
Hydrogen Induced Cracking During 
Implant Testing of Alloy Steels 

Acoustic-emission and metallographic techniques were 
used to study hydrogen induced cracking in modified 
implant tests of HY-80, HY-130, E10018 weld metal, and 
E14018 weld metal. 
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ABSTRACT. The initiation and pro
pagation of hydrogen induced crack
ing in HY-80 and HY-130 steels and 
E10018 and E14018 weld metals were 
investigated with metallographic and 
acoustic emission techniques. The 
implant specimens were welded with 
an AX-140 electrode and a moisture 
enriched shielding gas to introduce 
hydrogen. 

Both unmixed zones and partially 
melted zones were observed near the 
weld interface in the HY-130 steel, 
and these regions were app rox i 
mately equal in size to those ob
served in the HY-80 steel. An un
mixed zone was also observed at the 
weld interface between the E14018 
weld deposit and an AX-140 GMA 
weld bead. A partially melted zone, 
similar to those observed in HY-80 
and HY-130, was observed in the fu
sion boundary region between two 
E14018 weld beads. 

The ave rage h a r d n e s s of the 
coarse grained region in the true 
heat-affected zone of HY-80 and HY-
130 was found to be nearly the same. 
Microhardness variations in the true 
heat-affected zone were associated 
with microsegregation in the form of 
banding. A sharp transition in micro
hardness, observed at the weld metal 
interface in both HY-80 and HY-130 
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weldments, is believed to contribute 
to the cracking sensitivity of this 
region. 

In HY-80, cracks initiated at elon
gated sulfide inclusions located on 
grain boundaries and propagated 
p re fe ren t i a l l y t h r o u g h a l l oy - r i ch 
bands. In HY-130, cracks initiated at 
the weld metal interface and prop
agated along the weld inter face, 
along solute-rich grain boundaries in 
the partially melted zone, and along 
martensite laths in the true heat-af
fected zone of HY-130. The lower 
density of elongated inclusions in the 
true heat-affected zone of HY-130 is 
believed to reduce the incidence of 
cracking in this region. 

In E14018 weld metal , c racks 
usually initiated at the interface be
tween the AX-140 implant test weld 
and the E14018 weld metal spec
imen. Crack propagation occurred al
most exclusively along grain bound
aries, particularly along the liquated 
grain boundar ies in the part ial ly 
melted zone. 

Acoustic emission data indicated 
that crack initiation in weld metal im
plant specimens occurred immedi
ately after loading, and crack growth 
occurred during the entire test by the 
relatively slow intergranular fracture 
process. By contrast, no cracking was 
observed in' wrought base metal 
specimens until shortly before failure. 
Crack propagation in HY-130 oc
curred by the relatively fast quasi-
cleavage and microvoid coalescence 
fracture modes. 

The hydrogen-assisted cracking 
model proposed by Beachem can be 
employed to explain the changes in 

both fracture mode and crack growth 
rate that were observed in the mate
rial studied in this investigation. 

Introduction 

The recent development of HY-130 
steel in the yield strength range of 130 
ksi (896 N/mm2) has brought addi 
tional Hydrogen induced cracking 
p r o b l e m s not p r e v i o u s l y e x 
perienced in HY-80 weldments. The 
requirements for the prevention of 
hydrogen contamination are more 
strict for HY-130 than for HY-80 and, 
in addit ion, the location of delayed 
cracking is associated with the weld 
fusion zone instead of the base metal 
heat-affected zone. 

An implant test, developed to el im
inate some of the problems asso
ciated with other cracking tests (Refs. 
1.2), was modif ied in a previous in
vestigation at R.P.I, to improve the 
reproducibil i ty of the notch location 
with respect to the weld metal inter
face (Ref. 3). 

Preliminary tests of two HY-80 
s t e e l s d e m o n s t r a t e d t h a t t h e 
modified implant test was sensitive to 
the differences in cracking suscep
tibilities of these steels. Addit ional im
plant tests revealed that the par
ticular heat of HY-130 steel tested 
had a susceptibil ity to cracking that 
was similar to a highly crack-sensi
tive HY-80 steel. In an actual HY-130 
weld joint, as a result of the lower 
permissible moisture content of the 
electrodes and the closer match of 
the weld metal and base metal 
strength, the heat-affected zone ex
periences both lower hydrogen con-
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Table 1 — Chemical Composition of the Materials Used in this Investigation 

Material C Mn P S Si 

HY-80, 2 in. plate (Heat P) 
HY-130, 2 in. plate 
E10018, weld metal 
E14018, weld metal 
AX-140 weld metal 

