
Hydrogen Induced Cracking in 
HY-80 Steel Weldments 

Direct observation of crack initiation and propagation, 
using an improved straining device, serves to clarify the 
role of hydrogen and the effect of rare earth additions 

BY W. F. SAVAGE, E. F. NIPPES AND H. HOMMA 

ABSTRACT. The development of a 
new testing procedure which repro
duces hydrogen induced cracking in 
small laboratory scale specimens and 
allows direct observation of both 
ini t iat ion and propagat ion of the 
cracking is descr ibed. The testing de
vice imposes an augmented strain on 
a transverse cross section of a bead-
on-plate steel weldment. Results of 
cracking tests performed on four 
heats of HY-80 steel indicate that the 
dev i ce p e r m i t s the quan t i t a t i ve 
evaluation of the susceptibil ity of dif
ferent lots of the same material to hy
drogen induced cracking. 

Both the nucleation and propaga
tion of hydrogen induced cracking 
were documented with both 35 mm 
still pictures and 16 mm motion pic
tures at magnifications of 100X or 
more. Evidence is presented indicat
ing that a certain amount of micro
scopic yielding must occur locally be
fore microcracks start to grow and 
that the presence of a suff ic ient 
amount of hydrogen is necesary for 
propagation of cracks to occur. The 
evidence supports the model which 
postulates that hydrogen makes 
localized deformation easier rather 
than causing embrit t lement. 

A documentat ion of the evolution 
of hydrogen bubbles f rom propagat
ing cracks was made by putting a 
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small amount of microscope immer
sion oil on the cracked surface. The 
results indicate that the planar-pres
sure mechanism would play no part in 
the p ropagat ion of hydrogen in 
duced cracking. 

It was found that hydrogen in
duced cracking was nucleated either 
by previously l iquated grain boun
daries and/or previously liquated 
nonmetal l ic inc lus ions in the un
mixed zone and partially melted zone. 
It was also found that the cracking 
could be nucleated by elongated sul
f ide inclusions in the true heat-af
fected zone. 

Introduct ion 

In the welding of certain quenched 
and tempered, low alloy steels, a bet
ter understanding of the mechan
isms involved in hydrogen induced 
cold cracking is required. The fac
tors responsible for the problem have 
been summarized by other authors 
(Refs. 1-6). It is usually assumed that 
cold cracking is associated with hy
drogen embrit t lement of martensite 
or bainite and that it is initiated by 
high residual stresses developed in 
the weld joint during cool ing. 

At RPI, cold cracking in HY-80 
weldments was found to be asso
ciated with both an unmixed zone of 
weld metal and a partially melted 
zone which exist between weld metal 
and true heat-affected zone (Refs. 
7,8). Microcracks were nucleated at 
previously l iquated grain boundaries 
and/or by previously l iquated sulfide 
particles in these zones. 

Cold cracking of HY-80 is reduced 
by the addit ion of rare earth ele
ments (Ref. 9). This beneficial effect 
has been attr ibuted to the fact that the 
globular rare earth sulfides have 

higher melt ing points than S com
pounds of other elements (e.g. Mn) 
and will not be l iquated in the un
mixed zone and/or partially melted 
zone. 

Four basic mechanisms have been 
proposed to explain the observed re
sults of hydrogen embrit t lement (Ref. 
10): (1) planar pressure, (Refs. 11,12), 
(2) adsorption on crack surfaces 
(Refs. 13,14,15), (3) reduction of bind
ing energy (Ref. 16), and (4) modif ica
tion of dislocation mobil ity (Refs. 17-
22). 

Indirect techniques (Refs. 23,24), 
rather than direct microscopic ob
servation, have been used to study 
the fracture process of hydrogen in
duced cracking. A direct observation 
technique, initially proposed by Gran
jon (Ref. 25) and developed at RPI 
(Ref. 8), allows microscopic observa
tion of initiation and propagation of 
cracks and of hydrogen bubb le 
evo lu t i on f r o m c r a c k s in sma l l 
externally stressed specimens. How
ever, to date no study has been car
r ied out under known applied stress 
or strain. 

Objectives 

The objectives of this investigation 
were: 

1. To develop an improved test
ing dev ce which reproduces hy
drogen induced cracking in small lab
oratory scale samples and allows d i 
rect observation of both the initiation 
and propagation of the cracking. 

