various steels were examined for a variety of initial
conditions of stress concentration.

All steels were found to be embrittled in some measure after Cd-plating
and this embrittlement could not be fully eliminated, as determined in the
bend test, through the baking treatment used. 'The improvement in properties
which did result from baking was promoted by a redistribution and not an
elimination of hydrogen from the gteel.

Failure promoted by Cd-plating is affected by the experimental con-
ditiocns and has been discussed &t length in the report. In the hydrogen
bearing zone a crack is initiated and then depending on the experimental
conditions may propagate to failure of the cross section through overloading.
Crack development is apparently dependent, in part, on the composition and
is minimized by reduction in carbon content or by an increase in silicon
content,.

Both the sustained-load and bend tests are suitable tests for evaluation
of hydrogen embrittlement in ultra-high strength steels. The rotating beam
fatigue test is & relatlvely insensitive test of hydrogen embrittlement,
but can be used to provide an excellent measure of the "static™" notch strength
of the steel.
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INTRODUCTION*

The failure of high strength steels through the action of electro-
deposited hydrogen in the presence of a suitable stress system has been in-
tensively Investigated during the past five years. Thus, while hydrogen
embrittlement is a very generally encountered phencmenon, it is now pos-
sible to describe characteristics of this effect which are perhaps best
restricted to the consideration of high strength steels. One of the most
characteristic features of hydrogen induced failure in high strength steels
is the delay time effect for failure to take place under the action of
statically applied loads. The first plausible explanation of this behavior
was advanced by Petch and Stables (1) who proposed a suitably modified form
of the Griffith-Orowan (2) theory of static fatigue in glass. This theory
requires the development of a sultable erack which through reduction in the
cross-section leads to eventual overloading of the uncracked cross-section
and thus to fallure.

The crack formation proposed by Petch and Stables was experimentally
verified by Raring and Rinebolt (3), Klier, Muvdi, and Sachs {4) and Bar-
nett and Troiano (5).

Barnett and Troiano have investigated at length the development of
the crack for specimens containing electrodeposited hydrogen and propose
that failure takes place in three stages, viz.:

1) CRACK INITIATION: The crack develops at the base of the notch
and passes rapidly through the hydrogen-rich surface layers.

2) CRACK PROPAGATTION: If the applied load is sufficiently low that
fracture does not result during stage 1, further crack develcpment

is suppressed until hydrogen can diffuse to the crack front. Second
stage crack growth 1s, therefore, controlled by the hydrogen diffusion
rate.

3) FRACTURE: If the crack is allowed to propagate indefinitely,
the cross-section will be eventually reduced to the point. where the
fracture strength of the notch section is exceeded and fracturing
in the normal way then takes place.

Thig description of the failure process while stated in greater detail
establishes the role of hydrogen in leading to failure in the same terms

xManuscript released by authors August 31, 1956 for publication as & WADC
Technical Report.
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as proposed by Petch and Stables and Raring and Rinebolt. However, Klier,
Muvdi and Sachs, while in agreement that hydrogen induced failure mgy take
place in the manner described above, propose that the fracture process is
not fully general as describved by Barnett and Troilano. In addition, the
concept that the instantaneous notch strength, in general, 1s not altered
by the action of hydrogen (through a change in geometry) as proposed by
Barnett and Troiano (5) is incorrect. Thus for a suitably sharp notch
there is general agreement (1) (3) (¥) (5) as to the manner of crack devel-
opment. Differences in behavior, however, do follow from the several dis-
cussions and these are best emphasized by consideration of Figure 1. Here
the instantaneous notch strength, i.e., the notch strength of the metal
under the crack at fracture, is plotted in two possible ways. The curve
designated II has been measured by Klier, Muvdi and Sachs (4). The impli-
catlons of these curves are best appraised through consideration of the
projected change in properties as the specimen eize is changed as presented
in Figure 2.

The notch strength for this steel after tempering in the range to pro-
mote high strength conditions is dependent on the specimen size (6) (7) (8).
With increase in the specimen size, the notch strength is lowered. The
notch strength still is much higher than that measured under sustained loads
for hydrogen embrittled steel, however. As the specimen size continues to
increase, it is probable that the notch strength asymptotically approaches
8 limiting value, and this corresponds to a limiting notch strength which
has the characteristics of a material constant. From the experimental data
which have been so far obtained, it is proposed that the limiting noteh
strength lies above the notch strength observed in the small (0.3 in. disa.)
sustained load specimens.

Thus, since the effect of hydrogen in the sustained load tests is ef-
fectively to reduce the section and in this way to promote failure, if a
larger specimen is employed, the surface to volume ratio will be reduced,
the average hydrogen content of the specimen will be reduced, and the crack
will penetrate a relatively shorter distance through the specimen. As a
congequence, the notch strength of larger specimens electroplated should be
relatively raised. 7In the limit, the notch strength for unembrittled and
electroplated specimens should be equal, as is indicated in Figure 2. Thus,
if the phenomenon of size effect may be set aside for the moment, embrittle-
ment due to the action of electrodeposited hydrogen should rapidly be mini-
mized according to the representation for Curve T. According to Klier, Muwvdi
and Sachs, (4) embrittlement in large sections may also be geriously promoted
by the action of hydrogen.

Important as is the establisghment of the physical characteristics of
the fallure of high strength steels through the action of hydrogen, a per-
haps more pressing need is the elimination in these materials of the phe-
nomenon as a source of structural failures. This, in principle, is possible

WADC TR 56-395 Pt 3 2



either by suitable processing to counteract the effects of hydrogen em-
brittlement, or by the use of materials which are impervious to fractures
arising from the action of electrodeposited hydrogen. A usual processing
treatment for the elimination of hydrogen embrittlement is a low tempersa-
ture baking operation. This treatment is not, however, generally adequate.
Practical difficulties arise in the retention of the required properties
in the steels and in the electrodeposit, if complete elimination of harm-
ful hydrogen is achieved. Principal emphasis in the present investigation
has ae a consequence been directed at the evaluation of available materials
for susceptibility to hydrogen embrittlement. This has been done by the
use of several types of tests, which are categorized as sustained load, fa-
tigue and bend tests. The fracture surfaces obtained for the several types
of specimens have been regularly examined and the characteristic types are
discussed.
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EXPERIMENTAL PROCEDURE

1. Materials:

The compositions and finished form of the steels studied are glven
in Table I.

2. Heat Treatment:

Specimens were austenitized in a suitable salt bath, oil quenched and
tempered for four hours in a forced draft muffle furnace. The austenitizing
and tempering treatments employed for the regpective steels are given in
Table II.

3. Test Specimens:

All specimens were rough machined to 40.01% inch on each surface prior
to heat treatment. After heat treatment specimens were machined to the di-
mengions given in Figure 3.

Smooth specimens were polished by the application of emery cloth under
a suitable cooclant. The direction of movement of the polishing cloth was
along the axis of the specimen.

Notches were obtained by the use of suitably ground cutting tools.

The dimensions of the notches as calculated by Peterson (9) from Neuver's
theory are glven in Table TIII.

4. Plating Conditions:

In an earlier work the embrittlement action of electrodeposited hy-
drogen arising from potential cleaning operations was discussed (k). In
the present work hydrogen embrittlement due to hydrogen introduced into the
steel during cadmium electroplating is studied. The composition of the
cadmium plating bath was as follows:

Cadmium Plating Solution

Cadmium Oxide = L oz. per gallon
Sodium Cyanide = 16 oz. per gallon

WADC TR 56-395 Pt 3. L
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TABLE II

HEAT TREATMENTS FOR VARIOUS STEELS EXAMINED

Alloy | Austeni- Tempering Temp. - °F, and Strength ILevel- 1000 Psi
tizing
Temp. -°F
‘E e ———
4340 1525 400 500 700 800 1000
(275,000) | (270,000) | (235,000) | (215,000) (165,000)
V-Mod.
4330 1600 250 500 750 1000
(265,000) | (235,000) | (210,000) | (180,000)
98pko 1550 400 575 700 800 900
(300,000) | (270,000) (230,000) | (205,000) | (195,000)
Tricent]
(Inco) | 1600 Loc 550 700
(295,000) | (275,000) | (270,000)
Cru. ! 1700 550 800
U HS260 (270,000) | (250,000)
Hy-Tuf | 1575 700
(230,000)
Supér 1600 500
T™-2 (275,000)
WADC TR 56-395 Pt 3 6




TABLE III

STRESS CONCENTRATION FACTORS AND CORRESPONDING NOTCH RADII FOR
STRESS-RUPTURE AND ROTATING-BEAM FATIGUE SPECIMENS

Type D d .4 T
3 0.011
Stress~Rupture 0.300 0.212 5 0.0035
Speclmens
10 0.0008
3 0.007
Rotating-Beam 0.265 0.188 5 0.002
Fatigue
Specimens 8 0.0007

D = Unnotched Diameter (inches)

o
il

Notch Diameter (inches)

Notch Root Radius (inches)

H
il
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e bath was operated at room temperature at a current density of 200
milliemp. per £q. in. The plate thickness obtained was from 0.00025 tc 0.0005
inches for smooth specimens. For the notched specimens metallographic ex-
aminetion revealed that plating was satisfactorily continuous along the roct
of the notch for all but the most sharply notched specimens. For speclmens
with a nctch root radlus of G.001 Inch or less a cedmlum plate was not ob-
tained to the base of the notech.