Cr Mo 

0.18 
0.11 
0.11 

0.066 
0.10 

0.32 
0.88 
1.54 
0.96 
1.86 

0.018 
0.003 
0.010 ai 

0.004 
0.005 

0.013 
0.003 
0.015 (a ) 

0.004 
0.005 

0.20 
0.35 
0.45 (a ) 

0.37 
0.43 

2.99 
4.95 
1.44 
3.53 
2.05 

1.68 
0.53 

— 
0.46 
0.87 

0.41 
0.50 
0.36 
0.78 
0.54 

— 
0.08 

— 
0.01 

— 0.01 

(a) Typical values given by the manufacturer. 

tent and lower restraint than in an HY-
80 joint, and thus a reduced tendency 
for delayed cracking. 

E14018 weld metal showed less 
cracking susceptibil ity than HY-130 in 
the implant test. However, since the 
hydrogen content and restraint level 
are generally higher in the weld fusion 
zone than in the base plate, delayed 
cracking can be associated with the 
weld zone in an HY-130 weldment 
joined with E14018 electrodes. 

The problem of delayed cracking in 
H Y - 8 0 h a s b e e n a s s o c i a t e d 
predominantly with the base metal 
heat-af fected zone, the part ial ly 
melted zone, and the unmixed zone 
near the base metal/weld metal inter
face (Refs. 4,5). These cracks gen
erally run parallel to the fusion line of 
the weld metal because of the nature 
of the stress field in this region. 

On the other hand, cold cracking in 
HY-130 weldments has been asso
ciated with the weld fusion zone (Refs. 
6,7,8). These cracks are generally 
oriented perpendicular to the weld
ing direction in the fusion zone as a 
result of the orientation of the pr in
cipal tensile stress in that region. 

In summary, there is a change in 
the location of hydrogen induced 
cracking f rom the base metal in most 
low-alloy high-strength steels with 
yield strengths below 100 ksi (698 
N/mm2) to the weld fusion zone in the 
higher strength HY-130 weldment. 
Some of the factors influencing this 
change were reported in a previous 
investigation (Ref. 3). 

Objective 

The objective of this investigation 
was to study the micro-structural fea
tures which influence the initiation 
and propagation of hydrogen in
d u c e d c r a c k i n g in i m p l a n t test 
specimens of quenched and tem
pered alloy steels. 

Mater ia ls and Exper imenta l 
Procedures 

Materials Used in this Investigation 

Table 1 contains the chemical com
position, and Table 2 summarizes the 
mechanical properties of both the 

Table 2 — Mechanical Properties of Materials Used for Implant Tests'3' 

Material 

HY-80 (HeatP) 
HY-130 
E10018 
E14018 
AX-140<C> 

Yield 
strength 

ksi (N/mm 2 ) 

88(606) 
134(923) 

95(654) 
141 (972) 
139(958) 

Tensile 
strength 

ksi (N/mm2 ) 

108(744) 
145(999) 
104(717) 

147(1013) 
148(1020) 

% Elong., 
2 in. 

2 5(b) 

21 
24 
18 
21 

Micro
hardness 

HV,00o 

239 
339 
262 
369 

— 

fa) Weld-metal properties for 43 kJ/in. (17 kJ/cm) heat input 
(b) 1 in. gage length 
(c) Typical values for this material taken from producer's literature 

base metals and the filler metals used 
in this investigation. 

Implant tests were performed (Ref. 
3) on HY-80 and HY-130 base metal 
specimens and on test specimens 
machined f rom all-weld-metal pads 
depos i ted both with E10018 and 
E14018 covered e lec t rodes. The 
E10018 and E14018 weld pads were 
deposited automatically with a stick 
feeder using 3/16 in. (4.8 mm) elec
trodes on 1Vz in. (38 mm) plate held at 
300 F (149 C) with the following condi
tions: 23.5 V, 210 A, 9 ipm (22.9 
cm/min) , corresponding to a heat in
put of 33 kJ / in . (13 kJ /cm). 

All implant test welds were de
posited with a 1/16 in. (1.6 mm) AX-
140 electrode by the automatic GMA 
process on V2 in. (12.7 mm) plate held 
at 75 F (24 C), utilizing 30 V, 300 A, 
and 12 ipm (30.5 cm/min) , which 
corresponds to an energy input of 45 
kJ / in . (17.7 kJ/cm). The argon shield
ing gas, at a rate of 40 cfh (1.13 m3 /h), 
was bubbled through a 9 in. (23 cm) 
column of water at 75 F (24 C), a 
procedure which caused sufficient 
moisture pickup to provide a dif
fusible hydrogen content of 9 cc per 
100 g of deposited weld metal im
mediately after welding. Because of 
hydrogen evolution, the actual hydro
gen content of the weld metal at the 
beginning of the loading operation of 
the implant test specimen was 6.5 
cc/100 g. 

