
Hydrogen Induced Cracking in 
HY-130 Steel Weldments 

Investigation extends previous research into the 
mechanisms of hydrogen embrittlement and produces a model 

to explain hydrogen-assisted cracking in weldments 

BY W. F. SAVAGE, E. F. NIPPES AND Y. TOKUNAGA 

ABSTRACT. The initiation and propa
gation of hydrogen induced cracks in 
HY-130 weldments was studied by the 
augmented strain cracking test. 

The morphology of the crack propa
gation observed in the weld metal 
indicates the cracks can be formed at 
interfaces by dislocation of pile-ups. 
Furthermore, unexpectedly large plas
tic strain was always associated wi th 
crack propagation. To confirm this 
observation, measurement of the plas
tic strain at the root of the notch of the 
augmented strain cracking test spec
imen of HY-130 steel was conducted 
on both electrolytically hydrogen-
charged and hydrogen-free spec
imens. 

It turned out that this plastic strain 
had a marked anelastic nature and 
showed the same dependence on 
hydrogen content and strain rate as 
does hydrogen embrittlement—that is, 
the plastic strain increased, both as 
hydrogen content increased and as 
strain rate decreased. However, hy
drogen had no effect on the hardness 
of the specimen. 

The mechanism of hydrogen embrit
tlement was discussed based upon 
these observed results. 

Introduction 

Hydrogen induced cracking in weld
ments generally has the fol lowing 
characteristics: 

1. The presence of hydrogen in 
excess of some critical level is neces
sary, and, in general, the more hydro
gen the weld contains, the more 
pronounced the embritt lement be
comes.' 

2. The existpnce of a stress raiser 
such as an artificial notch,- an exces

sively convex weld bead, an elongated 
inclusion,3 or a microcrack4 in the 
heat-affected zone of a weldment 
drastically enhances the embritt le
ment. 

3. For a given hydrogen content and 
notch shape, there usually exists a 
minimum, or critical, stress above 
which the embritt lement wi l l be 
observed. 

4. The degree of embritt lement is 
most pronounced near room tempera
ture and decreases both at lower 
temperatures and at higher tempera
tures.'-6 

5. The embritt lement is enhanced 
by slow strain rates.3-6 In general, the 
higher the strain rate involved, the less 
pronounced the embritt lement be
comes. 

6. The susceptibility to the embrit
tlement depends upon the microstruc
ture of steel. For example, twinned 
martensite7 is considerably more sus
ceptible to hydrogen embritt lement 
than auto-tempered, low carbon mar
tensite." 

In a mechanism proposed recently 
to explain hydrogen embritt lement, 
Beacham suggests that the interaction 
of hydrogen and dislocations aids the 
deformation of the matrix." A high 
concentration of hydrogen ahead of 
the crack tip might cause a large local 
strain concentration which could lead 
to crack initiation and growth." Bail-
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lie10 observed a plastic deformation 
associated with underbead cracking. 
In recent work at RPI, extensive local 
plastic strain was observed ahead of 
the propagating crack t ip in the heat-
affected zone of HY-80 steel weld
ments.1 

The experiments described herein 
were designed to confirm these pre
vious results and to investigate the 
relation between local plastic defor
mation and hydrogen embritt lement 
using HY-130 steel. 

Experimental Procedure 

The Test Apparatus 

Wi th the bend testing device used in 
this work,' the specimen is forced to 
conform to the surface of a radiused 
die block to produce an augmented 
strain of constant magnitude at the 
specimen surface. The approximate 
value of the augmented strain can be 
calculated by the relationship: 

e = t/2R 
where e = augmented strain on 

the upper surface 
t = thickness of the 

specimen 
R = radius of curvature of 

the die block 
(R » t ) 

The radius of curvature of the die 
block used throughout this experi
ment was 20 in. (50.8 cm), and the 
augmented strain was varied by chang
ing the thickness, t, of the specimen. 

Material and Specimen Preparation 

The chemical composit ion and me
chanical properties of the 2 in. (51 
mm) HY-130 plate used in this investi
gation are summarized in Table 1. 
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Table 1-Data for As-Received 2 in. Thick Plate of HY-130 Steel 
Chemical Composit ion, % 

Heat 
No. 

P4419 

C 

0.10 

Mn 

0.77 

P 

0.005 

S 

0.006 

Si 

0.20 

Ni 

4.92 

Cu 

0.07 

Cr 

0.56 

Mo 

0.52 

V 

0.06 

Ti 

0.01 

Al 

0.026 

Transverse Tensile Properties 

Specimen 
identif ication 

1 
2 

Through-thickness 

0.2% Yield 
strength, % 
ksi (MPa) 

136 (938) 
143 (986) 

Tensile 
strength 

ksi (MPa) 

147 (1014) 
149 (1027) 
154 (1062) 

% Elonga
t ion in 2 in. 