2. To utilize this device to study the 
effect of the addit ion of rare earth ele
ments and the magnitude of plastic 
deformation on hydrogen induced 
cracking in HY-80 weldments as a 
function of the amount of diffusible 
hydroger present. 
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Table 1—Chemical Composition of HY-80 Used in This Investigation 

Heat 
no. 

66U438 
66U438 
66U438 
66U438 
72P305 

Code 
no. 

Item 1 
Item 2 
Item 3 
Item 4 
HeatP 

C 
0.18 
0.17 
0.15 
0.17 
0.18 

Mn 
0.35 
0.33 
0.31 
0.32 
0.30 

P 
0.017 
0.018 
0.018 
0.016 
0.018 

S 
0.019 
0.015 
0.009 
0.008 
0.013 

Si 
0.12 
0.13 
0.12 
0.11 
0.20 

Ni 
2.58 
2.55 
2.50 
2.50 
2.99 

Cr 
1.52 
1.54 
1.46 
1.45 
1.68 

Mo 
0.32 
0.31 
0.27 
0.27 
0.41 

Sol. 
Al 

0.04 
0.04 
0.04 
0.04 
0.022 

N 
0.006 
0.007 
0.008 
0.007 
0.007 

Rare ear 
(total) 
0.001 
0.029 
0.034 
0.11 

— 

Experimental Procedure 

Testing Devices 

The testing devices shown 
schemat ica l ly in Fig. 1 were de
signed, constructed and calibrated to 
facilitate the study of hydrogen in
duced cracking. In the first modif ica
t ion, which incorporated a four point 
bending load as shown in Fig. 1 (left) 
a constant elastic stress is produced 
on the outer f ibers of the specimen 
between the two inner loading points. 

Preliminary work, as will be dis
cussed later, indicated that no macro
scopic cracking resulted f rom micro
cracks unless sufficient diffusible 
hydrogen was present and the ap
pl ied stress exceeded the yield 
strength of the specimen. Once these 
facts were recognized, the testing de
vice was redesigned to produce a 
constant plastic strain during the 
cracking test. This was done by s im
ply substituting a radiused die block 
for the four-point bending system as 
shown schematically in Fig. 1 (right). 

The approximate value of the con
stant plastic, or augmented, strain 
can be ca l cu la ted by the re la 
t ionship: 

e, = t/2R 

where et =• augmented strain in the 
outer f ibers, t = thickness of the 
specimen, and R = radius of curva
ture of the die block (where R > > t). 

Therefore, either by substituting a 
die block with the appropriate radius 
of curvature, or by changing the 
thickness of the specimen, any de
sired augmented strain can be ap
plied to the outer surface of the 
specimen. 

Figure 2 shows a close-up of the 
device for producing a constant plas
tic strain with a specimen and a 20 in. 
(51 cm) radius die block in posit ion. 
An overall view of the device is shown 
in Fig. 3. The initiation and propaga
tion of hydrogen induced cracking 
were documented both by conven
tional metallography and by micro-
cinematography. 

Material 

Five heats of HY-80, in the form of 2 
in. (51 mm) thick cross-rol led plates 
in the quenched and tempered condi-

Fig. 1—Schematic illustration of the de
vices for constant stress cracking test and 
constant plastic strain cracking test 

t ion, were employed in this investiga
t ion. The chemical analyses are given 
in Table 1. The mechanical prop
erties, as determined by the tensile 
test, were very similar for these five 
heats, with average values of: 85.0 ksi 
(586 MPa) yield strength, 106.0 ksi 
(731 MPa) tensile strength, 26.5% 
elongation, and 77.7% reduction in 
area. 

Four steels f rom Heat No. 66U438 
(hereafter referred to as Items 1,2,3 
and 4) were poured f rom an open 
hearth heat having 0.019% S. Mold 
addit ions of rare earths amounting to 
1, 1 % , and 2V2 lb per ton (0.5, 0.88, 
and 1.25 kg/metr ic ton) of steel were 
made to Items 2, 3, and 4, respec
tively. No addit ions were made to 
Item 1, which served as a control. 
Heat No. 72P305 (from here on re
ferred to as Heat P), another open 
hearth heat, has a higher C, Ni and Cr 
content than does Heat No. 66U438. 
These five heats were selected be
cause of well documented differ
ences in their weldability (Refs. 9, 27, 
28). 