Acoustical Emission Instrumentation 

To provide addit ional information 
on the initiation and propagation of 

hydrogen induced cracking, the im
plant testing apparatus was instru
mented to detect acoustical emis
sions after the method of Hartbower 
(Ref. 9). 

Briefly, an accelerometer, which 
consists of a mass supported by a 
piezoelectric sensing element, con
verts the elastic stress waves asso
ciated with cracking into electrical 
signals. These signals, amplif ied by 
an impedance-matching charge am
plifier, were fed through a high pass 
filter with a cutoff frequency of 5000 
hertz, to minimize spurious signals 
arising from ambient noise in the 
laboratory. 

S igna ls were d i s p l a y e d on a 
cathode-ray oscil loscope, recorded 
on tape, and monitored by means of a 
loudspeaker. With experience, the 
acoustic emissions associated with 
cracking could be distinguished from 
spurious noise signals more clearly 
by characteristic sound than by the 
characteristics of the oscil loscope 
display. 

The acoustical emission instru
mentation served two useful pur
poses. First, the summat ion of the 
amplitudes of individual stress wave 
emissions has been shown by Hart-
bower (Ref. 9) to be directly propor
tional to the crack extension as mea
sured by a crack opening displace
ment gage. Therefore, a summation 
of the ampli tudes of the stress wave 
emissions recorded during implant 
testing was taken as a relative mea
sure of the total crack length. 

In addit ion, by removing the load 
immediately after the first detectable 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 4 0 1 " S 



acoustic emission, it was possible to 
locate the crack initiation site in sec
t ioned spec imens by repeatedly 
removing thin layers and examining 
each newly revealed surface metal
lographically. 

Metallographic Procedures 

Several different etching proce
dures, listed in Table 3, were em-
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Fig. 1 — Microhardness traverse across 
bands in an HY-130 heat-affected zone, 
Vickers hardness, 100 g load. Picric acid 
etch, X200, reduced 48% 

ployed for opt ical meta l lography. 
Scanning electron microscopy was 
e m p l o y e d t o s t u d y c r a c k i n g 
morphology. 

Results and Discussion 

The boundary region between the 
weld metal and the base metal actual
ly consists of the four distinct zones: 
the composite region, the unmixed 
zone, the partially melted zone, and 
the true heat-affeacted zone (Ref. 4). 
The unmixed and partially melted 
zones observed in the HY-130 steel 
were approximately the same size as 
those observed in the HY-80 steel. 
These regions were also found in the 
E14018 implant spec imens GMA 
welded with AX-140 electrode wire. 

Hardness Studies 

Microhardness traverses showed a 
large hardness variation in the heat-
affected zones of both the HY-80 and 
HY-130 steels. Upon etching the sam
ples with the picric acid etch (Proce
dure B, Table 3), it was noticed that 
high hardness readings were ob
tained when the hardness indenta
tion fell on dark-etching, solute-rich 
bands. A microhardness traverse 
across one such solute-rich band is 
shown in Fig. 1, which demonstrates 
that banding is responsible for the 
hardness variations. 

The change in hardness near the 
fusion boundary should also be af
fected by the presence of the un
mixed and the partially melted zones. 
M ic rohardness t raverses, Fig. 2, 
show tl~e sharp increase in hardness 
near the weld interface in both HY-80 
and HY-130 implant specimens. 

The h a r d n e s s of the l i qua ted 
regions in the partially melted zone 
could not be resolved in this type of 
traverse since the indentation is much 
larger than the liquated grain bound
aries. The size of the partially melted 
zone was, however, enlarged with 
the aid of the Gleeble by Holsberg 
(Ref. 10), and liquated grain bound
aries in this HY-80 heat exhibited 
hardness values averaging 522 HV75.* 

In the microhardness traverses 
shown in Fig. 2, a gradual change oc
curs in the hardness of the unmixed 
zone created by the implant test weld. 
In all cases, the weld metal hardness 
changes over a distance of about 
0.015 in. (0.38/mm) near the weld 
interface. Thus, both the unmixed 
zone and the composite zone must 
have a s igni f icant compos i t iona l 
gradient normal to the weld inter
face. The presence of a composi -

* Vickers hardness number, 75 g load 
(ASTM E384-73) 

Table 3 — Etching Procedures Used in this Investigation 

Procedure 

A Step 1 

Step 2 

B Step 1 

Etchant 

1% nital 

3% aqueous sodium 
bisulfite with 
tridecylbenzene 
wetting agent. 