(51 mm) 

19.0 
19.0 

R.A., 
% 

60.3 
60.2 
20.0 

Charpy V-Notch Impact Properties 

Test Temperature 

0 F (-17.8 C) 
Room temp. 
0 F (-17.8 C) 
Room temp. 

Test Orientat ion 

Longitudinal 
Longitudinal 
Transverse 
Transverse 

Energy absorbed, 
ft- lb (]) 

94,90, 90 (127), (122), (122) 
91,92, 92 (123), (125), (125) 

70, 70, 72 (95), (95), (98) 
75, 77, 77 (102), 104), (104) 

For the c rack ing tests, 2 X Vi X t in . 
(51 x 13 m m ) spec imens w e r e cu t 
f r o m ' 2 in. (51 m m ) t h i c k p la te o f HY-
130 in t he manne r s h o w n in Fig. 1. The 
o r i e n t a t i o n o f t he b a n d i n g was para l le l 
t o t he w e l d i n g d i r e c t i o n and p e r p e n 
d icu la r to t h e sur face o n w h i c h the 
w e l d bead was d e p o s i t e d . W i t h th is 
o r i en ta t i on t he l oca t i on o f the bead 
we lds co r responds to t he m i d - t h i c k 
ness o f t he as- rece ived plates. Spec
imens 0.2, 0.14, and 0.08 in . (5 .1 , 3.6 and 
2 m m ) th i ck w e r e tested in o rder to 
change the a u g m e n t e d strain o n the 
surface observed d u r i n g t he test. O n e 
o f the 2 x Vi in . (51 x 13 m m ) surfaces 
o f each spec imen was po l i shed w i t h 
600 paper be fo re w e l d i n g . E14018 e lec
t rodes , 3/K, in . (4.8 m m ) d i a m , w e r e de 
pos i t ed as i nd i ca ted in Fig. 2 by means 
of an a u t o m a t i c " s t i c k " e l e c t r o d e 
feeder u t i l i z i n g 165 A, 22 V and 7.5 i p m 
(19 c m / m i n ) t ravel speed , w h i c h 
p r o v i d e d an energy i npu t of a p p r o x i 
ma te l y 29 k j / i n . (11.4 k ) / c m ) . 

In o rder to vary the h y d r o g e n leve l , 
o n e g r o u p o f spec imens was w e l d e d 
w i t h an e l ec t r ode p rev ious ly soaked in 
wa te r (es t ima ted H c o n t e n t : 30-35 m l / 
100 g a d d e d f i l ler me ta l ) ; a second 
g r o u p was w e l d e d w i t h an e l ec t r ode 
w h i c h had been exposed to air for a 
l ong t i m e (est. H c o n t e n t : 8-10 m l / 1 0 0 
g); and a t h i r d g r o u p , w i t h e lec t rodes 
c o n d i t i o n e d by h o l d i n g at 750 F (399 
C) for 1 h (est. H c o n t e n t : ~ 2 
m l / 1 0 0 g). 

I m m e d i a t e l y af ter w e l d i n g , t h e spec
imens w e r e q u e n c h e d i n t o ice wa te r 
and t h e n t rans fer red sw i f t l y to a ba th 
o f dry ice and a l c o h o l to m i n i m i z e the 
loss o f d i f f us ib le h y d r o g e n . A f te r the 

spec imens w e r e f r ac tu red i n t o p ieces, 
the surfaces to be obse rved w e r e 
me ta l l og raph i ca l l y p o l i s h e d and 
e t ched l i gh t l y w i t h 2% ni ta l fo r a d i rec t 
observa t ion o f m ic ros t ruc tu res in t h e 
w e l d meta l and b a n d i n g s t ruc tu re in 
t he hea t -a f fec ted zone . 

D u r i n g th is p r e p a r a t i o n , t h e spec
imens we re c o o l e d f r e q u e n t l y in a d ry 
i ce -a l coho l ba th t o p reven t t he loss o f 
hyd rogen . A f te r th is p r e p a r a t i o n , t h e 
spec imen was p o s i t i o n e d in t he tes t ing 

LOCATION OF 
BEAD WELD 

Fig. 1-Orientation of the augmented strain 
cracking test specimens machined from as-
received HY-130 steel plates 

PLANES 
OBSERVED 
UNDER STRESS 

Fig. 2—Schematic illustration showing the 
welding of specimens 

f i x tu re w i t h t he p o l i s h e d - a n d - e t c h e d 
surface up , and l oaded for 24 h. The 
load ing speed was such that a b o u t 30 s 
we re requ i red to reach a f o rce suf f i 
c ien t t o b e n d the s p e c i m e n i n t o 
c o m p l e t e con tac t w i t h t he cu rved 
surface of the d ie b lock . This is 
referred to as t he n o r m a l l oad ing 
speed hereaf ter , and was used in th is 
w o r k unless o t h e r w i s e spec i f i ed . 

Crack i n i t i a t i on a n d p r o p a g a t i o n 
events w e r e observed and p h o t o 
g raphed t h r o u g h the m i c r o s c o p e at 
x 5 0 m a g n i f i c a t i o n d u r i n g the test. 
A f te r u n l o a d i n g , a d d i t i o n a l p h o t o 
graphs w e r e taken o f i n te res t ing 
features at h igher magn i f i ca t i ons . For 
me ta l l og raph i c s tud ies o f t he l o c a t i o n 
of cracks in t he hea t -a f fec ted z o n e , 
t he spec imens w e r e t e m p e r e d at 600 C 
(1112 F) for 1 h, f o l l o w e d by p o l i s h i n g 
and e t ch ing in a saturated aqueous 
so lu t i on of p ic r ic ac id (60 cc) m i x e d 
w i t h a w e t t i n g agent (2.5 g) hea ted to 
abou t 43 C (110 F). This e t c h i n g c o n d i 
t i o n was f o u n d to be best f o r selec
t ive ly revea l ing the pr io r aus ten i te 
grain bounda r ies in HY-130. 

