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A sample plate of HY 130 steel (5 pct Ni-0.5 pct Cr-0.5 pct Mo-0.1 pet V-0.1 pet C) was
found to be quite susceptible to temper embrittlement. Step-cooling produced a shift in
transition temperature of 583 K (310°C). In the step-cooled condition the plane strain
stress intensity threshold for crack growth in 0.1 N H,SO, was about 22 MNm™/? (20 ksi
Vin.)) and the fracture mode was intergranular, whereas in the unembrittled condition the

threshold for a 1.27 c¢cm (3 in.) plate (not fully plane strain) was around 104.5 MNm

~3/2

(95 ksiVin. ) and the fracture mode was mixed cleavage and microvoid coalescence. The
interaction between the impurity-induced and the hydrogen embrittlement is discussed in
terms of Oriani’s theory of hydrogen embrittlement.

FOR a number of years it has been recognized that
quenched and tempered alloy steels have a tendency to
fracture along prior austenite grain boundaries under
conditions of stress corrosion or hydrogen embrittle-
ment." Since this mode of fracture is also associated
with impurity-induced grain boundary weakening, as

in temper embrittlement and “500°F’’ embriftlement,

it is natural to ask whether these two types of embrittle-
ment may act in a cooperative manner.

The literature on this subject is quite sparse. Cabral
et al.? tested smooth bars of a quenched and tempered
3 pet Ni, 0.6 pct Cr, 0.1 pct Mo, 0.11 pet Cu, 0.3 pct C
steel by statie loading in tension in 0.1 N H,80, and
found that the threshold for hydrogen-induced fracture*

*1t is generally concluded that environment-assisted cracking of high strength
steels in a hydrogen-producing environment can be attributed to hydrogen
embrittlement.

was lowered when the steel was given a prior treatment
of 773 K (500°C) for 48 h. This effect was accompanied
by a shift from transgranular fracture to fracture along
prior austenite grain boundaries. More recently, the
exhaustive analysis of the failure of several forged tur-
bine discs of 3.25 pct Cr-0.6 pct Mo steel at the Hinck-
ley Point power station in England has led to the con-
clusions® that the discs had been temper embrittled dur-
ing manufacture and that the failure was due to the slow
growth of an intergranular crack under the influence of
condensate trapped in a round keyway, the latter acting
as a stress concentrator.

To gain more information about this effect we have in-
vestigated the behavior of a new, high strength, naval
pressure vessel steel, HY 130, with respect to its sus-
ceptibility to temper embrittlement and the influence of
such embrittlement on its resistance to crack propaga-
tion in a hydrogen-producing environment.
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EXPERIMENTAL PROCEDURE

The sample of HY 130 steel was supplied through the
courtesy of the United States Steel Corporation in the
form of a cross-rolled one-inch plate. The chemical
composition and typical mechanical properties, as de-

_ termined by U. 8. Steel, are shown in Table I

The response to temper embrittlement was studied by
determination of the ductile-brittle transition tempera-
ture of 0.63 cm (% in.) round bars circumferentially
notched and tested in cantilever bending over a range
of temperatures, a method originated by Low et al.*
and used by our group in previous work.® Tempera-
tures were obtained by immersion in baths of liquid
nitrogen, isopentane, or silicone oil, and fracture
energies were obtained from the areas under the load-
deflection curves taken from an Instron chart. Test
bars were heat treated in evacuated capsules by austen-
itizing at either 1473 K (1200°C) or 1093 K (820°C),
quenching in iced brine, and tempering at 898 K (625°C)
for 2 h. Some specimens were embrittled by step cool-
ing in the usual Way,"’5 and others were isothermally
embrittled at 753 K (480°C) for 25, 100, and 200 h.
Notching was done after all heat treatment was com-
pleted. The mechanical properties after this step cool-
ing treatment were: yield strength, 848 MN/m? (123
ksi); tensile strength, 931 MN/m? (135 ksi); Re hard-
ness, 32.