2% aqueous picric 
acid with sodium 
tridecylbenzene 
sulfonate wetting 
agent. 

Step 2 

C Step 1 
& 

Step 2 

Step 3 

1% nital 

Three-stage etch. 
First perform 
steps 1 & 2 of 
Procedure B, then: 

4% aqueous 
potassium bisul
fite with sodium 
tridecylbenzene 
sulfonate wetting 
agent. 

Etching technique 

Immerse for 2-8 s and 
rinse with ethanol only, 
hot air dry. 

Swab with sodium bisulfite 
@ 100 F until metal turns 
dark; then rinse with dis
tilled water and ethanol, 
then hot air dry. 

Dip etch for 15-30s 
Rinse with distilled water 
and ethanol, then hot air 
dry. 

Immerse for 2-8 s and 
rinse with ethanol only. 

Swab with potassium bisul
fite @ 100 F until metal 
starts to turn dark; then 
rinse with distilled water 
and ethanol. 

Application 

This procedure is ex
cellent for revealing 
solidification struc
tures, the unmixed 
zone, and the partially 
melted zone in HY-80 
and HY-130 weldments. 

This procedure is used 
to reveal solidification 
structures and the partially 
melted zone. Exceptionally 
good for revealing grain 
boundaries. 

The light subsequent nital 
etch is optional and brings 
out transformation products. 

This procedure is excellent 
for revealing unmixed zones 
and compositional varia
tions in AX-140 and E14018 
weld metals. 
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tional gradient in the unmixed zone 
and the outer edge of the composite 
zone was con f i rmed by e lect ron 
beam microprobe analysis. 

From the hardness survey data 
presented in Table 4, it is obvious that 
the HY-130 steel can exhibit a hard
ness level in the coarse gra ined 
region of the true heat-affected zone 
that is equal to or greater than that of 
the HY-80 steel. It should also be 
noted that the material with the higher 
heat-affected zone hardness general
ly exhibited a higher embrit t lement in
dex in the implant test (Ref. 3). As 
shown in Table 4, the E10018 weld 
metal which exhibited the lowest 
heat-affected zone hardness (265 
HV200) also exhibited the least tenden
cy for delayed cracking, with an em
britt lement index of 0.22. The E14018 
weld meta l , wi th an in termedia te 
hardness (310 HV20o) exhibited an em
britt lement index of 0.40. The HY-80 
and HY-130 steels, with hardnesses of 
402 and 423 HV200, respectively, both 
had embrit t lement indices of ap
proximately 0.5. 

The heat-affected zone hardness 
has been suggested as a criterion for 
estimating hydrogen crack sensitiv
ity when compar ing materials with an 
auto-tempered (lath-type) martensitic 
matrix (Ref. 11); however, the size, 
shape, and distr ibution of inclusions 
a re not r e v e a l e d by h a r d n e s s 
measurements. As an example, two 
HY-80 steels of similar hardness were 
found to exhibit a large difference in 
susceptibil ity to delayed cracking, 
and inclusions were shown to play an 
impor tant role in this d i f ference 
(Refs. 4,5). 

Crack Initiation Studies 

Crack initiation was studied metal
lographically in implant specimens 
wh i ch had been u n l o a d e d after 
acoustic emission signals indicated 
that crack initiation had occurred. 

HY-80. Crack initiation sites in the 
HY-80 steel a lways o c c u r r e d in 
solute-rich bands which intersected 
the helical notch. In this particular 
heat of HY-80, (Ref. 4), a high density 
of elongated sulfide inclusions were 
associated with the solute-rich bands. 
Figure 3 shows a crack initiation site 
associated with sulfide inclusions in 
HY-80, Heat P. Similar initiation of 
hydrogen induced cracking in HY-80 
by sulfide inclusions has been report
ed by other invest igators (Refs. 
4,5,12). It is believed that the primary 
role of inclusions in the banded struc
ture of the true heat-affected zone is 
to cause a stress concentrat ion. The 
"notch effect" of an elongated inclu
sion produces a localized increase in 
stress that lowers the nominal stress 
required to initiate cracking. 