N o t c h e d b e n d i n g test spec imens , 
des igned to p e r m i t m e a s u r e m e n t of 
t he plast ic d e f o r m a t i o n at t h e roo t o f 
the s tandard n o t c h , w e r e m a c h i n e d in 
t he manne r s h o w n in Fig. 3. The o r i e n 
ta t i on o f the segregat ion bands is 
pe rpend i cu la r to the n o t c h e d sur face 
in Type A spec imens , and para l le l t o 
t he n o t c h e d surface in Type B spec
imens. The no tches are loca ted at t h e 
m id - th i ckness in Type A spec imens 
and abou t 0.3 in . (7.6 m m ) b e l o w t h e 
p la te surface in Type B spec imens . 

The s tandard n o t c h had a 45 d e g 
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TYPE-A SPECIMENS 

Fig. 3—Orientation and dimensions of the notched bend test specimens 

included angle and a radius of curva
ture at the root of the notch of 0.003 in. 
(0.076 mm). Both surfaces perpendic
ular to the root of the notch were 
rough-polished through 600 grit paper. 
After degreasing wi th acetone, hy
drogen was charged electrolytically in 
an aqueous solution containing 10% 
H,S04 and 0.03% As,0 ;, using a current 
density of 6 mA/in.'2 (0.9 mA/cm2) . 
After charging, no damage on the 
specimen surface was observable at 
X100 magnification. The charging 
times were adjusted according to the 
thickness, from 2 h for 0.2 in. (5.1 mm) 
material to 4 h for 0.3 in. (7.6 mm) 
material, in an attempt to provide the 
same hydrogen content, although the 
hydrogen content was not measured 
quantitatively. 

Immediately after charging, the 
specimens were zinc plated on all 
surfaces to prevent the escape of 
hydrogen during subsequent baking at 
200 C (392 F) for 30 min. Based upon 
the estimation of diffusion rate, this 
baking condit ion was chosen as suffi
cient to homogenize the hydrogen 
distribution. As a control, a set of 
hydrogen-free specimens was also 
baked in the same fashion after 
polishing the surfaces. 

The previously rough polished sur
faces of all the specimens were final-
polished by standard metallographic 
techniques. During this polishing op
eration, the hydrogen-charged spec
imens were frequently cooled in a dry 
ice-alcohol bath to prevent the loss of 
hydrogen. To permit optical measure
ment of the plastic strain, dot-l ike 
stains were made on one of the 
polished surfaces of each specimen by 
contaminating the surface wi th water. 
A photomicrograph was taken of the 
stained surface at the root of the notch 
at X410 magnification both prior to 
loading and after loading. 

The system of measurement is best 
described by reference to Fig. 4 in 
which two dots, identif ied by the 
arrows, were chosen on the negative 
film at the root of notch, where the 
maximum plastic deformation oc

curred. The dots chosen were about 
0.7 in. (17.8 mm) apart on the film in a 
direction oriented at about 45 deg to 
the maximum shear direction. Wi th 
X410 magnification, this corresponds 
to an actual distance of 4.3 fim. After 

Fig. 4—Typical example of photograph used 
for measuring localized strains (reduced 
49% upon reproduction) 

processing, the negatives taken prior 
to loading and after loading were 
superimposed using one of the two 
dots on each negative to establish 
registry. The difference in the position 
of the other dot was then measured 
through a microscope at x20 magnifi-

Table 2—Summary of the Results of the Augmented Strain Cracking Test 

Thickness of specimen, in. (mm) 
Electrode 
treatment 

Fully wetted 
with water 

Place 

Weld 
deposit: 

HAZ: 

0.2 (5.1) 

Many cracks 

Deeply into HAZ 
along segrega
tion band 

0.14 (3.6) 

Many cracks 

0.2 mm into HAZ 

0.08 (2.0) 

2 cracks 

None 

As-received (after Weld deposit: Many cracks 2 cracks 
aging in ambient 
atmosphere) 

HAZ: Deeply into HAZ None 
along segrega
tion band 

Baked at 750 F for Weld deposit: None 
1 h 

HAZ: None 

None 

None 

None 

None 

None 

None 

rJ^HE 

O.tm ,M,:̂ , .-sal 
1 M B 

Fig. 5—Growth of a crack in a specimen welded with as-received electrodes. A (top left)—50 
min after loading; B (top right)-4 h, 40 min after loading; C (bottom)-24 h after loading. 
Unetched, X150 (reduced 40% on reproduction) 
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PLASTICALLY 
DEFORMED 
REGION 

Fig. 6—View of a crack tip in the weld metal of a 0.14 in. (3.6 
mm) thick specimen welded with a wet electrode. Picric acid 
etch, X750 (reduced 46% on reproduction) 

DEFORMATION 
BAND 

rw 
Fig. 7—Cracks in the weld metal of a 0.14 in. thick specimen welded 
with a wet electrode. Picric acid etch, polarized light, X750 (reduced 
42% upon reproduction) 

cation. This was converted to percent 
elongation and used as a measure of 
the plastic strain, wi th an estimated 
error of measurement less than 
±0.4%. 

All specimens were loaded in the 
bending device so that the maximum 
tensile strain was on the notched 
surface. A series of specimens of thick
ness ranging from 0.2 to 0.3 in. (5.1 to 
7.6 mm) were tested using the normal 
loading speed and a 1 h total t ime 
under load. 

In order to study the t ime-depen
dent characteristics of the plastic 
strain, additional measurements were 
made on a series of 0.25 in. (6.35 mm) 
thick specimens. The plastic strain 
change as a function of loading time 
was measured by taking a series of 
photomicrographs beginning immedi
ately after loading and continuing at 
intervals up to 1 h after loading. In 
each case, the specimen was removed 
from the testing apparatus to relax the 
elastic strain prior to photographing. 