The resistance to environmental cracking was evalu-
ated by testing edge-notched cantilever bend specimens,
shown in Fig. 1, in the manner of Brown and cowork-
ers.® The bars were heat treated as above, except that
a dynamic vacuum and plain water quenching were used.
After heat treating and notching, the bars were fatigue-
cracked for a distance of 1 mm (0.040 in.) below the
notch at the rate of about 0,025 mm (0.001 in.,) per 1000
cycles, as recommended for sharp cracks.” The fatigue
cracking was done at room temperature for unembrit-
tled specimens and at 523 K (250°C) for embrittled
{step-cooled) specimens. This was to insure that
cracking was stable and transgranular in both cases.
The plane of the fatigue crack was perpendicular to
the rolling plane.

The environment used was 0.1 N H,80, containing
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Table I. Chemical C

position and Mech

ical Properties of HY 130*

Ladle Analysis (wt pct)
Heat No. Plate No. C Mn P S Si Ni Cr Mo A%
SP 2004 0116856 A-1 0.11 0.88 0.003 0.006 0.35 4.95 0.53 0.50 0.08
Tensile Propertiest Notch Toughness
Yield Strefr;gth Charpy V-Notch Energy
0.2 pet Offset i i
(0.2 pc set) Tensile Strength Blongation in Reduction Absorption at 273 K
Orientation ksi MN/m? ksi MN/m? . 5.08 cm (2 in.) pet of Area pct Ftlb M,
Longitudinal 139 959 151 1042 20.0 64.2 78 105.7
Transverse 130 897 150 1035 20.0 61.1 68 92.2
*Determined by U.S. Steel Corporation Research Laboratory.
1 Austenitized at 1088 K (1500°F), water quenched, tempered at 898 K (1160°F) for 1 h, water quenched.
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Fig. 1—Notched and precracked bar used for hydrogen embrit-
tlement testing.
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BDS/Z Fig. 2—Shifts in transition temperature due to step cooling

where M is the bending moment at the notch, B and D
are the thickness and depth of the specimen, respec-
tively, and @ = 1 — g/D, where a is the total length of
the notch plus fatigue crack.

Attempts to monitor crack growth optically were pre-
vented by the tendency for the cracks to propagate
faster in the central portion of the unembrittled bars.
However, the progress of cracking could be monitored
(but not measured) by means of an LVDT placed on the
cantilever beam at a distance 12.7 ¢m (5 in.) from the
notch. Time to failure was measured automatically by
a microswitch and timer arrangement,

RESULTS

The large susceptibility of this heat of HY 130 steel
to temper embrittlement by step cooling is demon-
strated in Fig. 2, which shows the results for austen-
itic grain sizes of 0.01 and 0.03 mm, obtained by austen-
itization at 1093 K (820°C) and 1473 K (1200°C), respec-
tively. In these experiments the test method of Low
et al.* was used, and the deflection to produce an audi-
ble brittle crack is plotted against test temperature.
The transition temperature shifts, which have been
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embrittlement.
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Fig. 3—Shifts in transition temperature due to isothermal em-
brittlement at 7563 K (480°C).

found to correlate approximately with those obtained
in Charpy tests, show that in the coarse grained condi-
tion the steel is slightly more susceptible, as expected.
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Fig. 4—Fracture surfaces of specimens broken below the transition temperature showing increasing amounts of intergranular
embrittlement in the order: (a) unembrittled, 193 K (— 80°C) fracture; (b) isothermally embrittled, 753K (480°C), 25 h, 293K
(20°C) fracture; (c) isothermally embrittled, 753 K (480°C), 100 h, 363K (90°C) fracture; (d) step cooled, 293 K (20°C) fracture.
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Fig. 5—Values of KJ (=Kg) for unstable crack extension in air
tests on precracked cantilever bars (cf. Fig. 1) of various
thicknesses in the unembrittled and step cooled conditions.
Valid K. values obtained for the step cooled 1.27 cm (} in.)
thick bar.
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Fig. 6 —Initial values of Ky in hydrogen embrittlement tests on
precracked cantilever bars (cf, Fig. 1), statically loaded, plot-
ted against time to fracture.

This coarse grained condition was employed throughout
the rest of this work.