Table 4 — Effect of Implant Test Weld on Hardness and Embrittlement Index of Mate
rials Tested 

Material 

HY-80 
(HeatP) 
HY-130 
E10018 
E14018 

Microhardness 
tested without 
implant test 
weld , HV10oo 

239 

339 
262 
369 

Microhardness*3 ' 
of HAZ of the 

test weld, HV2 0 0 

402 

423 
265 
310 

Implant test 
embri t t lement 

index<b) 

0.50 

0.47 
0.22 
0.40 

(a) Average of readings taken in the coarse grained region of the true heat-affected zone. 
(b) The embrittlement index, I - (NTS-LCS)/NTS. where NTS = short-time notch tensile strength and LCS • 
critical stress, below which failure does not occur within 24 h. 
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Fig. 2 — Microhardness variation across the weld interface in HY-80 and HY-130, Vickers 
hardness, 50 g load 

HY-130. Crack initiation in the HY-
130 specimens was always observed 
to occur at the weld metal interface. 
The i m p l a n t s p e c i m e n notch is 
modif ied at the weld interface during 
solidification to form an extremely 
small , effective notch radius at the fu
sion boundary. Because of this sharp 
notch at the weld interface, cracking 
might be expected to initiate here if 
the base metal is relatively free from 
microstructural discontinuities that 
can also act as stress raisers. A l 
though some elongated sulfides were 
noticed at the center thickness in the 
HY-130 steel, the concentration of 
sulfides was relatively low by virtue of 
its low S content (Table 1). There

fore, it appears that crack initiation in 
the HY-130 implant tests was not 
associated with the true heat-affected 
zone, but with the interface between 
the fusion zone and the partially 
melted zone. 

E14018. The initiation of hydrogen 
cracking in an E14018 weld metal im
plant specimen is shown in Fig. 4. 
Here crack initiation is located at the 
interface between the AX-140 im
plant test weld and the E14018 im
plant specimen. It should also be 
noted that crack initiation was lo
cated at this interface in all E14018 
spec imens which were un loaded 
before failure and studied metal
lographically. 
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Fig. 3 — Crack initiation associated with 
sulfides and other non-metallic inclu
sions in HY-80 implant specimen, X500, 
reduced 48% 
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F/g. 4 — Initiation of hydrogen cracking at 
the interface between the AX-140 implant 
test weld (top) and the E14018 weld metal 
specimen. Picric acid etch, X325, re
duced 46% 
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Fig. 5 — Cracking in HY-130 associated 
with the unmixed zone. Nital and sodium 
bisulfite etch, X250, reduced 52% 
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Fig. 6 — Crack propagation in E14018 
weld metal. Picric acid etch, X75, reduced 
46% 

Crack Propagation Studies 

HY-80. Banding was observed to 
have an important influence on crack 
propagation in the HY-80 steel, in that 
crack growth preferentially occurred 
in alloy-rich regions. Since the inclu
sions are concentrated along bands, 
it is logical that the inclusions play an 
important part in the propagation of 
hydrogen induced cracks. As shown 
in Fig. 3, cracks associated with more 
than one inclusion can link up to form 
a l a r g e r c r a c k . T h u s , a c r a c k 
propagating from inclusion to inclu
sion would tend to travel along the 
solute-rich bands where the highest 
concentration of inclusions occurs. It 
is this mechanism which is proposed 
to explain the tendency for crack 
propagation along alloy-rich bands in 
HY-80, Heat P. 

HY-130. Cracking initiated at the 
weld metal interface and propagated 
close to the fusion boundary in the 
unmixed zone, the partially melted 
zone or the true heat-affected zone. 
There was some association of the 
crack propagation with banding; in 
addit ion, base metal cracking usual
ly was a l igned paral le l to t rans
granular martensitic laths. 

An example of crack propagation 
associated with the unmixed zone is 
shown in Fig. 5. In other regions (not 
shown), there were occasional crack 
excursions into the base metal alone 
a path of liquated grain boundaries 
The high solute concentration pres
ent in such liquated boundaries pro
motes the formation of hard, low 
tempera ture t rans format ion p r o d 
ucts and may well account for this 
type of crack propagation behavior. 
Therefore, l iquated grain boundaries 
also appear to play an important role 
in the propagation of cracks through 
the partially melted zone in the HY-
130 steel. 

The higher concentration of hydro
gen at the weld interface over that in 
the true heat-affected zone is un
doubtedly a major contr ibuting fac
tor which increases the tendency for 
hydrogen induced cracking at the 
weld metal interface. During l iqua
tion at the weld metal interface, the l i 
quated grain boundaries in the par
tially melted zone would also be en
riched in hydrogen to a greater ex
tent than would the solid metal in the 
true heat-affected zone. 

As may be noted in Fig. 5, the crack 
has propagated across the unmixed 
zone and followed a path that is paral
lel to the cell boundaries. Hydrogen 
cracking in solidified regions is pr i 
marily intergranular; therefore, the 
morphology of prior austenite grain 
boundar ies in the unmixed zone 
should influence the crack propaga
tion behavior in this area. 