Experimental Results 

Augmented Strain Cracking Test 

Table 2 summarizes the results of 
the augmented strain cracking tests. If 
the stress relaxation caused by plastic 
f low is neglected, the approximate 
values of stress on the observed 
surface of the 0.2, 0.14, and 0.08 in. (5, 
3.6, and 2 mm) thick specimens would 
be 150, 105, and 60 ksi, (1034, 724, and 
414 MPa) respectively (assuming 
Young's modulus to be 30 X 103 ksi, or 
207 X 103 MPa. 

These results indicate that both 
hydrogen and a high stress level are 
necessary for propagation of cracks in 
the heat-affected zone. For this com
bination of HY-130 base metal and 
E14018 weld metal, the latter invari
ably exhibits more hydrogen induced 
cracking. Crack initiation always oc
curred at grain boundaries in the weld 
metal and propagated into the heat-

affected zone. This is in contrast to 
previous findings at RPI for HY-80 
steel,' where the cracking was pre
dominantly in the weaker HY-80 base 
metal, rather than in the much strong
er E11018 weld metal. 

Examination of typical crack initia
tion sites revealed no detectable 
evidence of plastic f low; however, 
there was definite evidence of plastic 
deformation at the tip of propagating 
hydrogen induced cracks. This plastic 
deformation in advance of a propa
gating crack is in good agreement wi th 
the previous findings at RPI.4 Figure 5 
presents time-lapse photographs 
showing the propagation of a crack 50 
min, 4 h and 40 min, and 24 h after 
loading. The crack propagation in the 
weld metal was along the grain 
boundaries; however, the fracture pro
pagation path in the heat-affected 
zone sometimes deviated from the 
grain boundaries. 

Figure 6 shows the relationship 
between the plastic deformation and 
the location of cracks in the weld 
metal. Note in Fig. 6 that two separate 
crack tips are propagating along grain 
boundaries, and that the plastic defor
mation is confined to the grain 
between the two crack tips. Higher 
magnification showed this microstruc
ture to be acicular ferrite, whereas the 
neighboring grains appear to be mar
tensite. The main cracks are on the 
boundaries of the deformed grain, but 
there are a few microcracks wi th in the 
deformed grain. 

Figure 7, taken at X750 magnifica
tion with polarized light, shows 
numerous microcracks wi th in a grain 
in the weld metal. Note that these 
microcracks are located where mar
tensite plates, which run parallel to the 
deformation band, are intersected by 
other martensite plates. The only 
microcrack perpendicular to the defor
mation band occurred on the grain 
boundary (arrow near the center of the 
photograph). Thus, cracks can be 
formed at an interface where further 

propagation of dislocation arrays pro
duced by plastic deformation is im
peded. 

Notched Bend Test 

The large plastic strains, revealed by 
these experiments to be associated 
with crack propagation, might lead 
one to believe that hydrogen might aid 
plastic deformation. Therefore an ex
periment was designed to measure the 
plastic strain at the root of a standard 
notch. Figures 8 and 9 show the plastic 
strain as a function of specimen thick
ness for Type A and Type B specimens, 
respectively. For Type A specimens, 
the difference between the strain in 
hydrogen-charged and hydrogen-free 
specimens increased when the thick
ness of the specimen was increased 
above 0.2 in. (5.1 mm). However, 
hydrogen-charged Type B specimens 
showed only slightly greater amounts 
of plastic strain than that for the 
hydrogen-free specimens. 

It is noteworthy that there is already 
a 2% local plastic strain at 0.2 in. (5.1 
mm) thickness in both hydrogen-
charged and hydrogen-free Type A 
specimens, but at this thickness there 
appears to be no significant influence 
of hydrogen on the amount of plastic 
strain. 

Since the 0.25 in. (6.35 mm) thick 
specimens showed the greatest differ
ence in the amount of localized plastic 
strain, the dependence of the local
ized plastic strain on both time and 
loading rate was explored using this 
specimen thickness. The results are 
summarized in Figs. 10 and 11 for Type 
A and Type B specimens, respectively. 
The anelastic component of the plastic 
strain in hydrogen-charged specimens 
was greater than that in hydrogen-free 
specimens for both types of speci
men. 

To study the effect of strain rate on 
the plastic deformation of hydrogen-
charged specimens, the full load was 
applied within 2 s instead of the 
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Fig. 8—Local strain at the root of the notch measured after 1 h under 
load vs. specimen thickness. Type A specimens 
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Fig. 9-Local strain at the root of the notch measured after 1 h under 
load vs. specimen thickness. Type B specimens 

normal 30 s loading time. This loading 
procedure is termed the "rapid strain 
rate" in Fig. 11. The plastic strain for 
this loading speed fell between those 
obtained wi th normal loading in 
hydrogen-charged and hydrogen-free 
specimens. It is possible that the 
observed differences are related to the 
difference in the volume of the plasti
cally deformed region. 

In an attempt to verify this hypothe
sis, the roughened area observed on 
the surface was taken as a measure of 
deformed volume. However, no con
sistent relationship was found be
tween the observed plastic strain and 
the area of surface roughening. Thus, it 
may be that some other method 
should be used to quantify the plasti
cally deformed region, but no further 
investigation was conducted at this 
time. 

Since Type-B specimens did not 
show much difference in plastic strain 
after hydrogen charging for 3 h, addi
tional specimens were tested after 
charging for 24 h at 6 mA/ in.- (0.9 mA/ 
cm'-) to see the effect of hydrogen 
level. These specimens showed a 
marked increase in plastic strain for 
both loading speeds, as shown in 
Fig. 11. 