5. Sustained Load Tests:

Button-head specimens, Figures 3{(z) and 3(b), were loaded on stress-
rupture machines to determine the response to sustained load applications of
the respective steels. Sultable aligning fixtures were employed tc ensure
copcentricity of load application.

A limited number of 0.9 in. dis. specimens (stress concentration K = 5},
Figure 3{c¢), were also tested. These specimens were tested in a suitable
gligning fixture in a 300,000 pound capacity testing machine. The load was
rmaintained by manual adjustment of the machine, while tests were limited
to a maximuw duration of one day.

£. Rotating Beam Fatlgue Tests:

A1l fatigue tests were of the rotating beam type performed at room
tempersture on an R, R, Moore fatigue machine operated by means of a geared-
down motor at approximately 250 rpm. All tests were limited to cycles rang-
ing between approximately 10 and 10,000. The notched and smooth specimens
used sre presented in Figures 3(d) and 3(e) respectively.

T. Bend Tests:

The suitability of a small size constant strain rate bend test for the
evaluation of hydrogen embrittlement in high strength steels has been dis-
cussed elgewhere (10). An adaptation of this test* with the use of a large
capacity multi-strain rate multi-specimen testing wachine {11) has been em-
ployed in the execution of bend tests on the present program. A photograph
of the testing machine is presented in Figure k4.

The specimens, Figures 3(f), were loaded by the application of a bend-

*The tegt set~up described in (10) and (12) led to a nearly constant strain
rate through the test. The present test set-up does not ensure constancy
of strain rate, but the deviations are not considered as important to the
test results.
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ing moment at each end. The rates of twisting which are entered in the
figures were 2.87, 0.359 and 0.006 rpm approximately.

8. Hydrogen Analyses:

Suitable gectlions of electroplated specimens were submitted to the
National Research Corporatlion, Cambridge, Massachusetts, for hydrogen de-
termination. The hydrogen-bearing specimens, immediately after elsctro-
plating, were cooled in dry lce and were shipped by air freight. Specimens
were kept at the reduced tempersture until anmlyzed. The treatment employed
15 one which has been used to prevent diffusion of the hydrogen (10) into
the specimen, and that it is probably effective may be gathered from the
fracture results reported by Troiano et al (1h).

9. Metallography:

All fractures were regularly examined visually and at low magnifl-
cations. Specimens which remalned unbroken after testing were, in selected
instances, sectioned longlitudinelly and exsmmined for fracture development
&t the hase of the notch.

10. Representation of the Test Data:

In the development of the text of the repcrt reference is made to
characteristic curveg and summary plots of the data. Additional data are
presented by means of photographs.

Full graphical presentation of the data is made in the Appendixes.
All figures are numbered consecutively through the report. This leads
to occasional duplication and where such duplication obtalns the number of

the figure for its first appearance is entered parenthetically after the
current figure number.

WADC TR 56-395 Pt 3 9



EXPERIMENTAL RESULTS

1. Hydrogen Analyses of the Steels Studied:

A relatively complete study of the notch properties of 4340 steel
contalning controlled amounts of gases in essentially uniform distribution
has recently been reported by Rimebolt and Raring (15). 1In the aggregate,
hydrogen present in measurable amounts was found to promote delayed fail-
ures for sharply-notched specimens subjected to sustained loads. Among
other things, the hydrogen content of L4340 steel after different charging
conditions and after different room temperature aging times was repcrted.
These data are presented in Figures 5 and 6.

The relationship between the hydrogen pick-up of the steel and the
charging time is of interest, but the data are reported here only to pro-
vide an index of the uncertainty in the hydrogen measurement at O hrs. in
Figure 6. It would appear from this comparison that 4340 steel cathodically
charged may be expected to contain an average of from 2. to 3. ppm. hydrogen.
However, since the hydrogen is now known to be largely concentrated at the
surface of the specimen and since the full dimensions of the specimens are
not given the numerical values reported in Figures 5 and 6 are not subject
to quantitative interpretation. These relationships, qualitatively, are
informative. First it is indicated that the average hydrogen level in
the steel after the cathodic deposition of hydrogen is relatively low,
and secondly that this hydrogen level 1s rapidly reduced with time of
holding at room temperature. HOwever, the hydrogen content is not reduced
to 0, but to about 0.5 ppm, the value that was observed for the as-melted,
i.e., unembrittled, stock. This would indicate that cathodically introduced
hydrogen should prove relatively simple to reduce to a low level. This
relationship between hydrogen content and holding time, however, does not
exist for plated specimens. Numerical values for the hydrogen analyses
completed in this investigation are presented in Table IV.

In all, T4 hydrogen analyses were completed on bend specimens taken
from the aggregate of steel compositions. The average hydrogen content
for the as-plated specimens was 5.2 ppm. The average hydrogen content for
the baked specimens was 5.0 ppm. It is evident from these values that
beking has not promoted the outward diffusion and thus elimination of hy -
drogen from the steel. On the contrary, the Cd-plate has been a total bar-
rier to the outward diffusion of the electrodeposited hydrogen.

WADC TR 56-395 Pt 3 10



The program of hydrogen analyses which was completed is presented in
Table IV(a). The data are grouped according to steel and specimen type in
Tables IV(b) to IV(o). Despite the large scatter of the values reported in
these tables the important additional observations are made as follows:

l. The average hydrogen content for the bend and sustained load
specimens differs significantly, with that for the bend specimens
being higher.

2. Within the scatter of the data steel composition has no effect

on the amount of hydrogen contained in the gpecimen after Cd-
electroplating.

2. Bustained load Tests:

According to the Griffith-Orowan theory of sustained load failures
as developed by Petch and Stables, the notch in a sharply notched speci-
men constitutes the Griffith crack. As was polnted out earlier, this crack
has been cbserved experimentally to develop and grow. However, as the
noteh root radius is increased, it may be expected that the notch eventusl-
ly will no longer function as a Griffith crack. For such experimental con-
ditions the fracture process due to the action of hydrogen may be expected
to be different from that described for the very sharp notch. In addition
to this, relatively mild notch conditions characterlze service applications.
SBustained load tests, therefore, are needed to establish the effect of noteh
sharpness on hydrogen induced crack development.

In all, seven steels have been studied. However, it is necessary
to discuss in detail the results obtained for only one steel, as the variableg
introduced affect the different steels in much the same way. L4340 steel has
been gelected for detailed examinatiom.

4340 Steel:

Under the mogt severe notching conditions, 4340 steel was found to be
subject to sustained load failures at all strength levels examined, Figure 7.
After tempering at 400, 500 and 7OO°F nearly the same load vs. "time to
rupture” curves were cbtalned and, in general, failure occurred after a
loading time of less than 10 hours, at a nominal stress of from 50,000 to
75,000 psi.

Tempering at 800 and 1000°F led to a displacement of the stress vs.
"time to fallure" curves to the right and to higher stresses. The indicated
improvement in properties, therefore, increased progressively as the temper-
ing temperature was raised from T7CO°F,

WADC TR 56-395 Pt 3 11



For the sgtress concentration of 10, sustained load failures due to
the action of hydrogen introduced on Cd-electroplating are very serious for
4340 steel tempered at from LOO to TOO°F inelusively. Reduced properties
can be expected from this source after tempering at 800°F. Even after temp-
ering at 1000°F, fallures arising from the action of electrodeposited hydrogen
may be expected.

For specimens containing a notch leading to a theoretical stress con-
centration of 5 only slightly modified results are obtained, Figure 8. But
ag the stress concentration is reduced to 3, Figure 9, rather marked changes
in the series of curves take place.