Specimen Preparation and 
Testing Procedure 

Specimens were cut f rom 2 in. (51 
mm) plates in the manner shown in 
Fig. 4. Orientation of the banding was 
transverse to the welding surface, 
and the location of the bead welds 
corresponded to the mid-thickness of 
the plate. The 2 x V4 in. (51 x 13 mm) 
surfaces were ground parallel and 
one such surface on each specimen 
was polished to 6/0 paper. With the 
polished surfaces of two adjacent 
specimens in contact, pairs of spec
imens were welded as shown in Fig. 

m 
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W«si 
Fig. 2—Close-up of the device for con
stant plastic strain cracking test 

5. E11018M electrodes, 3/16 in. (4.8 
mm) diam, were deposited with an 
automatic "st ick" electrode feeder 
using 165 A, 22 V and 7.5 ipm (190 
mm/min) , providing a heat input of 
approximately 29 kJ / in . (11.4 kJ/cm). 

The amount of diffusible hydrogen 
present in the weldments was con
trolled by intentionally contaminating 
the electrode coatings with moisture 
and then baking at several different 
temperatures to redry them partially. 
A 1 x V2 x 1/5 in. (25 x 13 x 5 mm) 
specimen was welded, as shown in 
Fig. 5, and the hydrogen content of 
the we ldment was measured by 
means of the BWRA technique (Ref. 
26). The amount of diffusible hy
drogen is summarized in Table 2 for 
the e lec t rode cond i t ion ing t reat
ments used in this investigation. 

Immediate ly after we ld ing, the 
composite weldment was quenched 
in ice water and then transferred to a 
bath of dry ice and alcohol ( - 9 6 F, 
- 7 1 C) to minimize the loss of dif fu
sible hydrogen. The specimen to be 
tested was fractured f rom the com
posite weldment and then prepared 
by standard metallographic tech
niques to allow direct observation 
through the microscope. During this 
p r e p a r a t i o n , the s p e c i m e n was 
cooled frequently in a dry ice-alcohol 
bath. 

In order to study macroscop ic 
crack propagation with the constant 
elastic stress testing device, several 
specimens were prepared and tested 
in the notched condit ion. After weld
ing, a 1/32 in. (0.8 mm) diam hole was 
dril led in the center of the weld bead 
just above the fusion boundary. A saw 
cut was then made from the surface 
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of the weld bead to the hole so that 
the heat-af fected zone could be 
stressed triaxially. To avoid hydro
gen loss, the specimens were held in 
a bath of d ry ice and a l coho l 
throughout this notching procedure. 

Metallographic Examination and 
Fracture Study 

For metal lographic examination, 
specimens were repolished lightly 
and etched at about 150 F (66 C) in a 
2% aqueous solution of picric acid 
mixed with a wetting agent. This etch
ant revealed selectively both the prior 
austenite grain boundaries and the 
weld solidif ication substructures. 

Fig. 3—Over-all view of device for con
stant plastic strain cracking test 

R O L L I N G ^ ^ ^ 

.j^UIRECTION^ 

LOCATION OF 
BEAD WELD 

Fig. 4—Orientation of the hydrogen in
duced cracking test specimens ma
chined from the as-received HY-80 plates 

Fig. 5—Schematic illustration showing the 
welding of specimens 
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Samples containing hydrogen in
duced cracking were subsequently 
fractured at - 3 2 0 F ( -195.8 C). Se
lected areas of the fracture surface 
were replicated by a two-stage cel lu
lose acetate-carbon fi lm technique 
a n d e x a m i n e d in an e l e c t r o n 
microscope. 

Results and Discussion 

Constant Elastic Stress 
Cracking Tests 

As reported by other investigators 
(Refs. 2,3,15,16), the t ime to initiate 
microcracks decreased both as the 
applied stress increased and as the 
amount of diffusible hydrogen in
creased. As shown in Figs. 6 and 7, 
ne i ther I tem 3 nor Heat P ex
perienced hydrogen induced crack
ing with an est imated di f fusib le 
hydrogen content of 8.0 cc/100 g. 
Note that Heat P exhibited signif
icantly shorter incubation times for 
crack initiation than did Item 3 and 
had smal ler values of the lower 
critical stress for crack initiation at the 
same hydrogen content, as summar
ized in Tab le 3. M e t a l l o g r a p h i c 
examination revealed that the extent 
of microfissuring in Heat P is more 

severe than that in Item 3. Thus, Heat 
P is significantly more sensitive to hy
drogen induced cracking than Item 3. 
It is of interest to note that the cruci 
form test results (Refs. 9,28) show 7 
and 73% cracking for Item 3 and Heat 
P, respectively. Note that Item 3 con
tains rare earth elements, while Heat 
P contains no rare earth elements 
and is richer than Item 3 in C, Si, Ni, 
Cr and Mo. 