In summary, the plastic strain at the 
root of the notch showed the same 
dependence on hydrogen content and 
strain rate as does hydrogen embritt le
ment. Therefore, the plastic strain 
must be closely related to the phe
nomenon which is called hydrogen 
embrittlement or hydrogen induced 
cracking. In this sense, the strain 
difference observed between Type A 
and Type B specimens for the same 
level of hydrogen means that the Type 

A specimen (where the notch is 
situated at mid-thickness of the plate) 
is more susceptible to hydrogen 
embrittlement than the Type B spec
imen (where the notch is only about 
0.3 in. (7.6 mm) below the plate 
surface). This is probably related to the 
more extensive alloy segregation pre
sent at the center of the plate. 

Comparison of Fig. 12A (0.25 in. 
(6.35 mm) thick hydrogen-charged 
specimen) wi th Fig. 12B (0.25 in. (6.35 
mm) thick hydrogen-free specimen) 
reveals that the hydrogen-charged 
specimen showed more extensive sur
face roughening and a greater amount 
of localized plastic strain: 6.1% vs. 4.0% 
for the same amount of augmented 
strain (0.625%). When a 0.3 in. (7.6 
mm) thick hydrogen-free specimen 
was tested wi th an augmented strain 
of 0.75%, the magnitude of the local
ized plastic strain rose to 5.8%. This 
demonstrates that hydrogen signifi
cantly increases the magnitude of the 
localized plastic strain at a given level 
of augmented (i.e., nominal) strain. 

There are small microcracks visible 
on both specimens. However, the 
hydrogen-charged specimen exhibits a 
rougher surface and many more fine, 
short grooves on the surface than does 
the hydrogen-free specimen. It is 
possible that these grooves are caused 
by microcracks underlying the surface, 
but this possibility was not investi
gated. 

To explain the increased amount of 
localized plastic strain, one might 
expect a lower hardness in hydrogen-
charged specimens. Thus, both stan
dard Vickers hardness and Vickers 
microhardness measurements at the 
same place on the same Type A spec

imen were made both prior to and 
after hydrogen charging. The spec
imen was charged wi th hydrogen 72 h 
at a current density of 6 mA/ in.- (0.9 
mA/cm'-'), fol lowed by zinc plating and 
homogenizing treatment for 30 min at 
200 C (392 F). There was no significant 
change in hardness attributable to 
hydrogen charging:"1 - the Vickers 
Hardness (5 kg) changed from 354 
before to 348 after charging, and the 
Micro-Vickers Hardness (300 g) 
changed from 308 before to 312 after 
hydrogen charging. 

Discussion 

The localized surface roughening 
observed both in front of propagating 
cracks in the augmented strain crack
ing test and near the root of the notch 
in the notched bend test specimens is 
postulated to result from localized 
plastic strain. 

In Fig. 12A the root of the standard 
notch was situated just outside the 
field of view at the upper left corner of 
the photo-micrograph and the plastic 
deformation is propagating from the 
upper left corner to the lower right 
corner. Note that most of the deeper 
grooves visible in this photomicro
graph are perpendicular to this direc
t ion, although there are some faint 
grooves parallel to this direction. If 
hydrogen assists microcrack formation 
more effectively under such a unid i 
rectional movement of dislocations (as 
wil l be discussed in the fol lowing) this 
movement of dislocations at the root 
of the notch would explain the drasti
cally enhanced susceptibility of 
notched specimens to hydrogen em
brittlement compared to the un-
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O HYDROGEN - CHARGED FOR 3 HOURS, NORMAL STRAIN RATE 
• HYDROGEN - FREE, NORMAL STRAIN RATE 
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Fig. 10—Plastic strain vs. time of loading for 0.25 in. Type A specimens, normal strain rate 
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Fig. 11—Plastic strain vs. time of loading for two loading rates using Type B specimens 

notched specimen where the disloca
tion movement is more randomly 
directed. 

Although Beacham" has proposed 
that hydrogen makes the deformation 
process easier, no mechanism has ever 
been proposed which would explain 
such an influence of hydrogen on 
dislocation mobil ity. Since the results 
of this investigation have shown that 
hydrogen-charged specimens exhibit a 
greater amount of localized anelastic 
deformation in the presence of yield 

strength stresses than do hydrogen-
free specimens, the fo l lowing model 
has been formulated. 

Dislocations created at a stress 
raiser, such as a notch, an elongated 
inclusion, or a crack t ip, pile up to 
form microcracks at some barrier such 
as a grain boundary or a martensite 
plate which intersects the active slip 
plane. Hydrogen transported to the 
barrier interface by dislocations6 and 
by diffusion- reduce the bonding 
energy at the interface. Furthermore, 

the externally applied stress acts on 
the dislocation pile-ups to aid in the 
nucleation and propagation of a 
crack.13 Thus, if the hydrogen con
centration is high enough near the 
stress raiser to lower the bonding 
energy to the point where a crack can 
form without the aid of a dislocation 
pile-up, no plastic deformation is 
necessary for crack formation. Since 
hydrogen is believed to be segregated 
at the grain boundaries both in the 
weld metal and wi th in the partially 
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melted zone, this could explain the 
fact that these grain boundaries act as 
preferential sites for crack nucleation. 