Perhaps the most significant of these changes is that associated with
the minimum fracture stress which is plotted in Figure 12. After tempering
at from 400 to TOO°F & nearly constant minimum stress to produce failure is
measured for stress concentrations of 10 and 5. At higher tempering tempera-
tures, the minimum stress is raised. At a stress concentration of 3 a mini-
mum is indicated in the "minimum strength™ vs. tempering temperature curve,
Figure 12. This occurs at a tempering temperature of sbout 600°F. At this
stress concentration (K = 3) increased registance to hydrogen embrittlement
is obtained by tempering at 4CO°F or at 7O0°F and above. There is then evi-
dence of the 500°-embrittlement phenomenon for the mildly notched specimens.

The trend of the data for a stress concentration of 3 is established
with greater emphasis at a stress concentration of 2, Figures 10 and 12. The
data reported in this last set of curves were obtained for a different heat
of 43L0 steel, (¢f. WADC TR 55-18 Part 1) but, none the less, are properly
ordered in the present comparisons. Finally, for smooth specimens, i.e.,

K = 1, while sustained load failures occur, Figure 11, such failures take

place with little drop in stress. The breaking stress (100 hours) (S, ..) vs.
tempering temperature curve, Figure 12, thus differs little from that méasured
for unembrittied smocth specimens. Additional detail of interest and presented
in Figure 12 is best considered by taking sections of this figure at constant
tempering temperature, as has been done in Figure 13.

In Figure 13 the breaking stress at 100 hours is plotted against stress
concentration with tempering temperature as parameter. Incliuded in the figure
are the strength values for non-plated specimens. It is immediately evident
that Cd-plating has introduced major changes in the notch properties of the
steel studied for all tempering conditions and for all conditions of notch-
ing. 1In this plot the strength of smooth specimens is indicated as unaffected
by the presence of hydrogen.

After tempering at 400, 500 and TOO°F the minimum strength (S o) of
rlated specimens with increasing stress concentraticn drops abruptly from the
values measured for the smooth specimens. This is in contrast to the indi-
cated behavior of the non-plated specimens. Further, little numerical dif-
ference 1s noted for the three tempered conditions.

WADC TR 56-395 Pt 3 12



For specimens tempered at 800 and 1000°F, on the other hand, the mini-
mum gtrength of plated notched specimens, in keeping with the trends measured
for the non-plated specimens, first increases with ineresse in the stress
concentration and then at high values of stress concentration is reduced.

In conformance with the concept that the action of hydrogen in the steel is
to effectlvely reduce the cross-section, the trend of these data is that
expected.

In brief summary, the above sustained load deta show that a profound
difference in fracture behavior may be expected from plating 4340 steel which
has been tempered at from 400 to 7OO°F. For this steel tempered at 800 and
1000°F the sustained load data, at first inspection, are understandable in
terms of a sectlon reduction arising from the action of hydrogen in the steel.
Thus for the notched specimens, the gqualitative trends of the data are simi-
lar to that for the non-plated specimens. The quantitative differences would
then be due to the reduction of the load-bearing section of the specimen
through hydrogen induced crack development. The questions of crack develop-
ment in smooth specimens and the fracture behavior of specimens tempered at
and below TOO°F mare discussed in a later secticn.

98BLO Steel:

The notch strength (Sloo) of plated specimens as a function of the
tempering temperature 1s presented in Figure 1l with the stress concentra-
tion as parameter. These dats with certain variations are in agreement with
the results obtained for 4340 steel. Of principal interest are the facts
that the 98B40 steel studied is more sensitive to the action of hydrogen
in leading to embrittlement for a tempering temperature of 4OC°F, and that
in contrast to 4340 steel the tempering temperature range characterizing
greatest sensitivity to hydrogen extends to 800°F and possibly higher. These
trends are best shown in Figure 15. Thus at tempering temperatures of B00°F
and below, the notch strength of plated specimens drops rapidly with in-
creasing stress concentraticn from the strength measured for the smooth spe-
cimens. Tempering at 900°F promctes an initial increase in the notch strength
with increase in stress concentration followed by the expected notch strength
reduction at the highest stress concentrations.

k330 V-Mod. Steel:

The notch strength (S1gg) of plated specimens as a function of the
tempering temperature is presented in Figure 16 with the stress concentra-
tion as parameter. The notch strength (Sipp) as a function of stress con-
centration with the tempering temperature as parameter is presented in Fig-
ure 17. These data clearly are related to the data obtained for both the
4340 and 98840 steels. Thus by the discussion earlier developed in consider-
ing the data for 4340 steel, the 4330 V-Mod. steel becomes susceptible to
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hydrogen embrittlement at a tempering temperature of 750°F and becomes in-
creasingly embrittled as the tempering temperature 1s reduced. While the

tendency to develop the embrittled condition exists at all but the highest
tempering temperatures, the degree of embrittlement for this steel is less
than that observed for both the L340 and 98BLO steels.

The behavior in the sustained load test of the three steels 4340,
98B40 and 4330 V-Mod. suggests that for a series of steels of related com-
position and tempered to a comparable tensile strength, the order of increas-
ing susceptibility to hydrogen embrittlement is the order of increasing
carbon content.

Hy-Tuf Steel:

The three steels 4330 V-Mod., 4340 and 98B40 are low-silicon bearing
steels forming a characteristic group. The three steels next to be examined
are alloyed with about 1.5% silicon and form a group with characteristic
properties which are gualitatively different from those measured for the
first three steels. Thus the 1.5% silicon materials are characteristically
relatively lnsensitive to proncunced embrittlement through the action of
electrodeposited hydrogen, as is emphasized in the stress-rupture data for
Hy-Tuf steel presented in Figures 18 and 19. This steel at a strength level
of 230,000 psi, whille subject %o sustalned load failures, suffers such fail-
ures only when the applied loads are high and sustained for a long period
of time. This steel, therefore, ls only slightly embrittled through Cd-
electroplating.

Crucibvle UHS-260 Steel:

The 1.5% silicon steels as a group develop tensile properties which
are modified only slightly for relatively wide changes in tempering tempera-
ture. The Crucible UHS-260 steel available for the present study was heat
treatable to strength levels of 250,000 psi and 270,000 psi. This sgteel heat
treated to these strength levels provides much needed data to bridge the
large gap between the tensile strengths measured for Hy-Tuf and Tricent steels.
The notch strength (SlOO) vs. tempering temperature and the notch strength
vs. stress concentration data are presented in Figures 20 and 21.

These data indicate that Crucible UHS-260 like Hy-Tuf is relatively
ingensitive to the embrittling action of electrodeposited hydrogen. It is
interesting to cbgérve that for this steel susceptibility to embrittlement
increases as the tempering temperature ig raised from 550 to 800°F.

Tricent Steel:

The notch strength (Sypg) of plated specimens as a function of the
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tempering temperature is presented in Figure 22 with the stress concentra-
tion as parameter. The resgponse of thils steel to the action of hydrogen
is complex and at the present time no reasons for thls behavior can be ad-
vanced. Thus for mild notch conditlons (K = 3), meximum resistance to hy-
drogen induced failures obtains after tempering at 4LOO°F. For the inter-
mediate notch severity (K = 5) optimum properties are obtained after temp-
ering at 550°F. For the sharpest notch, properties at all tempering temp-
eratures are equal. ]

The steel is relatively notch sensitive desplite the high notch strength
(5100) as may be gathered from Figure 23. The notch strength rapidly drops
frem the stress measured for the smooth specimen as the notch severity is
increased.

Super TM-2 Steel:

This steel was studied at & strength lewvel of 275,000 psi obtained
by tempering at 500°F. The stress rupture and notch strength (8,,,) data
are presented in Figures 2 and 25.

3. Sustained Load Strength vs. Tensile Strength:

For the steels studied three are regularly heat trestasble to a tensile
strength of 290,000 psi, but of the materials studied in this work only 98B4LO
and Tricent clearly sttain this specified strength level. At this strength
level superlor properties are obtalned with Tricent as 1s clearly indicated
in Figure 26. The 98BLO steel at a tensile strength of 290,000 psi is evaluated
as highly sensitive to the action of hydrogen.

Similar comparisons of the data for tensile strength levels of 270,000;
250,000; 230,000; 210,000 and 180,000 psl are presented in Figures 27 to 3l.
The trends of these data may be profitably appraised also when plotted against
tensile strength while the stress concentration factor is held constant as
in Figures 32 to 3%. These dat& have an immediate application in the evalua-
tion of the properties of small sections of the steels heat treated to the
pertinent strength levels.