When isothermal embrittlement at the arbitrarily
selected temperature of 753 K (480°C) was carried out,
the transition temperature shifted upward with time,
as shown in Fig. 3, but it reached only 443 K (170°C)
in 200 h, as compared with 533 K (260°C) transition
temperature produced by the 168 h step-cooling treat-
ment. The progress of embrittlement can be seen in
the fractographs shown in Fig. 4 from specimens frac-
tured on the low temperature side of the ductile-brittle
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Fig. 7—Data of Fig. 6 plotted in terms of the K¢ values in air.

transitions. The specimens range from the unembrit-
tled condition, through the isothermally embrittled con-
ditions at 25 and 100 h, to the step-cooled condition.
The results of the fracture toughness tests in canti-
lever bending conducted in air on the specimen de-

" picted by Fig. 1 in the unembrittled and step-cooled

conditions are shown in Fig. 5. None of these tests are
valid plane strain tests (yielding a true K Ie ), except the
1.27 cm (3 in.) thick, step cooled specimen The unem-
brittled specimens all exhibited shear lips; however,
none of the step-cooled specimens did. The step-cooled
specimens fractured intergranularly. The 1.27 em

(3 in.) thickness was selected for environmental test-
ing.

When the precracked cantilever bend specimens were
tested in the 0.1 N H,SO, in the unembrittled and the
step-cooled conditions, it was found that the impurity-
induced embrittlement has a profound effect on the re-
sistance to crack growth in this hydrogen-producing
environment. The initial K; vales are plotted against
time to fracture in Fig. 6, and the same data are shown
normalized to the K, values in air in Fig. 7. It can be
seen that the K threshold for hydrogen embrittlement
is lowered from about 104,5 MNm™/2 (95 ksi Vin. ) in
the unembrittled case to about 22 MNm™/? (20 ksi vin. )
for the step-cooled condition. The unembrittled thresh-
old would presumably be lowered if thicker specimens
had been used to develop a fully constrained plane strain
fracture, but the step-cooled specimen almost meets
the K;_ requirement of 1.40 cm (0.55 in.) thickness for
a kK, of 63.8 MNm™/% (58 ksi vin, ) and a yield stress
of 848 MN/m? (123 ksi), and the threshold of 22 MNm /2
(20 ksi Vin, ) therefore is probably the minimum that
would be observed for this condition of embrittlement.

The fracture mode in the H,SO, for the unembrittled
case 1s shown in Fig. 8. At the onset of slow crack
growth some intergranular fracture could be observed
(Fig. 8(a)), but this soon shifted to a mixture of cleav-
age and microvoid coalescence (Fig. 8(b)) and then to
fully cleavage in the fast-fracture region (Fig. 8(c)).

It can be seen from Fig. 9 that the hydrogen-produced
crack propagated faster in the central portion where
the triaxial stress state was more fully developed,

For the embrittled specimens in the H,SO, the hy-
drogen-produced fracture propagated along a more or
less straight front (Fig. 10) and was intergranular
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Fig. 8 —Fracture surfaces of unembrittled specimens tested
as in Fig. 6 showing: (@) initiation, () slow hydrogen crack-
ing, and (c) fast cracking regions.
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FAST FRACTURE

from the point of initiation (Fig. 11(a)), through the
slow growth region (Fig. 11(3) and (c)), and the fast
growth region.

DISCUSSION

The results of this work show that HY 130 steel can
be remarkably susceptible to temper embrittlement.
In fact, the 583 K (310°C) shift in transition tempera-
ture due to step cooling appears to be by far the larg-
est such shift ever reported in 2 commereially pro-
duced alloy steel. When it is recalled that the present
steel was investigated at a yield strength level of 848
MN/m? (123 ksi), that this steel is designed for yield
stress levels up to 1035 MN/m? (150 ksi), and that
temper embrittlement susceptibility is often found to
increase with hardness level, then it must be concluded
that this phenomenon deserves further study in this
steel and that great care should be taken in the heat
treatment of thick sections to be used in critical appli-
cations. For example, one would like to know more
about the effects of postweld stress relief in such ap-
plications as submarine pressure hulls.