The grain boundaries of the un
mixed zone may contain an align
ment of small nonmetall ic particles 
(Ref. 5), which result f rom micro-
volumes of high inclusion concentra
tion in the base metal melting to form 
a liquid of high solute content. Little 
mix ing wou ld occur; thus dur ing 
resolidification, the solutes would be 
partit ioned to the cell boundaries 
which ultimately become sufficiently 
enriched to nucleate a network of 
nonmetall ic inclusions. 

The implant specimens oriented* 
parallel to the rolling direction ex
hibited less susceptibil ity for hydro
gen induced cracking than the spec
imens oriented in the short trans
verse direction. This result can be 
par t ly a t t r i b u t e d to the re la t i ve 
orientation of the banding and the ap
plied stress. In the short transverse 
s p e c i m e n s , c rack i n i t i a t i on and 
p r o p a g a t i o n is ass is ted by t h e 
presence of banding and inclusions 
elongated parallel to the fracture. 
However, in the longitudinal spec
imens, the banding is parallel to the 
applied stress and normal to the frac
ture. 

E14018. The propagation of hydro
gen induced cracking in the E14018 
implant specimens was almost exclu
sively associated with prior austenite 
grain boundaries, as shown in Fig. 6. 
Previously it was noted that cracking 
in the unmixed zone of HY-130 im
plant spec imens was also inter
granular, and in fact, it was rare to 
find cracking in solidif ied structures 
that was not intergranular. 

Hyd'ogen induced cracking was 
found to seek the grain boundaries 
adjacent to the interface between the 
AX-140 test weld and E14018 im
plant specimen (Fig. 6). In addition 
there was an association of l iquated 
grain boundar ies with the crack, 
suggest ing that a mechan ism of 
solute segregation in the partially 
melted zone may contr ibute to the 
crack sensitivity of the weld metal 
grain boundar ies . L iquated gra in 
boundaries, as discussed previous
ly, are high in solute concentrat ion, 
and, as a result, should promote the 
precipitation of nonmetall ic inclu
sions. Since these inclusions can pro
vide nuclei for the incremental growth 
of hydrogen induced cracks, the l i 
quated weld metal grain boundaries 
should be the most susceptible for 
hydrogen induced cracking. 

Observation of Fracture Surfaces 

When using low power optical 
microscopy, the hydrogen induced 
fracture surfaces of HY-130 and HY-
80 specimens appeared similar in 
appearance and contained areas of 
cleavage. 
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When viewed in a scanning elec
tron microscope, the E14018 weld 
metal fracture contained a large por
tion of intergranular facets plus some 
transgranular quasi-cleavage areas, 
whereas the HY-130 fracture con
tained both dimpled and quasi-clea
vage type surfaces. It should be noted 
that all these hydrogen induced frac
ture modes have been observed be
fore in electron fractographs of 4130 
spec imens tested under vary ing 
condit ions (Ref. 13). 

Specific areas of the fracture sur
faces in E14018 and HY-130 spec
imens are shown at X500 in Fig. 7. In 
the E14018 weld metal fracture sur
face, an area of quasi-cleavage type 
fracture surrounded by intergranular 
facets can be observed, indicating 
that both intergranular and quasi-
cleavage type fracture play an impor
tant role in the hydrogen induced 
cracking of this material. The HY-130 
f racture, however, conta ins large 
areas of dimples. This figure gives 
ev idence that hydrogen induced 
cracking of the HY-130 steel occurs 
primarily by microvoid coalescence. 

At higher magni f ica t ion , smal l 
spherical particles were observed on 
the grain boundary fracture surfaces 
of the E14018 specimen, and, this 
observation supports the weld metal 
cracking mechanism previously dis
cussed. That is, smal l inc lusions 
along prior austenite grain bound
aries can provide nuclei for incre
mental crack growth and contr ibute 
to the crack sensitivity of the weld 
metal grain boundaries. 

Acoustical Emission Studies 

The acoustic emission monitor ing 
apparatus permitted study of the 
crack propagation behavior during 
the implant test. Playback of the tape 
recorded stress wave emiss ions 
through an oscil loscope produced 
displays such as those shown in Fig. 
8. In the case of E14018 weld metal, 
cracking activity was more intermit
tent and dispersed, whereas, in the 
case of HY-130, the stress wave 
bursts were concentrated near the 
end of the test which corresponds to 
the large burst at the right in Fig. 8b. 