4, Bustained Load Strength vs. Specimen Size:

In Figure 2 it was pointed out that the effects of hydrogen, intro-
duced into the metal as & consequence of electroplating, in leading to sus-
tained load failures should be minimized as the specimen size increases. To
examine this prediction a series of sustalned-load tests were completed on
cd-plated 0.9 in. dia. specimens. The limited test results obtalned are pre-
sented in Figure 35. Of particular interest is the fact that specimens tempered
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at LOO®F are much more susceptible to the action of electrodeposited hydrogen
than are the specimens tempered at 600°F These results are compared in
Tlgure 36 with data obtained for the plated 0.3 in. dia. specimens and with
data obtained for variously sized non-plated specimens.

In this figure the pronounced roles of size for the non-plated speci-
mens and hydrogen induced brittleness for the plated specimens are clearly
set forth. 8ince the notch strength values plotted are nominal, the data
in this figure are singularly significant.

Thus, for the unplated specimens & monotonically decreasing notch
strength is measured as the specimen slize increases. For the plated spe-
cimens & monotonically increesing notch strength is measured. These two
gquantities must eventually bound a notch strength which is a limiting quan-
tity for the steel and heat treatment. A transiticon from a high to a low
numerical value is indicated for thls qQuantity but the data available are not
pufficient to allow a complete discussion of this transition at this time.

The sustained load tests which have been dliscussed for the small
specimens are directly applicable to the ewvaluation of properties to be
expected in service applications of the steels studied when the service
members are small., However, it 1s evldent that as the siructural member
increases ip size the adverse effect of hydrogen embrittlement will be mini-
mlzed. This does not mean, however, that properties of small size unembrit-
tled specimens will be realized because with lIncrease in section size an
adverse section size effect may be introduced. 8Slnce the changes in section
size affect the notch properties differently for the different steels, it is
not posslble to propose withoult respervation the properties to be expected
in large electroplated sections. Maximum notch strengths, however, can be
egtimated from the data obtalned in the section size study and reported in
WADGC TR 56-395 Part 1. Selected data are presented in Figure 37. These
data are offered as probably qualitatively indlcating the trends of the notch
propertles in high strength electroplated gteels. These predicted trends,
however, should be checked by suitable tests.

5. Fracture Development Under the Joint Action of Hydrogen and Sustained Load:

Crack development resulting from the Joint action of hydrogen and
stress as it has been described previously (3) (4) (5) is essentiaslly from
the base of the notch into the core of the specimen. The machined notch,
therefore, functions as a Griffith crack and the experimental conditions,
i.e., hydrogen induced crack growth, lead to the extension of this crack
with eventual failure of the section. The conditions here described are not
obtained for a smooth or mildly notched specimen and the fallure of these
latter type specimens is a point of interest. Two examples of the fractures
obtained for smooth plated specimens sre presented in Figures 38 and 39.
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While these fractures resulted from the action of hydrogen, at least
in point of initiation, it is striking that the preliminary stage of crack
development has led to the extension of internal cracks. For Figure 38 the
crack is clearly nucleated at or near the surface, but for Figure 3%, there
is no obvious connection between the internsl crack and the surface until
after the fracture is completed. 7Thus for both specimens fracture has taken
place due to the separation of zones in the specimen which are expected to
be relatively hydrogen free (5). Further while the broken sections are
modified cup-cone fractures, in contrast to what would be expected, the
reduction of area (Figure 38) ie either nil or very small. This signifies
that the indlcated shear fallures were generated in the hydrogen rich zones
with greater ease than could be the failure asscciated with the maximum

normel stress.

The fracture sequence is then describable in stages as follows:

1. FPFigure 38:

a.
b.
c.

A fracture nucleus obtains at or very near the specimen surface,
Due to the action of hydrogen this nucleus is activated and growsa,
The crack surface that develops functions as an effective stress
ralser and strengthens the critical section in which it is
developed. 'This strengthening effect is sufficlent to arrest
further crack development in the absence of hydrogen,

Due to the presence of Hydrogen, however, the crack continues

to develop until it leaves the hydrogen containing zone, due

to mechanical overloading,

Further crack development takes place until mechanical equili-
brium is established. fThe crack thern stops, and at this stage
the internal crack has developed to the degree indicated by

the granular fracture surface in Figure 38,

Final failure takes place when the hydrogen has dif'fused through
the remaining intact metsal to & sufficlent degree to allow
precipltation along the 1ndicated shear planes of failure.

This hydrogen precipitation 1s proposed to allow the shear
failure to progress without requiring general plastic deformation.

2. Filgure 39:

a.

b.

For this specimen no surface nucleation of fracture is observed,
while the fracture 1s a cup-cone fracture,

Fracturing has taken place after significant plastic strain,

as measured by reduction of area,

The fracture 1s consider=sd ag differing bhut little from a

normal tension fracture,

It is proposed that fracture for this specimen resulted from

an overloading of the specimen due to the weakening of the outer
fibers of the specimen through the presence of hydrogen.

WADC TR 56-395 Pt 3 17



When specimens containing & mild notch are tested after electropleting,
behavior similar to that described for Figure 38 may be observed, Figure 4O.
For this specimen a crack was nucleated under but close to the surface--
the crack then developed by internal extension with eventual fracture re-
sulting from the consequent eccentricity of loading with the development of
a nearly continuous shear lip about the base of the notch.

That the fracture nucleus may develop under the surface of the noich
is emphasized by consideration of Figure 41, The small independent fracture
nuclei here present, clearly do not extend to the surface, but, in the ag-
gregate, have eventually promoted failure.

From the above discussion it may be seen that the fractures resulting
from crack formation due to the action of hydrogen arise from the interaction
of a complex of factors. Among these factors are: a) the notch geometry,
b) the hydrogen distribution, and c) the role of normal and shear stresses in
leading to crack formation.

It ie evident from the discussion of Figures 40 and 41 that mild notches
do not function as sultable Griffith cracks. The fracture nuclei which ori-
ginate st the surface in smooth and mildly notched specimens, probably are
associated with tool marks or inclusions. Internal fracture nuclel may be
associated with inclusions initially and their growth can be likened to the de-
velopment of "fish eyes” asgsociated with hydrogen induced failures in softer
steels. However, still another potentially pertinent factor is the condition
of triaxiality of stresses.

If a limiting condition of triaxial stress is required to produce
fracture, this condition could be established by a sultable inclusion. It
potentially could be established alsc at the cupic point¥* for the stress
system induced by the notch. For sharp notches this point would lie close
to the gurface near the root of the notch. For mild notches this point would
be increasingly toward the center of the specimen. Considering the depth of
hydrogen penetration immediately after plating (5) for sharp notches the con-
dition of maximum triaxiality would obtain in a hydrogen enriched zone, while
for mild notches hydrogen diffusion would be required to reach this peint.
For a very sharp notch it would be difficult to differentiate hetween a crack
arising through extension of the nctch base and one which arises discontinuous-
ly by separation at the cupic point and subsequent extension to the surface.

Examination of numerous specimens for shear lip development, which
may be taken as evidence of subsurface fracture nucleil formation, revealed
that a shear lip frequently obtained. Typlcal results are sketched in Fig-
ures 42 to 45. From these data it follows that a hydrogen induced shear
failure regularly accompanles crack formation. Such shear failures can be
of two types, the firgt of which has already been described while the second

*In reality & sub-surface ring for the type specimens used in this investigation.
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is indicated in Figure 46, which is & vertical section through the notch base
of a 0.9 in. dila. specimen which had been loaded after Cd-plating.

The stress concentration of 5 was obtained for this specimen with a
notch root radius of 0.005 inch. For this geometry the cuplc point lies
ebout 0.005 inch under the notch base while & condition of maximum gshear
stress exists at the base of the notch and at + L5° into the specimen. -
drogen fractures are well developed both in thg'vicinity of the cupic point
due to the action of maximum normal stresses at the cupic point and along
the lines of maximum shear stresses. Tt is interesting to note that none
of the cracks has clearly opened to the surfsce in Figure 46a. 1In Figure
L6b, on the other hand, the shear stress induced cracks clearly open to the
surface, while that due to the action of the maximum normal stress does not.

For a specimen that generates multiple cracks such as are presented
in Figure 46, 1t is probable that the notch strength modification due to
the action of hydrogen will be relatively small. However, crack development
can take place in a second way which is much more serious. Such crack de-
velopment is indicated in Figure 47.

For the specimen in Figure 47 fracture growth progressed at a maximum
rate in the vicinity of the nucleus which was apparently subsurface. The
growth of the crack progressed with the development of the nearly semi-
circular "mirror surface.” A consequence of this was the development of pro-
gressive eccentriclty of loading with eventusl cataclysmic crack development
from the top region in the photograph to the bottom. This type of loading
pettern, crack development and fracture propagation is probably the most
common type leading to structural failures.