Since we do not yet fully understand how the various
alloying elements interact with the various embrittling
elements to establish temper embrittlement suscepti-
bility, it is not possible at this point to say why this
steel should be so susceptible. However, it contains
significant amounts of Cr and Mn which are known to
enhance embrittiement by P,%° and the combination of
Ni and Cr has been shown to enhance embrittlement by
Sb, Sn, and As.* A temper embrittled specimen was
broken in ultrahigh vacuum at 110K and the intergranu-
lar fracture surface was analyzed by "Auger electron
spectroscopy.10 It was found that the segregated ele-
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Fig. 9—Fracture surface of unembrittled specimen tested as in Fig. 10—Fracture surface of step cooled specimen tested as in
in Fig. 6 showing more extensive hydrogen cracking in the cen- Fig. 6 showing uniform rate of hydrogen cracking through the
tral portion of the test bar. thickness. Compare with Fig. 9.
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Fig. 11—Fracture surfaces of step cooled specimens tested as
in Fig. 6 showing (@) initiation region and (b) and (c) slow hy-
drogen cracking regions.
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®)

ments (presumably responsible for the reduction of
grain boundary cohesion) were P, Mn, and Si.

The cooperative effect of the impurity-induced em-
brittlement and the hydrogen-producing environment
can be understood qualitatively in a straightforward
manner by extending the recent theory of Oriani.'
Under the triaxial constraint at the tip of a sharp crack
in a thick body a large component of stress normal to
the crack plane can build up without relaxation by plas-
tic flow. In addition, this region of hydrostatic tension
expands the iron lattice and thus lowers the chemical
potential of dissolved hydrogen in the vicinity of the
crack tip,12 thereby creating a sink for hydrogen. There
are compelling reasons to postulate that, as the hydro-
gen concentration builds up, the maximum cohesive
force of iron is decreased.!’ The latter can be depicted
schematically by a lowering of the binding energy curve
for the alloyed iron, Fig. 12(¢). In the unembrittled
case the resultant mixture of cleavage and microvoid
coalescence signifies that hydrogen-induced cleavage
cracks form ahead of the main crack and are joined by
plastic failure,

For the embrittled state a large body of experimen-
tal evidence leads us to make a similar postulate that
the maximum cohesive force along prior austenite
grain boundaries is lowered by the buildup of segre-
gated impurities, as can be schematically illustrated
in Fig. 12(b). From the present results we conclude
that the presence of collected hydrogen can lower this
cohesive strength still more, so that crack growth can
occur along these grain boundaries at very low values
of stress intensity, hence with very small attendant
plastic zones and, therefore, small amounts of ab-
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Fig. 12—(a) Schematic plot of cohesive force vs separation of
atomic planes in an iron lattice in the absence of hydrogen
(solid curve) and with a certain concentration of hydrogen
present in the vicinity of the crack tip {(dashed curve), after
Oriani, Ref. 11. (&) Similar plot to 12(a) showing the proposed
additive effect from the superposition of the impurity effect
and the hydrogen effect.

sorbed energy. When considered in this way, the addi-
tive effect seems quite natural, and these observations
are thus consistent with Oriani’s analysis, which puts
the main emphasis on the lowering of the maximum co-
hesive force by collected hydrogen.

It is hardly necessary to point out that this tendency
for hydrogen embrittlement and impurity-induced em-
brittlement to act together in an additive fashion pre-
sents possibilities of failures of large structures at
very low stresses. Hence, we suggest that this effect
deserves increased attention in the near future.

CONCLUSIONS

1) Samples from a commercially produced heat of
HY 130 steel have been found to be remarkably suscep-
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tible to temper embrittlement; a 583 K (310°C) increase
in transition temperature resulted from step-cooling.
2) In the step-cooled (embrittled) condition the steel
was found to be highly susceptible to intergranular
crack growth in a hydrogen-producing environment
(0.1 N H,80,), whereas the same steel in the unembrit-
tled condition is much less sensitive to hydrogen.
3) This cooperative action of hydrogen and cohesion-
lowering impurities can be understood in terms of the
Oriani theory of hydrogen embrittlement.
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