To facilitate the microscopic ob
servat ion of the evolut ion of hy
drogen, a few drops of immersion oil 
were spread over the sample surface. 
It was found that initiation of micro
cracking was always accompanied by 
evolution of hydrogen bubbles. This 
fact was used to de termine the 
incubation t ime for crack initiation 
when the cracks were still too small to 
be detected microscop ica l ly . The 
loading was continued for 24 hrs. and 
the evolution site was reexamined un
der a microscope at magnif ications 
up to 750X. In a weld made with an 
estimated diffusible hydrogen con
tent of 8.0 cc/100 g, evolution of hy
drogen bubbles was observed at 
grain boundaries and nonmetall ic 
inclusions, but no microcracks were 
o b s e r v e d . Thus , a l t h o u g h s o m e 

Table 2 — Diffusible Hydrogen Content in the HY-80 Weldments Determined by 
BWRA Technique 

Electrode treatment 
Baked at 750 F for 1 h 
Baked at 350 F for 1 h 
Stored in ambient atmosphere 
Fully contaminated by water 

then baked at 158 F for 20 h 
Fully contaminated by water 

then baked at 120 F for 20 h 
Fully contaminated by water 

then baked at 120 Ffor 1 h 
Fully contaminated by water 

then baked at 120 F for 15 min • 
Fully contaminated by water 

Diffusible hydrogen, 
cc/100g 

2.3 
5.3 
8.1 

8.0 

10.5 

14.1 

24.0 
32.4 

E U ^ L Y M O I S T E N E D 

BAKED I HR . I 2 0 * F 

BAKED ZOMRS. i20*F 

BAk£D 2 0 M R S . i 5 8 * f 

I 
_| H Y - 8 0 , MEAT P 

"~\ 

•f_i 

- > 
< 

ftSfflBff 
MOISTENED 

B*KEDIHR I2C*F 

BAKED 2DHHIMT 

ISKEDa-VW.iMT 

1 I I I I 

-

• \ v 

C IOO IOOO IOOOO 

- ME TO IN IT IATE M1CROF1SSURING. SEC 

Fig. 6—Applied stress vs time to initiate 
microfissuring at different hydrogen con
tents. Item 3. Diffusible H: fully moistened, 
32 cc/100 g; baked 1 h, 120 F, 14 cc/100 
g; baked 20 h, 120 F, 10.5 cc/100 g; baked 
20 h, 158 F, 8 cc/100 g 

I O O IOOO K30OO 

g iT lATE MICROFISSURING. SEC 

Fig. 7—Applied stress vs time to initiate 
microfissuring at different hydrogen con
tents, Item P. Diffusible H: fully moistened, 
32 cc/100 g; baked 1 h, 120 F, 14 cc/100 
g; bakeo 20 h, 120 F, 10.5 cc/100 g; baked 
20 h, 75S F, 8 cc/100 g 
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Fig. 8—Rate of evolution ot hydrogen bub
bles vs loading time, Item 3. Diffusible H: 
32 cc/100 g 
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Fig. 9—Result of interrupted loading test. Heat P, 80 ksi applied stress, diffusible H: 32 
cc/100 g 
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hydrogen was introduced into the 
weld, the amount was insufficient to 
cause cracking. 

The rate of the evolution of hydro
gen bubbles f rom microscopic cracks 
was measured during constant elas
tic stress cracking tests; these re
sults are summarized in Fig. 8. Note 
that the rate of the evolution of hydro
gen bubbles, shown as a function of 
loading t ime, increased as applied 
stress was increased. The rate ap
peared to increase with t ime to a 
maximum characteristic of the par
ticular stress and then decrease with 
continued exposure to the load. 

It appears that increasing the ap
plied stress causes an increase in the 
rate of diffusion of hydrogen toward 
the triaxially stressed region ahead of 
the crack tip. This implies that the dif
fusion of hydrogen is stress induced. 