6. Fatigue Tests: -

The fatigue properties of L43k0O steel containing electrodeposited hy-
drogen Introduced through a potential cleaning operation have been discussed
in an earlier report (WADC TR 55-18 Sup. 1) (16). TIn this earlier work it
was found that the rotating beam fatigue test as executed was a relatively
Insensitive test of the degree of hydrogen embrittlement. However, in the
low-cycle high-stress range the hydrogen introduced through the impregnating
treatment used led to early faillure. Very closely related behavior is ob-
served for Cd-pleted specimens from a different heat of L3Lo steel, Figures
L8 to 52.

Where compatible the earlier results are introduced into these figures
as the dotted lines. It 1Is evident from these figures that in the fatigue
test Cd~electroplating is somewhat less embrittling at low cycles than was
the cathodic treatment previously used.

In the fatigue test for L340 steel nearly uniform S-N behavior was
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observed for all notched specimens. For Tricent steel on the other hand

the notch aculty played an important role in determining the test results,
Figure 53. As the tempering temperature was raised, the influence of the
notch acuity became less important, Figures 5L and 55. The trends observed
are thus related to the notch strength trends observed in the sustained load
tests, Figure 22.

The §-N data for sharply notched specimens for the various steels
tempered to the specified strength levels, viz., 290,000; 270,000; 250,000;
£30,000; 210,000 and 180,000 psi, are presented in Figures 56 to 61. It
i1g evident from these curves that relatively minor alterations in the fa-
tigue results have been introduced by ¢d-electroplating and these variations
are so small that the fatigue test as here executed gives slight direct in-
formatlon concerning the phenomenon of hydrogen embrittlement.

7. Fracture Development in the Fatigue Test:

For hydrogen impregnated smooth rotating beam fatigue specimens crack
development progresses from numerous nuclei. When the consequent section
reduction exceeds an amount that depends on the notch sensitivity of the
steel and the applied load, fracture takes place. Typlcal fractures for
smooth specimens are presented in Figure 62.

. The fracture development in the smooth specimens depends on chance
nuclestion of the fatigue crack. The crack as a consequence develops from
a highly restricted point and the detailed role of the ultimate crack con-
figuration in leading to failure cannot be determined in quantitative terms.
Qualitatively the section reduction depends on the applied load and notch
sensitivity of the steel.

For notched specimens, on the other hand, the crack develops within
a few cycles after the specimen is loaded and is developed circumferentially
at & much higher rate than it is radially. This is true for all notch di-
mensions which have been used in the present work. Again the crack develop-
ment is determined by the load on the specimen and by the noteh sensitivity
of the steel as is indicated in Figure 63.

The fatigue test on notched specimens thus is a test which allows a
erack to be initiated and propagated under initially controlled conditions.
As the crack is developed, the stress on the uncracked section increases
until the fracture strength is exceeded. The fracture strength is a dynamic
notch strength for which at the present time absolute numerical values can-
not be advanced, but relative measurements can be made. Thus from Figure
63, diameter messurements for a given initial load can be made for the
material examined as a function of tempering temperature. Such measure-
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ments* for 98BLO, 4340 and 4330 V-Mod. steels are rresented in Figure 64,
For thege steels the indicated change in fracture dismeter corresponds to
a change in the notch strength of about 50%, as determined from Figure 63.

Thus the fracture area changes given 1n Figure 64 result from notch
strength changes as given in Figure 65. These data plotted against tensile
strength are given in Figure 66. It is evident that the fracture area data
provide an excellent method for determining the notch sengitivity of the
steels under investigation. Tt is pointed out, with reference to the present
investigation, however, that the test data here presented characterize the
hydrogen free core of the specimen tested and thus are not of necessity an
index of the embrittling effeect of electrodeposited hydrogen.

8. Bend Tests:

The general behavior in the bend test of a high strength steel con-
talning electrodeposited hydrogen has been discussed in detall elsewhere
(4) (10). At high rates of bending, ductility is high; at low rates of
bending, ductility is reduced and in some at present unspecified relation-
ship, in proportion to the amount and distribution of the hydrogen deposited.
Hydrogen introduced by Cd-electroplating may be expected to produce comparable
behavi?r §O that earlier reported for relatlvely severe cathodic embrittle-
ment. (10

For the 4340 steel, Figure 67, 1t is shown that the magnitude of the
embrittlement ig a function of the strength level for the steel as well as
of the strain rate. Specifically, 4340 steel tempered at 800 and 1000°F is
not indicated as embrittled by the electroplating. Specimens tempered at
hOO, 500 and TOO®F are embrittled. Baking is relatively effective in re-
moving the embrittlement due to hydrogen, but from the results of the analy-
ses earlier reported it is apparent that the improvement in ductillty re-
sults from a redistribution of the hydrogen and not from its elimination
from the steel.

The results for the 4340 steel are perhaps more revealing when plotted
as in Figure 68. Here the pronounced effect of tempering temperature on
the susceptibility of the steel to hydrogen embrittlement is emphasgized.
According to these data, the 4340 steel is highly susceptible after temp-
ering at temperatures below TOO°F. The "500°-embrittlement™ range is also
indicated. Baking hasg largely restored the original ductility of the steel,
but the "500°-embrittlement" range is still cbserved.

Qualitatively the 98B4O and 4330 V-Mod. steels respond in a manner
very similar to that cbserved for the 4340 steel.

*These measurements in the present work have not been made with high pre-
cision, but such measurements can readily be made.
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The 4340, 98BLO, and 4330 V-Mod. steels as & group are steels which
tend to become increasingly susceptible to hydrogen embrittlement, due to
the action of electrodeposited hydrogen, as the tempering temperature 1B
reduced or as the tensile strength increases above & value of about 200,000
psi. A second group of steels has been studied in the present investiga-
tion for which, in some measure, contrary performance is observed. That is,
optimum resistance to hydrogen embrittlement 1s obtained st low or inter-
mediate tempering temperatures and this embrittlement resistance may be
reduced by tempering at elther lower or higher temperatures. The best ex-
ample of this behavior is provided by the proprietary steel Tricent, Figure
69. By the bend test "mricent” is seen to be nearly unaffected by the pres-
ence of hydrogen introduced into the steel during Cd-electroplating, for a
tempering temperature of 550°F. As the tempering temperature is lowered or
raised from 550°F, embrittlement of the steel 1s increasingly severe.

Tempering temperature effects were less completely studied for Hy-Tuf,
Crucible UHS-260 and Super TM-2. For the single tempering treatment used
for Hy-Tuf steel, no embrittlement effect due to Cd-electroplating was ob-
gserved in the bend test, Figure 7O.

prucible UHS~260 steel responded to the action of hydrogen with change
in tempering temperature in a manner closely related to that observed for Tri-
cent. Characteristic bend data vs. testing speed are presented in Figure
70. Here it will be noted that the fracture angle vs. testing speed curves .
tend to maximize. 'The low rate at which the bend angle 1is reduced as the
testing speed is reduced is an indication of the resistance of this steel
to hydrogen embrittlement. The slight reduction at the high strain rate
may be accidental and should be evaluated by properly designed tests.

Super TM-2 steel was also found to possess good resistance to hydro-
gen embrittlement, Flgure Tl. Behavior of this steel in the bend test was
closely related to that observed for Crucible UHS-260.

The data taken in the bend test depend on the testing speed. It is
probable then that the test to be of optimum value should be completed at
a gpecified testing speed. The test data taken for the different steels
tempered to specified strength levels are, therefore, compared in Figures
72 to T7.

Two steels only were found to reach the 290,000 psi tensile strength
level, namely 98B4O and Tricent, Figure T2. Tricent is evaluated in the
bend test throughcout as superior to 98B40 over the range of testing gpeeds
studied. Both steels at this strength level, however, are clearly susceptible
tp embrittlement due to the actlon of hydrogen.

At the strength level of 270,000 psi the 4340 and 98BLO steels are very

sensitive to hydrogen embrittlement. Tricent, Super TM-2 and Crucible UHS-
260 are insensitive to this embrittlement, Figure T3.
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At the strength level of 250,000 psi the greatest resistance to hy-
drogen embrittlement is observed for Crucible UHS-260 steel, Figure Th.

As the tensile strength is reduced to 230,000 psi, several steels,
in the bend test, are evaluated as relatively insensitive to hydrogen em-
brittlement from the action of electrodeposited hydrogen through Cd-plating,
Figure 75. The most resistant steel, however, ig Hy-Tuf. At lower strength
levels several steels are evaluated as highly resistant to hydrogen embrit-
tlement arising from Cd-electroplating, Figures 76 and T7.