With in the grains, microcracks tend 
to nucleate wi th in deformation bands, 
probably on slip planes as indicated in 
Fig. 7. In fact, it has been suggested14 

that dislocation pile-ups would be 
stabilized by hydrogen, and Bern
stein13 reports f inding microcracks 
formed on slip planes. Once a micro-
crack forms, it becomes a sink for 
dislocations and contributes to local-
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ized plastic deformation by "absorb
ing" the piled-up dislocations. This in 
turn relieves the back pressure on 
existing dislocation sources and may 
free them to produce new dislocations 
which in turn may transport additional 
hydrogen into the triaxially stressed 
region. 

Figure 6, taken at X750 magnifica
tion of the type of crack produced in 
augmented strain cracking tests of 
welds made wi th wet electrodes, 
shows numerous microcracks. Note 
that the larger microcracks are located 
along the boundaries of the plastically 
deformed region and tend to be 
parallel to the martensite plates 
because dislocation motion transverse 
to the long axis of the plates is severely 
limited. A microcrack located on a 
grain boundary tends to propagate 
along the grain boundary for similar 
reasons—that is, the propagation of 
dislocations into the grain matrix is 
inhibited by intersection wi th marten
site platelets and thus plastic f low 

tends to be localized at or near the 
boundary. 

When the strain rate is increased, 
the time available to transport hydro
gen to an obstruction to dislocation 
motion is shortened and the amount 
of hydrogen at the interface may be 
too low for microcrack nucleation 
until some time has elapsed after load
ing. Under such condit ions, the dislo
cations would be forced to nucleate 
across the barrier interface in the 
neighboring grains during the initial 
loading. However, when held under 
load on the bending fixture, enough 
hydrogen can accumulate at some of 
the obstructions to dislocation f low to 
create microcracks. These, in turn, 
would "absorb" the dislocations piled 
up at the obstruction and allow plastic 
flow to occur. This would explain the 
anelastic behavior documented in 
Figs. 10 and 11. 

Figure 13 shows the distribution of 
plastic strain in a notched 0.25 in. (6.35 
mm) thick hydrogen-free specimen 

Fig. 12—The surface appearances at the root 
of the notch in Type B specimens after 1 h 
under load. A (top)—hydrogen-charged 24 
h, 0.25 in. thick (6.15 plastic strain); B 
(bottom)—hydrogen-free, 0.25 in. thick 
(4.0% plastic strain). Polarized light, un
etched, X750 (reduced 33% upon repro
duction) 
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Fig. 13—Appearance of the surface of a 
hydrogen-free Type A specimen which 
cracked at an inclusion aggregate. Polarized 
light. Unetched, X265 (reduced 48% upon 
reproduction) 

, 

O.I mm 

Fig. 14—Surface of a 0.25 in. thick double-notch bend specimen hydrogen-charged for 6 h. 
Unetched. A (top left)—view of the surface, x25; B (top right)—inclusion aggregates at 250 
jim; C (bottom)—expanded view of the deformation band (B), X265 (all views reduced 30% 
on reproduction) 
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photographed using polarized light 
after one hour under load. One side of 
the specimen cracked along an inclu
sion array located about 50 ^m from 
the notch; the other side did not crack. 
The dark region between the crack and 
the notch surface in Fig. 13 is caused 
by the abnormally large local strain in 
the vicinity of the crack. In fact, the 
strain in the dark region was about 
6.5% whereas the strain just below the 
dark region was only 3.5%. In the 
absence of the crack along the inclu
sions, the strain should have been of 
the order of 4%. This observation 
supports the idea that the crack forma
tion results in an increase in the local
ized plastic strain whether or not 
hydrogen is present. 

The results of the hardness measure
ments yield further evidence that 
hydrogen does not interact w i th dislo
cations to produce a change in f low 
strength. In a hardness test, the 
applied stress is compressive and so 
crack formation does not occur. There
fore, according to the mechanism 
proposed above, no change in me
chanical properties should occur as a 
result of the presence of hydrogen, a 
fact which is consistent wi th the 
data. 

The surface appearance of the spec
imens shown in Fig. 12 indicates that 
the surface of the hydrogen-charged 
specimen is rougher and has deeper 
grooves than that of the hydrogen-free 
specimen subjected to comparable 
plastic strain. However, even the 
notched hydrogen-charged specimens 
normally showed relatively few posi
tively identifiable surface micro
cracks. 

This was believed to be a result of 
the fact that during the initial applica
tion of the augmented strain, surface 
cracking tended to occur only if inclu
sions were located in the triaxial 
region near the root of the standard 
notch. Because the location of inclu
sions relative to the notch is purely 
random, it was unlikely that an inclu
sion of the proper shape and orienta
tion to serve as a nucleation site would 
be located in the region of maximum 
strain at the notch root. Since the 
hydrogen content at the surface is 
rapidly depleted, the surface layer 
soon regains its ducti l i ty and thus 
surface microcracks do not tend to 
form except during or very shortly after 
the initial loading. 

In order to explore this hypothesis, 
several 0.2 X 0.25 X 2.0 in. (5.1 X 
6.35 X 51 mm) specimens were pre
pared with the 2 in. (51 mm) dimen
sion in the short transverse direction 
and the 0.2 in. (5.1 mm) dimension 
parallel to the rolling direction. A pair 
of notches were then machined on 
opposite sides of the 0.2 in. (5.1 mm) 
wide surface wi th their roots parallel 

to the rolling direction. A pair of 
notches were also machined on oppo
site sides of the 0.2 in. (5.1 mm) wide 
surface wi th their roots parallel to the 
0.25 in. (6.35 mm) dimension. The 
specimens were loaded in the fixture 
and the augmented strain applied to 
the 0.2 x 2.0 in. (5.1 X 51 mm) sur
face. Note that in this specimen geom
etry, the elongated inclusions were 
aligned with the 0.2 in. (5.1 mm) 
dimension, and thus the probability 
that an inclusion of the proper shape 
to nucleate a crack would be located 
on the surface near the root of the 
notch was greatly enhanced. 