To examine the stress induced dif
fusion of hydrogen further, inter
r u p t e d l oad ing tes ts were per 
formed. The test data, shown in Fig. 9, 
were obtained by counting the num
ber of bubbles evolved during three 
periods of loading and two 2-minute 
intervals during which the load was 
removed. Note that the bubble evolu
tion stopped completely immediately 
after unloading and that upon reload
ing there was an incubation period 
before hydrogen evolution was re
stored. This incubation t ime can be 
explained as the t ime required to de
velop a critical concentration of hy
drogen by stress induced diffusion at 
the crack tip. 

Microscopic cracks were initiated 
e i ther f r o m p rev ious l y l i qua ted 
nonmetall ic inclusions or previously 
l iquated grain boundaries, as shown 
in Figs. 10 and 11 , respect ively. 

^ • S - - ^ l ^ v 

Fig. 10—Microcrack initiated from li
quated nonmetallic inclusion. Heat P, 16 
ksi applied stress, diffusible H: 32/100 g, 
nital etched. X500, reduced 50% 

Liquation was much more evident in 
Heat P than in Item 3; this can be attr i
buted to the replacement of the com
plex manganese sulfides (Refs. 8,9) 
with rare earth sulfides. The rare 
earth sulfides have higher melting 
points than complex Mn sulfides and 
therefore were not liquated in the 
weld heat-affected zone of Item 3. 

None of the constant elastic stress 
c r a c k i n g t e s t s p e r f o r m e d w i t h 
stresses below the yield strength of 
the steel showed macroscopic crack
ing. However, specimens with a 0.4 
mm radius notch with an average 
stress of 90% of the yield strength, 
s h o w e d ex tens ive m a c r o s c o p i c 
hydrogen induced cracking. As a 
microcrack started growing, a signif
icant amount of localized yielding de
veloped in front of the advancing 
crack tip. Hydrogen evolution accom
panied the plastic deformation and 
the crack continued to grow toward 
the grain refined region of the heat-
affected zone where it was finally ar
res ted . The m a c r o s c o p i c c rack 
growth was "delayed" in nature and 
the evolution of hydrogen bubbles 
confirmed the association of hydro-

Fig. 11—Microcrack initiated from li
quated prior austenite grain boundary. 
Heat P, 71 ksi applied stress, diffusible H: 
32 cc/100 g. (picric acid with wetting agent 
and nital procedure). X250, reduced 50% 

gen with the cracking process. 
From metallographic examination 

of subcrit ical cracks, it appears that 
thin ell ipsoidal sulfide inclusions are 
very effective as stress raisers and 
serve as potential crack initiators. 
Association of elongated sulfides with 
microcracks was also observed in the 
unmixed zone near the fusion boun
dary. 

Constant Plastic Strain 
Cracking Tests 

Figure 12 summarizes the results 
of the constant plastic strain crack
ing tests on materials from Items 
1,2,3, and 4. The total number of 
cracks observed after 24 hours of 
loading with an augmented strain of 
'/2% is shown as a function of dif
fusible hydrogen. It can be seen that 
Item 3, which contained 1 % lb/ ton 
(0.87 kg/metr ic ton) addit ion of rare 
earths, is the least sensitive to the 
cracking and that the control heat, 
Item 1, which conta ined no rare 
earths, is the most sensitive to the 
cracking. Items 2 and 4 are inter
mediate in cracking sensitivity. Weld
ability tests on these materials per-
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formed at RPI (Ref. 27) using the 
Gleeble showed the same trend in 
their Charpy V-notch toughness. 
Cruciform test results (Ref. 9) also 
indicate the large beneficial effect of 
rare earth addit ions, but in these 

tests, Item 4 was rated the least 
susceptible to the cracking. 

Figure 13 demonstrates a compar i 
son of morphology of the nonmetal
lic inclusions observed in these four 
steels. It can be clearly seen that as 
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Fig. 13—Photographs of nonmetallic inclusions. Polished and unetched. X500, reduced 
28%. (a) Item 1, (b) Item 2, (c) Item 3, (d) Item 4 

the amount of rare earth elements is 
increased, the elongated, complex 
sulfides are replaced by globular rare 
earth sulfides. 