The bend test results for the lowest testing speed are summarized in
Figure 78. As a function of increasing tensile strength, the two groups
of steels previously noted are clearly indicated. An appraisal of the
several similarities and dissimilarities among these steels suggeste the
importance of the presence or absence of silicon &g an alioying addition in
the steels compared. For the silicon dilute steels, embrittlement due to
electrodeposited hydrogen becomes increasingly severe as the tensile strength
is allowed to increase. For the gilicon bearing steels, sensitivity to hy-
drogen embrittlement may be markedly reduced as indicated in the bend test
at a tensile strength as high as 270,000 psi.

The several steels which have been studied clearly possess optimum
resistance to hydrogen embrittlement in restricted tensile strength ranges.
(It is assumed as probable that this embrittlement resistance is more proper-
1y related to a tempering temperature range for each steel and thus indirect-
ly to the tensile strength.) As a consequence, there is no indicated general
purpose steel which will possess high hydrogen embrittlement resistance
throughout the tensile strength range of 180,000 to 300,000 psi. The steels
possessing the superior properties in the normally specified tensile strength
intervals above 180,000 psi are given in Figure 79, as determined in the bend
test.

On the basls of this figure 1t is indicated that minimum resistance
to hydrogen embrittlement is obtalned at the tensile strength levels 250,000
and 290,000 psl. As indicated in the bend test, materials resistant to hy -
drogen embrittlement can be obtained for the other strength levels examined
by a proper selection of steels.

9. Fracture Development in Bend Specimens:

The development of the crack leading to failure in the bend specimen
tock place in much the same way for each steel.

Thus termination of the test took place either with the specimen in-
tact or with the development of a failure which was either complete or par-
tial as given in Figure 80. As is evident in this photograph, the crack
has developed in a manner characterizing a shear fracture. The general de-
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velopment of this fracture suggests the likely formation of small shear
fractures over the surface of the specimen and the eventual failure of the
specimen due to the subsurface extension of such a network of cracks and
consequent overloading of the section.

A macrograph of the postulated surface crack nuclel developed in a
gelected specimen is presented in Figure 81.

#rom this photograph it is evident that the postulated nucleation and
crack growth mechanism may obtain. However, the general development of the
network of fracture nuclei depends on the strain to fracture. Thus for low
fracture strains few fracture nuclei are formed, but such nuclel as do form
may grow extensively, Figure 82, in contrast to the behavior when the fract-
ure strain is high. 1In the latter case the fracture nuclel are numerous
and highly localized, as in Figure 8l.

At high testing speeds the fracture nuclel are associated with pro-
nounced plastic deformation, while at low testing speeds the fractures tend
to be brittle shear type fractures, cf. Figure 38.

The bend data may be interpreted as follows:

1. At high strain rates the outer fibers of the specimen are
strained at a rate which minimizes the action of hydrogen in
leading to embrittlement. All specimens then fail through
mechanical overloading and the results of the test are then
essentially uniformly constant.

o At low strain rates crack development sets in at a relatively
low strain as indicated by bend angle. For those materlals which
sre notch sensitive an early transverse crack develops to dimen-
sions such that it can run freely and the specimen bresks at a
low bend angle.

For notch tough materials, on the other hand, the transverse
crack can form only in the notch sensitive hydrogen-ceontaining
surface layers of the specimen. Fallure, if it occurs, then
develops through mechanical overloading of the section due to
the bending action and not through the notch sensitizing action
of the hydrogen induced crack development. The bending angle
measured for this condition then tends to be near that measured
at the high strain rates.
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DISCUSSION AND CONCLUSIONS

Hydrogen induced delayed fallures result from the development of
suitably propagating cracks. The development and extension of the hydrogen
induced cracks are functions of the loading condition, the stress concen-
tration, the notch sensitivity of the steel, and the hydrogen distribution.
For the three tests which have been used in this program, the factors, ex-
cept ostensibly the notch sensitivity, vary in a unique way for each tegt.

For the sustained load test on notched specimens the crack, once
formed, constitutes & severe stress raiser. The load on the section in the
presence of this stress raiser is not, in general, sufficient to cause the
crack to propagate due to overloading. The crack rropagates due to the dif-
fusion of hydrogen to the critical section and the re-establishing of the
conditions which initially led to crack development. Crack rropagation,
therefore, is controlled by the diffusion of hydrogen.

In the rotating beam test, the loading conditions, in their own right,
are sufficient to cause crack development. Even in an unembrittled notched
specimen, the crack begins to form at the base of the notch shortly after the
load is applied so that a crack i1s driven through the outer fibers of the
specimen within a relatively short number of cycles. Thug, except for a
test condition which runs for only a few cycles to failure, the fatigue test
in the presence of cadmlium pleting leads to failure by fatigue loading of
the metal. The test, further, is a high strain rate test and even when
run at the reduced rate employed in this investigation, 1t is probable that
the hydrogen introduced into the specimen plays only a secondery role¥* in
the crack development. It is due to this phenomenon, however, that the
notch fatigue test 1s an excellent test for the appraisal of the notch sen-
sltivity of the steel, as was discussed above.

The bend test like the fatigue test predicates eventual failure.
However, unlike the fatigue test the bend test is conveniently run at a
strain rate which will allow crack nucleation to be controlled by the hy-
drogen entrapped in the specimen during electroplating. Once the crack is
nucleated it is free to run if the metal under the crack is notch sensitive.
If the metal 1s notch tough, further crack development is possible only if
the specimen is sufficiently strained.

*In the high stress~low cycle range it 1s difficult to separate the sustained-
load and fatigue effects, but when the test ran for a hundred cycles or more
the effect due to hydrogen was slight.
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Crack development takes place at & low rate in the sustained lcad spe-
cimens, at an intermediate rate in the bend specimens, and at a high rate
in the fatigue specimens. The role of hydrogen in leading to fallure in
sugtained loading clearly is a dominant one. In the bend test the hydrogen
promotes the development of suitable surface eracks when the strain rate
1s low. At high strain rates surface cracks are formed through mechanical
overloading. For notch sensitive metal cracks introduced into the surface
cause failure at low strains. TFor notch tough materials the hydrogen in-
duced cracks do not cause failure on their appearance and failure of the
section is delayed until the fracture strain of the non-hydrogen bearing
core is exceeded. In the fatigue test it cannot clearly be demonstrated
from the tests completed that crack development is markedly influenced by
the electrodeposited hydrogen.

On considering the manner of crack development in the above tests,
it is at first sight surprising that data from each test can be found to
correlate in the evaluation of the sensitivity of a steel to hydrogen em-
brittlement. Tt should be evident, however, that embrittlement due to
electrodeposited hydrogen 1s in reality largely sensitivity to notches.
Since, as it has been shown, at the time of failure in each of the tests,
notches, in the form of cracks, exist, correlation of the results from each
of the three tests should be possible if compatible indexes of notch sen-
sitivity are employed. A proper index is some measure of notch strength.

In the sustalned load tests a notch strength value is measured di-
rectly. The real average stress, however, 1ls obtained by correcting for
the section loss during crack development. In this way a "static crack"
strength (17) is obtained. A compatible "static crack” strength is quali-
tatively deducible from the central fracture area in the fatigue test.*
Here changes in the fracture area provide a measure of the fracture strength
with the restriction only that the external load applied to the specimens
remains constant.

In the bend tests it 1s most convenient to measure fracture strains.
Fracture strains, however, are an index of the notch strength of high strength
steels. The bend angle at fracture then should provide a usable index of
hydrogen embrittlement.

Measurements of the minimum sustained load strength,*¥ fracture angle
and the reciprocal of the fracture area (fatigue test) for the 4340 steel
are plotted in Figure 83. Alsc included in the figure are sustained load
notch strength measurements made on 0.9 in. dia. Cd-plated specimens.

* gtrain-rate effects are observed in the fatigue test, but they are second
order effects and need not be considered here.

*¥guitable area measurements were not completed on these specimens to allow
static erack strength measurements.
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Qualitatively the data compared are in good agreement. However, quan-
titative digcrepancies of significance exist. There can be little question,
however, but that the hydrogen embrittlement effect measured for Cd-plated
high strength steels 1s in reality notch sensitivity. It is, therefore,
possible to use the pertinent criterion for each of the tests to cbtain
an index of notch sensitivity and, therefrom, to measure or predict sus-
ceptibility to hydrogen embrittlement. However, it must be kept in mind
that none of the tests studied 1s an absolute test and the results for each
must be evaluated in a proper frame of reference. OFf the three tests studied
the sustained load and bend tests are practical tests for the evaluation of
hydrogen embrittlement. The fatigue data can be misleading in the evaluation
of the susceptibility of & silicon-bearing steel to embrittlement due to
Cd-plating.