Figure 14A, taken of the surface of 
such a specimen, shows a surface 
microcrack (A) and a pair of severely 
deformed bands (B) which were 
observed in the deformed zone devel
oped between the two notches in a 
hydrogen-charged specimen. Pairs of 
curved twin-deformation bands simi
lar to those at B were frequently 
observed in hydrogen-charged spec
imens of this type. The pair at B were 
found to emanate from a crack at the 
inclusion aggregate shown in Fig. 14B 
which was located about 250 fim 
below the surface. 

The average strain in the band 
(shown enlarged in Fig. 14C) was 
found to be about 5.5%. The dark 
regions near the center of these bands 
were deformed around 10%, whereas 
the adjacent material was deformed 
less than 1%. Many tiny microcracks 
were clearly visible in these deforma
tion bands when viewed at high 
magnification. Based upon this evi
dence, it is conceivable that the deep 
grooves observed in the hydrogen-
charged specimens are probably asso
ciated with microcracks which formed 
under the surface. This point should 
be the subject of further investigation, 
however. 

As a result of this investigation, the 
fol lowing seven-point argument is 
advanced as a model to explain 
hydrogen-assisted cracking in weld
ments. 

1. It is first necessary to introduce 
hydrogen at, or above, some critical 
concentration. This critical concentra
tion is a function of the ratio of the 
local stress at the crack init iation site 
(or crack tip) to the yield stress of the 
material, and wil l also depend upon 
the microstructure. In general, hydro
gen tends to segregate at grain and cell 
boundaries and to form Cottrell atmo
spheres at dislocations; thus the crit
ical level may be exceeded locally wi th 
extremely low nominal concentrations 
of hydrogen. 

2. The critical stress level for the 
particular combination of microstruc
ture and local hydrogen content must 
be exceeded at the crack init iation site 

(or the tip of a propagating crack). The 
magnitude of the local stress wi l l 
depend upon the residual stresses 
(usually of yield strength magnitude), 
the externally applied stress, and the 
type and location of geometric or 
metallographic features which act as 
stress concentrators. 

3. Localized plastic f low occurs at 
stress concentration sites and cont in
ues until dislocation pile-ups at 
barriers such as inclusions, grain 
boundaries or martensite platelets 
deactivate the sources. Since hydrogen 
atmospheres can accompany the mov
ing dislocations, this plastic f low can 
transport hydrogen to the vicinity of 
the barrier at rates in excess of those 
possible by diffusion alone. 

4. Hydrogen transported to the pile-
ups by the dislocations can readily 
diffuse to the barrier interface until the 
critical concentration required to ini
tiate microcracking at the level of 
stress present at that location is 
reached. This critical hydrogen con
centration is probably lowest at inclu
sions which intersect the active slip 
planes, but if sufficient hydrogen is 
present, microcrack init iation can also 
occur at grain boundaries or other 
barriers. 

5. Once formed, the microcrack can 
"absorb" the dislocation pile-up thus 
reducing the back pressure on the 
dislocation sources. The reactivated 
sources then generate new disloca
tions which propagate along the slip 
plane. Many of these acquire hydro
gen atmospheres in the process and 
transport additional hydrogen to the 
microcrack. The stress concentration 
near the crack tip can also act to cause 
additional localized dislocation mo
tion (and further transport of hydro
gen in this area). 

6. Thus, by a combination of trans
port by both dislocation motion and 
diffusion, the hydrogen content at the 
crack tip is increased more rapidly 
than would be possible by bulk di f fu
sion alone. Once the critical level of 
hydrogen is reached in the region of 
stress concentration at the t ip of the 
crack, the crack propagates until it 
enters a region where the hydrogen 
content again falls below the critical 
level. 

7. The stress concentration present 
at the crack t ip, however, causes addi
tional plastic f low until either disloca
tion pile-ups deactivate the sources or 
the amount of hydrogen transported 
to the region reaches the critical level 
for further crack propagation. In the 
event that the former is the case, the 
argument reverts to item 4 above and 
the succeeding steps are repeated. 

Conclusions 

The fol lowing conclusions have 
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been drawn from this investigation: 

1. The stress level is as important as 
the hydrogen level for hydrogen 
embrittlement. 

2. The morphology of hydrogen 
crack propagation in E14018 weld 
metal indicates that: 
(a) Cracks tend to form along inter
faces such as grain boundaries or 
martensite plates which serve as 
barriers to dislocation motion. 
(b) With in the matrix of the grains, 
cracks can form on slip planes, possi
bly as the combined result of disloca
tion pile-ups and the influence of 
hydrogen on the bonding energy. 