T y p i c a l c u r v e s s h o w i n g t h e 
cumulative total of stress-wave emis
sions as a function of t ime are shown 
in Fig. 9. With respect to the initiation 
of cracking there is an obvious dif
ference between the weld and the 
base metal. In all of the E14018 weld 
metal implant samples tested there 
was a high incidence of cracking 
activity, with little or no incubation 
time before initiation. By contrast, in 
most of the base metal specimens, no 
cracking was noticed until shortly 
before failure. In fact, cracking was 

Fig. 7 — Scanning electron fractographs of (a) E14018; (b) Hy-130, X500, reduced 37% 

• • • • • IIFII *1 
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Fig. 8 — Oscilloscope traces of cracking activity immediately before failure in representa
tive implant specimens, (a) E14018, vertical: 2 volts/div., horizontal: 0.5 s/div. (b) HY-130, 
vertical: 1 volt/div., horizontal: 0.5 s/div. 

detectable metallographically only in 
those HY-130 samples which were 
unloaded after a definite acoustical 
signal was detected. 

In one E14018 specimen loaded 
just below the lower critical stress, 
cracking activity was heard soon after 
loading. However, acoustical signals 
gradually became more infrequent, 
and ceased about an hour after load
ing. After sectioning this sample, 
cracking was observed to have in
itiated at the weld metal interface in a 
manner similar to that shown in Fig. 4. 
Therefore, it is apparent that the 
growth of a crack, under certain 
circumstances, may be arrested in an 
E14018 implant specimen. Probably, 
the gradual evolution of hydrogen 
during the test can explain the even
tual cessation of cracking if the stress 
is near the lower critical stress. 

Crack propagation in the E14018 
implant spec imens was relat ively 
slow. As indicated in Fig. 9 stress 
wave emissions could be detected 
over a period ranging f rom several 
minutes to an hour or more. The 
relatively slow crack growth in the 
weld metal specimens can be attr ib
uted to the intergranular type frac
ture. Intergranular hydrogen-assisted 
cracking is a relatively slow process 
(Ref. 14), and all E14018 weld metal 
fractures were predominantly inter
granular. 

X - FRACTURE 

0 9 K) IO 20 
TIME AFTER APPLICATION OF LOAD (MINUTES) 

Fig. 9 — Representative stress-wave 
emission curves for implant tests showing 
the comparative crack propagation 
behavior of E14018, HY-80, and HY-130 
specimens. (NTS: Short-time notch tensile 
strength) 

The HY-80 and HY-130 implant 
specimens show a relatively rapid 
crack growth process in Fig. 9. 
Propagation occurred rapidly after 
initiation and often lasted only a few 
seconds. In Fig. 8b the sudden burst 
of stress wave emissions immedi-
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CONCENTRATION OF HYDROOEN DISSOLVED 
AT THE CRACK TIP 

CONCENTRATION OF HYDROOEN DISSOLVED 
AT THE CRACK TIP 

Fig. 10 — Interrelationship between stress 
intensity, dissolved hydrogen, and frac
ture mode, (a) HY-130; (b) E14018 

ately before failure was typical of 
base metal specimens. Frequently 
crack propagat ion was comple te 
within a few seconds. Electron scan
ning fractographs (Fig. 7) have shown 
that crack propagation in the HY-130 
steel occurs by the quasi-cleavage 
and microvoid-coalescence fracture 
processes. These are relatively fast 
crack growth modes (Ref. 14), and 
this fracture behavior in the HY-130 
steel accounts for the fast crack 
growth rates exhibited in Fig. 9. 

Summary of Crack Propagation Behavior 
in E14018 and HY-130 Implant Tests 

To explain the difference in crack 
p r o p a g a t i o n b e h a v i o r b e t w e e n 
E14018 weld metal and HY-130 base 
metal implants and to account for the 
different fracture modes, it is helpful 
to consider the model of hydrogen-
assisted cracking (HAC) recently pro
p o s e d by B e a c h e m (Ref . 14) . 
Beachem states that hydrogen assists 
those plastic deformation processes 
which contr ibute to the failure mech
anism. 

HY-130. Figure 10a summarizes 

schematically the dominant fracture 
processes for a given combination of 
stress-intensity factor and hydrogen 
concentrat ion. It should be noted, 
however, that the fracture process 
can consist of mixed modes along the 
leading edge of a crack if stress level 
a n d / o r h y d r o g e n c o n c e n t r a t i o n 
change along the crack tip. At high 
s t r e s s i n t e n s i t i e s t h e f a i l u r e 
m e c h a n i s m i n v o l v e s m i c r o v o i d 
coalescence (MVC). However, at 
lower stress intensities, where large 
numbers of inclusions are not present 
in the plastic zone, quasi-cleavage 
(QC) type failure occurs. At still lower 
stress intensities, intergranular (IG) 
failure, a process involving less plas
tic deformation, occurs. Moreover, 
increasing the hydrogen concentra
tion at the crack tip has the effect of 
decreasing the stress intensity at 
which these fracture processes occur 
in this model . 