According to the fatigue test, the 4330 V-Mod. steel should be the
most resistant to hydrogen embrittlement. The silicon-bearing steels at
comparable strength levels, however, possess superior properties in both
the sustained load and bend tests. This possibly indicates a reaction
between the gilicon and hydrogen leading to & reduced hydrogen embrittliing
effect in the silicon rich materials. Feailures arising from the action of
hydrogen in high strength steels are complex phenomena, but it is evident
that certailn of the materisls studied have superior properties in the strength
range above 200,000 psi. These materials have been indicated in the course
of the presentation of the experimental results. The experimentation has,
however, been largely completed on small gpecimens and 1t beccomes necessary
~ to determine the probable effect of specimen size change on the regults
-meagured. The problem of size effect thus arises. Limited data have already
been presented by which this phenomenon has been examined directly. Limited
data are available which provide an indirect approach to the examination of
this question.

Among the various factors which vary when the phenomenon of size
effect is considered is that of notch ductility. TIf notch ductility is high,
size effect is not observed (18). If notch ductility is low, size effect
is encountered. It follows from this that thoee factors which modify notch
ductility are potentially usable in the development of a better undergtand-
ing of size effect. Pactors which probably influence notch ductility and
which to some degree are readily accegsible experimentally are, the testing
temperature, the testing speed and the notch geometry. Specifically, if the
testing temperature is sufficiently iowered; if the testing speed is suf-
ficiently raised; and if the notch acuity is sufficiently increased, it is
to be expected that notch ductility may be reduced to a minimum value. The
notch strength then measured should correspond to the notch strength for a
very large specimen and should constitute a limiting value. A few data
are available to allow examination of these predictions.

The strain rate factor may be introduced by the completion of strength
measurements in the tension impact test. Low temperature notch tension tests
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have previously been reported (13). The notch strength in the presence of
an infinitely sharp notch can be derived as has been done in this work.
The data suitable for comparison are presented in Figure 8h.

The impact tenslcon data are seen to be indifferent for the purposes
of the present comparison, but from the results of Clark and Wood (19)
this is to be expected because of the relatively low strain rates used in
the present work. Further the deformation processes in the strain rate
interval, which is potentially characterlstic for the present impact ten-
sion tests, are complex (20). The low temperature tension tests and the
gustained load tension tests, on the other hand, establish trends which are
those expected. Thus as the tempering temperature is lowered below about
800°F notch ductility is potentially impaired in the notch tension test.
The notch strength which depends on the notch ductility is then reduced.
Since the notch strength of a non-ductile material is essentially tempera-
ture independent (21), a change in size which may be required to suppress
notch ductility at any given testing temperature should affect the fracture
strength, to a first approximation, only in s¢ far as 1t affects the notch
ductility. Qualitative agreement between this theory and the available
experimentsl data is indicated in Figure 84. The quantitative differences
in these data, however, emphasize the need for additional work both on
the 4340 steel for which these data are significant and for other types of
steels for which no comparable data exist.
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A serles of low alloy steels heat-treated to tensile strengths from
about 180,000 to 300,000 psi has been studied for susceptibility to embrit-
tlement due to Cd-electroplating. To determine the susceptibility three
tests, namely, sustained load, fatigue and bend tests were used. Selected
specimens after Cd-electroplating were analyzed for hydrogen content. The
results and conclusions are summarized below.

1. Hydrogen introduced into Cd-electroplated specimens may be as
high as that introduced through severe cathodic impregnation. The average
amount of hydrogen, which, it 1s emphamsized, varies with specimen dimensions,
measured for flat bend and cylindrical stress-rupture Cd-plated specimens
was 5.2 ppm and ~v 2.5 ppm respectively.

2. Baking Cd-plated specimens sufficiently to restore ductility
in the bend specimens led to no significant change in the average hydrogen
content. The change In properties observed is thus assumed to result from
a redistribution of the hydrogen through diffusion induced by the baking
treatment.

3. By a suitable adjustment of the applied load, all steels for
8ll strength levels examined can be made to fail under sustained loads
by Cd-plating.

4. The susceptibility of a steel to sustained load failure after
Cd-plating depends on the severlty of the notching conditlions, and on the
metallurgical structure of the steel. The steels studied fall into two
groups, one of which is comprised of steels which become increasingly
Insensitive to the embrittling action of Cd-~plating with increesing temper-
ing temperature, while the second is made up of steels which possess maxi-
mum insensitivity at intermediate tempering temperatures. The first group
of steels is silicon dilute; the second is silicon rich.

5. While 811 steels studied can be made to fail in sustained-load
after Cd-plating, steels posseseing high resistance to this embrittlement
can be obtained to strength levels as high as 270,000 to 280,000 psi.
Structural control at these strength levels, however, must be ensured.

6. It can be predicted that with an increase in specimen size,

susceptibility to sustained-load failures should decrease. The limited
tests which have been completed support this prediction.
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7. Sustained-losd failures result principally from the formation
of cracks due to the action of electrodeposited hydrogen. Crack formatlon,
however, is a complex phenomenon, and the experimental conditione may be
such that crack nucleation may be a surface or subsurface phenomenon,
vhile crack propagation may take place in hydrogen-containing or hydrogen-
free metal.

8. The high-load low-cycle fatigue properties of a steel are modi-
fied by Cd-plating. However, as an index of susceptibility to embrittle-
ment due to Cd-plating this test is of limited applicability.

9, As a possible means of determining the notch sensitivity of a
steel, the high-load low-cycle fatligue test offers much promise. This
uge of the test has been discuseed In the body of the report.

10. Bend tests as completed 1n the present investigatlon offer a
simple and reasonasbly adequate means for the evaluation of the susceptibility
of a steel to embrittlement through Cd-plating., The order of the steels
established in this test corresponds approximately to that established in
the sustained-load test with small specimens at a stress concentration (K}
of 5, Figure 85.

11. railure in the bend test results from the nucleation and growth
of surface cracks.

12. The manner of crack development in the three tests examined has
been discusged at length. The significance of the experimental results as
megsures of notch sensitlvity and in this way as measures of susceptibllity
to embrittlement through Cd-plating has been examined.

13. It has been proposed that size effect is intimately related

to the notch ductllity and data which bear on thils question have been
presented and discussed.
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FIG. 4 PHOTOGRAPH OF THE MULTI-STRAIN RATE MULTI-
SPECIMEN BEND MACHINE,
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FIG. 38 SUSTAINED LOAD FRACTURE FOR Cd-PLATED SMOOTH
SPECIMEN, 4340 STEEL. NUCLEATION AT OR NEAR SURFACE,

FIG. 39 SUSTAINED LOAD FRACTURE FOR Cd-PLATE SMOOTH
SPECIMEN. 4340 STEEL. NUCLEATION SUBSURFACE.
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FIG, 40 SUSTAINED-LOAD FRACTURE FOR Cd-PLATED
NOTCHED SPECIMEN, .K = 2, NUCLEATION AT
OR NEAR SURFACE. TEMPERED AT 4000 F FOR
4 HOURS.

FIG. 41 SUSTAINED-LOAD FRACTURE FOR Cd-PLATED
NOTCHED SPECIMEN, K =2, NUCLEATION
SUBSURFACE. TEMPERED AT 600° F FOR
4 HOURS
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FIG. 43 CHARACTERISTIC SUSTAINED-LOAD FRACTURE DEVELOPMENT
FOR Cd-PLATED NOTCHED SPECIMENS. K = 3.

1641, TEMPERED AT L400°F; FRACTURE TIME: 1.4 HOURS
1971 TEMFERED AT 500°F; FRACTURE TIME: 3.8 HOURS
2231, TEMPERED AT TOO°F; FRACTURE TIME: 6.8 HOURS
2581, TEMPERED AT 800°F; FRACTURE TIME: 6.2 HOURS

290L TEMPERED AT 1C00°F; FRACTURE TIME: 1.3 HOURS
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FIG., 44 CHARACTERISTIC SUSTAINED-IOAD FRACTURE DEVELOPMENT FOR
Cd~PLATED NOTCHED SPECIMENS. K = 5.