Figure 14 shows examples of the 
nucleation of subcrit ical cracks by the 
nommeta l l i c inc lus ions. A l though 
localized yielding occurred at the tips 
of the elongated inclusions in Item 1, 
Fig. 14a, there is no evidence of local
ized plastic deformation around the 
globular inclusions in Item 2, Fig. 14b, 
even though the inclusions them
selves have fractured. This suggests 
that relatively fine globular inclu
sions formed as a result of the addi 
tion of rare earth elements do not 
cause severe stress concentrations in 
the surrounding matrix and thus any 
plastic deformation which does occur 
is more homogeneous. If sufficient 
homogeneous plastic deformation 
occurs in the matrix, the inclusion, 
being unable to deform plastically, 
tends to be fractured. This geometric 
effect and the higher melting point of 
rare earth sulfides would account for 
the lower susceptibil ity of Item 3 to 
hydrogen induced cracking. A similar 
beneficial effect of rare earth addi
tions in preventing cold cracking of 
HY-150 steel weldments has been re
ported (Ref. 29). 

To verify the hypothesis that both 
plast ic strain and hydrogen are 
necessary to promote macroscopic 
growth of hydrogen induced cracks, 
two specimens of Item 4 were welded 
w i t h c o n d i t i o n s w h i c h y i e l d e d 
approximately 32 cc/100 g of dif
fusible hydrogen. One specimen was 
tested by applying 1/2% augmented 
strain for 24 hours immediately after 
preparing the specimen; the other 
was tested similarly after having first 
been degassed in a vacuum for 90 
hours at room temperature. In the 
specimen from which the diffusible 
hydrogen was removed, no macro
scopic crack growth occurred. On the 
other hand, the hydrogen containing 
specimen developed an extended 
macroscopic crack, which initiated 
f rom a surface defect in the weld and 
grew progressively. 

To s tudy the d e v e l o p m e n t of 
macrocracks , a series of pho to
micrographs were taken of the growth 
process. As an example, Fig. 15 in
c ludes sequent ia l ly - taken photo
micrographs obtained from an ltem-1 
sample, which was welded under 
condit ions that provided about 32 
cc/100 g of diffusible hydrogen and 
was tested by impos ing an aug
mented strain of Vz% for 24 hours. 
The features of Fig. 15 and the re
sults of a thorough metal lographic 
examination of this sample and a 
similar one from Item 3 can be sum
marized as follows: 
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1. Microcracks are nucleated from 
either previously l iquated, prior 
austenite grain boundar ies or 
previously l iquated, nonmetallic 
inclusions and/or elongated sulfide 
inclusions in the heat-affected zone. 

2. Before the microcracks start to 
grow, localized yielding occurs in ad
vance of the crack t ip, which is seen 
as V-shaped roughening of the sur
face (Refs. 20, 30, 31). The shape of 
this plastically deformed zone is un
stable when the crack is located in the 
grain coarsened region and be
comes relatively more stable as the 
crack propagates into the grain re
fined region. 

3. The cracking process is both 
delayed and discontinuous in nature, 
as has been reported by several 
investigators (Refs. 2,3,8,16). How
ever, note that the direct observation 
technique used in this investigation 
permits a much more vivid descrip
tion of the propagation kinetics. For 
example, in Item 1, elongated inclu
sions provided numerous sharp 
microcracks in front of the propagat
ing crack and some of these were 

linked with the main crack as the 
regions of localized deformation 
associated with each overlap one an
other. On the other hand, in Item 3, 
where the inclusions are rounded, 
only a few isolated microcracks were 

formed in advance of the main crack 
as it propagated. 

4. Although under some condi
tions plastic deformation assists the 
development of macrocracks as dis
cussed before, it can also inhibit the 

Fig. 14—Subcritical cracks associated with nonmetallic inclusions. Nital etch. X500, re
duced 32%. (a) Item 1, (b) Item 2 
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Fig. 15—Hydrogen induced cracking in the constant plastic strain cracking test specimen from Item 1. '/i% augmented strain, diffusible H: 
32 cc/100 g, nital etch. X60, reduced 43% 
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d e v e l o p m e n t of t h e m . Th is 
phenomenon can be seen from the 
series of photomicrographs in Fig. 15. 
At 1 min. 40 sec. after straining the 
specimen exhibits isolated micro
cracks in front of the main crack at 
both A and B. As time passes, the 
growth of crack A is accompanied by 
greatly increased localized plastic 
deformation at both ends of the 
crack. After 24 min. under load, crack 
A appears to be nearly connected 
with the main crack while crack B re
mains as an isolated inactive micro
crack. After 50 min. of loading, crack 
B becomes suddenly active and starts 
to emit a plastically deformed zone. 
On the other hand, the tip of crack A 