3. Measurements of the localized 
plastic strain at the root of the notch in 
HY-130 notched bend test specimens 
showed: 
(a) At all levels of augmented strain 
tested, the hydrogen-charged spec
imens showed localized plastic strain 
of greater magnitude than that exhib
ited by hydrogen-free specimens. 
(b) Type A specimens, wi th the notch 
at mid-plate thickness, showed a 
greater difference in the magnitude of 
the localized plastic strain for hydro
gen-charged and hydrogen-free spec
imens than did Type B specimens wi th 
the notch root about 0.3 in. (7.6 mm) 
below the rolled surface. 
(c) The maximum difference in the 
magnitude of localized plastic strain 
for hydrogen-charged as compared to 

hydrogen-free specimens occurred 
with Type A specimens subjected to 
0.625% augmented strain (0.25 in. (6.35 
mm) specimens bent to a 20 in. (51 
mm) radius). 
(d) The magnitude of the localized 
plastic strains increases as the hydro
gen content is increased. 
(e) For the same level of both 
augmented strain and hydrogen, the 
magnitude of the localized plastic 
strain increases when the strain rate is 
decreased. 
(f) The localized plastic strain in 
hydrogen-charged specimens is de
cidedly anelastic in nature. 

References 

1. lohnson, H. H., Morlet, ). G., and 
Troiano, A. R., "Hydrogen Crack Initiation 
and Delayed Failure in Steel," Trans. AIME, 
212, 1958, pp. 528-536. 

2. Troiano, A. R., "The Role of Hydrogen 
and Other Interstitials in the Mechanical 
Behavior of Metals," Trans. ASM, 52, (1), 
1960, pp. 54-80. 

3. Savage, W. F., Nippes, E. F., and 
Szekeres, E. S., "Hydrogen-Induced Cold 
Cracking in a Low-Alloy Steel," Welding 
lournal, 55 (9), Sept. 1976, Research Suppl., 
276-s to 283-s. 

4. Savage, W. F., Nippes, E. F., and 
Homma, H., "Hydrogen-Induced Cracking 
in HY-80 Steel Weldments," Welding lour
nal, 55 (11), Nov. 1976, Research Suppl., 
368-s to 376-s. 

5. Brown, J. T., and Baldwin, W. M., 
"Hydrogen Embrittlement of Steels," Trans. 

AIME, 200, 1954, pp. 298-303. 
6. Graville, B. A., Baker, R. G., and 

Watkinson, F., "Effect of Temperature and 
Strain Rate on Hydrogen Embrittlement of 
Steel," Brit. Weld. /., 14 (6), 1967, pp. 
337-342. 

7. Boniszewski, T., and Baker, R. C , "Hy
drogen Embrittlement in Low Carbon 
Nickel and Manganese Steels," Brit. Weld. 
I., 12 (7), 1965, pp. 349-362. 

8. Boniszewski, T., Watkinson, F., Baker, 
R. G., and Tremlett, H. F., "Hydrogen 
Embrittlement and Heat-Affected Zone 
Cracking in Low Carbon Alloy Steels with 
Acicular Microstructures," Brit. Weld. /. 12 
(7), 1965, pp. 14-36. 

9. Beacham, C. D., "A New Model for 
Hydrogen-Assisted Cracking (Hydrogen 
Embrittlement)," Metallurgical Trans., 3 (2) 
1972, pp. 437-451. 

10. BaiHie, ). G., "Underbead and Toe 
Cracks," Brit. Weld. /., 14 (2), 1967, pp. 
51-61. 

11. Seabrook, |. B., Grant, N. J., and 
Carney, D., "Hydrogen Embrittlement of 
SAE 1020 Steel," Trans. AIME, 188 (11), 1950, 
pp. 1317-1321. 

12. Grant, N. ]., and Lundsford, |. L, 
"How Important Is Hydrogen Embrittle
ment;", Iron Age, 175 (6), 1955, pp. 92-94. 

13. Bilby, B. A., and Hewitt,)., "Hydrogen 
in Steel—The Stability of Micro-Cracks," 
Acta Met., 10 (6), 1962, pp. 587-600. 

14. Garofaro, F., Chou, Y. T., and Ambe-
gaokar, V., "Effect of Hydrogen on Stability 
of Micro Cracks in Iron and Steel," Acta 
Met, 8 (8), 1960, pp. 504-512. 

15. Bernstein, I. M., "The Role of Hydro
gen in the Embrittlement of Iron and Steel," 
Materials Science Eng., 6 (1), 1970, pp. 
1-19. 

AWS A2.4-76—Symbols for Welding and Nondestructive Testing 

Provides the means for placing complete welding information on drawings. Symbols in this publication 
are intended to be used to facilitate communications among designers and shop and fabrication 
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international use of welding symbols. Illustrations showing brazing and its symbols have been added to 
more clearly define usage. 

Part B, Nondestructive Testing Symbols, establishes the symbols for use on drawings to specify 
nondestructive examination for determining the soundness of materials. 
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the American Welding Society, 2501 N.W. 7th St., Miami, FL 33125. Florida residents add 4% sales tax. 

AWS A5.17-76-Specification for Bare Carbon Steel 
Electrodes and Fluxes for Submerged Arc Welding 

Prescribes requirements for carbon steel electrodes 
and fluxes for submerged arc welding of carbon and 
low alloy steels 

A5.17-76 covers Classification and Acceptance of Electrodes and Fluxes, Chemical Analysis of 
Electrodes, and Required Tests for Classifying Fluxes. Appendix A: Guide to AWS Classification of Bare 
Carbon Steel Electrodes and Fluxes for Submerged Arc Welding and Appendix B: Metric Equivalents have 
been added for your convenience. 

The price of AWS A5.17-76, Specification for Bare Carbon Steel Electrodes and Fluxes for Submerged Arc 
Welding is $3.50. Discounts; 25% to A and B members: 20% to bookstores, public libraries and schools; 
15% to C and D members. Send your orders to the American Welding Society. 2501 N.W. 7th St.. Miami, FL 
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