1681, TEMPERED AT 400°F; FRACTURE TIME: 1.4 HOURS
2031. TEMPERED AT 500°F; FRACTURE TIME: .8 HOURS
232 TEMPERED AT TOO°F; FRACTURE TIME: 4.4 HOURS
2651, TEMPERED AT 800°F; FRACTURE TIME: 6.5 HOURS
298I, TEMPERED AT 1000°F; FRACTURE TIME: 32.6 HOURS
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FIG. 46 CRACK DEVELOPMENT IN Cd-PLATED 0.9 IN, DIA,
SPECIMEN, K= 5. 4340 STEEL TEMPERED AT 6000 F,
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FIG. 47 SUSTAINED-LOAD FRACTURE IN 0.9 IN, DIA,
Cd-PLATED SPECIMEN (NOTE FRACTURE NUCLEUS
AND SHEAR LIP),
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FIG. 52 S-N CURVES FOR EMBRITTLED SMOOTH AND NOTCHED ROTATING
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SPECIMENS OF 4340 STEEL FOR THE INDICATED TEMPERING
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FIG., 64 THE FATIGUE SPECIMEN FRACTURE DIAMETER VS. TEMPERING
TEMPERATURE FOR AN INITIAL STRESS OF 100,000 PSI FCR
THE INDICATED STEELS.
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FIG. 70 THE BEND FRACTURE ANGLE VS. TESTING SPEED FOR Cd-PLATED HY-TUF
AND CRUCIBLE UHS-260 STEELS WITH TEMPERING TEMPERATURE AS
PARAMETER FOR THE INDICATED TEST CONDITIONS.
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FIG. 72 THE BEND FRACTURE ANGLE V3. TESTING SFEED FOR THE STEELS AT
A TENSILE STRERGTH = 230,000 PSI.
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FIG. 74 THE BEND FRACTURE ANGLE VS. TESTING SPEED FOR THE STEELS AT A
TENSILE STRENGTH = 250,000 PSI.
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FIG. 75 THE BEND FRACTURE ANGLES VS, TESTING SPEED FOR THE STEELS AT
A TENSILE STRENGTH = 230,000 PSI.
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FIG. 76 THE BEND FRACTURE ANGLE VS. TESTING SPEED FOR THE STEELS AT
A TENSILE STRENGTH = 210,000 PSI.

WADC TR 56-395 Pt 3 - 102



FRACTURE ANGLE - DEGREES

L3ko

100 / = _“"F"Tﬂ==
4330y 7| - T
98}3)4—0}.
8o
60
4340
100 h—; — _m‘
— X .
330-v 98Blo o
Jr— ...-,gr_, . —— —-!—-—- S e mm— —— _— T
80| f |
i
! !
| i
60 e .
0.01 0.1 1

RATE OF TEST - RPM

FIG. 77 THE BEND FRACTURE ANGLE VS, TESTING SPEED FOR THE STEELS AT
A TENSILE STRENGTH = 180,000 PSI.
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FIG. 78 THE BEND FRACTURE ANGLE VS. TENSILE STRENGTH FOR
THE STEELS STUDIED. (SLOW TESTING SPEED)
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FIG. 80 SHEAR FRACTURE DEVELOPMENT IN
A Cd-PLATED BEND SPECIMEN
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FIG. 81 CRACK DEVELOPMENT IN A Cd-PLATED BEND
SPECIMEN. TESTED AT HIGH SPEED

FIG. 82 CRACK DEVELOPMENT IN A Cd-PLATED BEND
SPECIMEN, TESTED AT SLOW SPEED
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FIG. 83 THE EMBRITTLEMENT CHARACTERISTICS VS. TEMPERING TEMP-

ERATURE FOR A L4340 STEEL AS ESTABLISHED FROM THE
INDICATED TEST CONDITIONS.
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TEST CONDITIONS.
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TABLE IV

(2) PROGRAM OF HYDROGEN ANALYSES

R is the rate of loading, K is the stress concentration.

Alloy Strength Bend Test Bend Test Sustained-ILoad
level - Psi (Unbaked ) (Baked ) Test (Unbaked)
Rl R2 R3 Rl Re R3 K=1 K=3 K=5 K=10
L | L L L L L L L L L
290,000 3 3 3 1 3 1
270,000 1 1 1 1 1 1
43Lo 230,000 3 3 3 1 3 1
210,000 1 1 1 1 1 1
180,000 3 3 3 1 3 1
290,000 2 2 2 2
270,000
98840 230,000 2 2 2 2
210,000
180,000 2 2 2 2
270,000 3 3 3 3
V-Mod. 230,000 3 3 3 3
4330 210,000
180,000 3 3 3 3
Hy -Tuf 230,000 2 2 2 2
Crucible 290,000 2 2 2 2
UHS-260 250,000 2 2 2 2
Super TM-2 270,000 2 2 2 2
Tricent 31G,000 1 1 1 1 1 1
{(Inco) 290,000 1 1 1 1 1 1
270,000 1 1 1 1 1 1
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TABLE IV (Cont'd)

HYDROGEN ANALYSES (BEND SPECIMENS) FOR 4340, 98850 AND V-MOD. 4330

STEELS
Hydrogen Content - ppm
Temp. Unbaked Baked
Temp. ‘
°F
(v) 43h40 h,7 3.5
400 2.5 7.9
1.7 7.3
500 Lk 2.5
5.2 2.8
700 2.9 10.2
2.3 10.1
800 5.1 3.5
4.9 3.5
1000 2.9 k.6
3.5 .3
(c) 98B0 Loo A 2
12.7 5.1
700 14.3 6.5
12.3 1.1
900 9.8 8.9
8.5 5.5
(d) v-Mod. 250 4.5 h.h
6.7 6.5
7.3 12k
500 5.8 6.8
1.9 2.1
3.6 1.3
1000 9.9 1.6
7.0 1.4
WADC TR 56-395 Pt 3 112




TABLE IV (Cont'd)

HYDROGEN ANALYSES (STRESS-RUPTURE SPECIMENS) FOR L3ho,
98BLO AND V-MOD. 4330 STEELS

Temp. Stress Concentration
Temp.
°F K=1 K=3 =5 K =10
(e) 43ko; 2.3 2.1 1.7 1.1
—_— koo 1.4 1.6
3.2 0.7
500 1.8 1.5 1.8 1.6
2.5 1.5 1.0 0.8
700 1.7 0.9
0.9 0.8
800 1.1 1.0 1.3 1.k
2.6 1.1 1.5 1.0
1000 1.2 0.9
(£) 98BLO: 3.3 1.7
——— Loo 3.3 2.5
2.7 2.0
700 5.1 2.8
3.3 3.4
900 Lost 2.3
(g) V-Mod. 1.7 3.5
43303 250 0.6 2.1
1.5 2.8
3.3 3.2
500 2.5 2.1
3.0 3.3
3.4 2.4
1000 2.0 2.6
1.k 3.9

Hydrogen not detectable in a 4340 Stress-Rupture Specimen, K = 5, 500°F
Temper (No. 13A).
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TABLE IV (Cont'd)

HYDROGEN ANALYSES (BEND SPECIMENS) FOR HY-TUF, CRUCIBLE
UHS-260 AND TRICENT STEELS

Temp. Hydrogen Content - ppm
Temp.
°F Unbaked Baked
(h) Hy-Tuf: 3.8 4.8
700 5.6 7.7
(1) Crucible
UHS-260: 3.0 3.6
550 2.0 1.8
3.8 3.3
8o 2.0 3.4
(j) Tricent: 400 L.l 3.0
550 0.8 3.4
700 1.5 2.1
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TABLE IV (Cont'd)

HYDROGEN ANALYSES (STRESS-RUPTURE SPFECIMENS) FOR HY-TUF,
CRUCIBLE UHS-260 AND TRICENT STEELS

Temp. Stress Concentration
Temp.
'F K=1 K=3 K=5 X =10
k - : e 1.1
() Boopat 700 26 0.3
(1) crucible o 1.7 0.7
UHS-260: 22 0.9 0.3
1.1 1.4
800 3.9 0.8
(m) Tricent: 400 1.4 Lost 0.8 1.1
Sso 1.2 1.1 L.o C.9
TOO 1.9 0.9 1.5 3.4
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TABLE IV (Cont'd)

HYDROGEN ANALYSES (BEND AND STRESS-RUPTURE SPECIMENS)

FOR SUPER TM-2 STEEL

Temp. Hydrogen Content - ppm
Temp.
‘F Unbaked Baked
{n) Bend 2.1 2.5
Specimens: 500
5.3 2.4
Temp. Stress Concentration
Temp.
°F K=1 K=5
(o) Stress- 3.2 1.4
Rupture 200
Specimens: 2.5 .9
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