Table 3—Summary of Lower 
Stress for Crack Initiation 

Critical 

Code no. 
Item 3 
Item 3 
HeatP 
HeatP 

Diffusible 
hydrogen, 
cc/100g 

32.4 
14.1 
32.4 
14.1 

Lower 
critical 
stress. 

ksi 
41 
59 
15 
34 

is so severely blunted by the plastic 
deformation that it stops growing. Af
ter 4 hrs. and 30 mins. of loading, a 
macrocrack from crack B still keeps 
growing and has bypassed crack A 
completely. 

Figures 16 and 17 represent overall 
views of hydrogen induced cracks in 
specimens from Items 1 and 3, re
spectively, tested at 0.8% of aug
mented strain with a diffusible hydro
gen content of 24 cc/100 g. It is clear
ly evident from these photomicro
graphs that the plastic deformation is 
more homogeneous in Item 3 than in 
Item 1 where the deformation is more 
localized. It was noted from other 
tests that both the area experiencing 
plastic deformation and the width of 
the main crack increased as the 
amount of augmented strain in
creased. However, the total length of 
the cracks appears to be relatively 
insensitive to the amount of aug
mented strain imposed on the 
specimens. 

It was observed that some plastic 
deformation, and therefore move
ment of dislocations, occurred local
ly before microcracks started to grow 
into macrocracks. Since this local
ized plastic deformation ahead of a 

crack tip occurred only when suf
ficient diffusible hydrogen was pre
sent, it must be asaumed that the hy
drogen which diffuses into the tri-
axially stressed region ahead of the 
crack tip helps to make dislocation 
motion and/or generation easier (Ref. 
21). 

16 mm motion pictures were taken 
to document the principal features of 
crack propagation. These films 
demonstrate that the V-shaped zone 
of localized yielding is more exten
sive as the level of diffusible hydro
gen is increased in the weldment. The 
films also show that the sites of evolu
tion of hydrogen bubbles are usually 
not located at the tip of a propagat
ing crack but rather are located some 
distance behind the crack tip. 

The evolution of the hydrogen bub
bles at some location behind the 
crack tip can be explained by the 
Troiano theory of hydrogen em
brittlement (Ref. 16). As the crack ex
tends, part of the atomic hydrogen 
which he.d diffused into the triaxially-
stressed region ahead of the crack 
tip, will be released because of the 
reduction of stress concentration. 
This hydrogen would then diffuse 
down the newly created crack sur-

,-

Fig. 16—Overall view of hydrogen induced cracking in Item 1. 0.8% augmented strain for 24 h, diffusible H: 24 cc/100 g, nital etch. X100, 
reduced 35% 

Fig. 17—Overall view of hydrogen Induced cracking in Item 3. 0.8% augmented strain for 24 h, diffusible H: 24 cc/100 g, nital etch. X100, 
reduced 35% 
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face to appropriate nucleation sites 
where bubbles of molecular hydro
gen would form. Such nucelation 
sites include, but are not restricted to, 
the interface between a nonmetallic 
inclusion and the matrix of a grain 
boundary which intersects the frac
tured surface. 

Figures 18a and b depict the 
appearance of typical microcracks in 
an ltem-3 specimen which contained 
approximately 24 cc/100 g of diffusi
ble hydrogen, and had an aug
mented strain of 0.8% applied for 24 
hours. Note that the cracking is al
most exclusively intergranular. On the 
other hand, the cracking in a similar 
specimen of Item 1 is mixed inter
granular and transgranular in the 
grain coarsened region, and inter
granular in the grain refined region. 
This variation in cracking morphology 
can be rationalized by the reasoning 
summarized below. 

The amount of diffusible hydrogen 
present in the heat-affected zone de
creases with increasing distance from 
the fusion boundary since the weld 
deposit is the source of hydrogen. 

The diffusion of hydrogen occurs 
more rapidly along grain boundaries 
and therefore at a given distance 
from the fusion boundary the hydro
gen content of the grain boundaries 
exceeds that of the adjacent grain 
matrix. 

The transgranular cracking in the 
coarsened region of the heat-af
fected zone in Item 1 can be con
sidered to result from the combina
tion of: 

1. The high stress intensity at the 
tips of the elongated inclusions which 
serve to nucleate microcracks (or 
microvoids). Thus, the hydrogen 
diffusion rate is faster, and the hydro
gen solubility is higher, in the tri-
axially stressed region in front of the 
elongated inclusions in Item 1 than in 
front of the globular inclusions in Item 
3 (Ref. 32). 

2. The lowered yield strength at 
the tip of these elongated inclusions 
as a consequence of the locally 
higher solubi l i ty for hydrogen. 
Beachem (Ref. 21) has indicated that 
hydrogen unlocks dislocations and 
allows them to multiply or move at 
reduced stresses. 

3. The more localized nature of the 
plastic deformation in the vincinity of 
the elongated inclusions, the micro
cracks, and the tip of the macro-
cracks. The greater the plastic 
deformation, and, therefore, the 
greater the dislocation density, the 
greater the hydrogen solubility (Ref. 
32). 

The transition to intergranular 
cracking in the fine grained region of 
the heat-affected zone in Item 1 can 
be explained in terms of the lower 

level of hydrogen in the matrix at 
locations this far from the fusion 
boundary. Thus, the crack propaga
tion shifts to the hydrogen enriched 
grain boundaries at some critical dis
tance from the fusion boundary. 

The almost exclusively intergran
ular fracture observed in Item 3 re
flects the lower stress intensity asso
ciated with the globular inclusions. 
This in turn requires the facture path 
to seek out the hydrogen enriched 
grain boundaries even in the grain 
coarsened region because the hydro
gen content of the matrix is insuffi
cient to sustain quasi-cleavage frac
ture at this lower stress-intensity fac
tor. 

The majority of the fracture sur
faces in the heat-affected zone ex
hibited an intergranular fracture 
mode, as was discussed above in 
connection with the conventional 
metallographic study. Figure 19 is an 
electron micrograph taken at 5500X 
of a replica of a crack in a specimen 
of Item 3. This fractograph shows the 
typical appearance of the inter-
granular-type fracture observed in 
this specimen. 

Conclusions 

The conclusions drawn from this 
investigation are: 

1. The augmented-strain crack
ing test procedure has been shown to 
be an excellent method to produce 
hydrogen induced cracking in labora
tory scale specimens. 

2. The test results indicate that this 
procedure allows quantitative rating 
of the susceptibility of steels to hydro
gen induced cracking. 

3. Among the four lots of HY-80 
steel examined, the results indicate 
that: 

a. Item 3, which contained a ladle 
addition of 1% lb/ton of rare earth 
elements, is the least sensitive to 
hydrogen induced cracking. 

b. Item 1, which contained no rare 
earth addition, is the most sensitive to 
hydrogen induced cracking. 

c. The crack sensitivity of both 
Item 2 and Item 4, which contained 
rare earth additions of 1 and 2V2 
lb/ton, respectively, are intermediate 
between that of Item 1 and that of 
Item 3, with Item 2 being slightly in
ferior to Item 4. 

4. The results of the direct ob
servation of the nucleation and 
propagation of hydrogen induced 
cracking indicate that: 

a. A certain amount of micro
scopic yielding must occur locally be
fore microcracks start to grow. 

b. Hydrogen is necessary for the 
propagation of cracks and appears to 
make the localized deformation pro
cess easier. 

c. Hydrogen induced cracking can 

Fig. 18—Hydrogen induced cracking pro
duced in 24 h with 0.8% augmented strain. 
Diffusible H: 24 cc/100 g. 2% picric acid 
and wetting agent etch. X250, reduced 
50% 

Fig. 19—Electron micrograph of the frac
ture surface of a specimen strained at 'A%> 
augmented strain. X5.500, reduced 28% 

be nucleated by previously liquated 
grain boundaries and/or liquated 
nonmetallic inclusions in the un
mixed zone and partially melted zone. 

d. In the true heat-affected zone, 
hydrogen induced cracking can be 
nucleated by elongated sulfide inclu
sions. 

e. The planar-pressure mechan
ism appears to play no part in the 
propagation of cracks. 
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