Optical microscopy and scanning 
electron fractographs (Fig. 7) showed 
that intergranular fracture was infre
quent in HY-130. Rather, consider
able quasi-cleavage and microvoid-
coalescence fracture were observed 
in the fractographs. Therefore, the 
interval of in tergranular f rac ture 
mode must cover only a small region 
in the schematic diagram of Fig. 10a. 

Acoustical emission studies of HY-
130 implant specimens, summarized 
in Fig. 9, support the hypothesis that 
crack propagation in HY-130 occurs 
by a relatively fast fracture mode as 
would be expected if quasi-cleavage 
and microvoid coalescence are the 
dominant modes of failure. Note in 
this figure that the crack propagation 
of HY-130 is incremental but occurs 
at a high velocity. 

Assuming that the combinat ion of 
stress-intensity factor and hydrogen 
content at the crack tip corresponds 
to Point A in Fig. 10a, the average 
hydrogen concentrat ion would be 
insufficient to initiate crack growth 
(i.e., no HAC) at the instant an HY-
130 implant spec imen is loaded. 
Thus, an incubation t ime would be re
quired for hydrogen to diffuse to an 
area of stress concentrat ion, and the 
h y d r o g e n c o n c e n t r a t i o n w o u l d 
gradually increase at the potential 
crack nucleus. When the hydrogen 
concentration reached the level indi
cated by Point B in Fig. 10a, cracking 
would initiate and growth would occur 
intergranularly for a short distance. 
This, in turn, would increase the 
stress intensity at the crack tip as a 
result of a decrease in the net cross-
sectional area until, at a stress inten
sity factor equivalent to Point C, the 
f racture wou ld assume a quas i -
cleavage mode. The stress intensity 
would then increase as indicated, un
til at Point D, fracture would assume a 

microvoid-coalescence mode. During 
q u a s i - c l e a v a g e and m i c r o v o i d -
coalescence fracture, which are both 
fast growth processes, the hydrogen 
concentration at the crack tip would 
decrease as the stress-intensity fac
tor increased until ultimately fracture 
would occur at Point E. 

Below the lower critical stress, the 
condit ions present in an HY-130 im
p l an t s p e c i m e n m i g h t be r e p 
resented by Point F in Fig. 10a. If the 
rate of hydrogen evolution f rom the 
specimen is high enough to deplete 
the diffusible hydrogen before a crit
ical level of hydrogen is reached in 
the triaxially stressed region, crack
ing would not initiate. This condit ion 
would correspond to Point G in Fig. 
10a. 

E14018. In contrast to HY-130, 
E14018 weld metal implant spec
imens did not exhibit an incubation 
t ime before crack initiation. As shown 
by the acoustical data of Fig. 9, crack
ing in E14018 initiated and began to 
propagate immediately after applica
tion of the load. This situation would 
correspond to the combinat ion of 
stress-intensity factor and hydrogen 
concentration represented by Point A 
in Fig. 10b. 

The predominantly intergranular 
fracture mode of E14018 implant 
specimens was verified by both opt i 
cal metal lography (Fig. 6) and scan
ning electron micrographs (Fig. 7). 
Fur thermore, the acoust ical data 
of Fig. 9 indicate that crack prop
agation in the weld metal is relative
ly slow as would be expected since 
weld metal cracking is intergranular 
in nature. For this reason, the region 
for intergranular fracture must cover 
a larger interval in Fig. 10b than in 
Fig. 10a. 

Crack propagation begins immedi
ately after the weld metal implant 
specimen is loaded as indicated by 
Point A in Fig. 10b. As the inter
granular cracking increases under a 
constant load, the stress-intensity 
factor increases until the fracture 
mode becomes first QC at B and then 
MVC, both of which are faster frac
ture processes. At this point the crack 
grows rapidly until fracture occurs at 
Point C. 

Dur ing the test , the ave rage 
concentration of diffusible hydrogen 
decreases continuously. Since the 
rate of crack propagation is slower in 
E14018 weld metal than in HY-130 
base metal, more t ime is available for 
hydrogen evolut ion dur ing crack 
growth in the weld metal. In fact, it is 
possible, under the condit ions rep
resented by Point D, that hydrogen 
evolution dur ing slow crack growth 
could result in the eventual cessation 
of cracking when the combinat ion of 
stress-intensity factor and hydrogen 
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reached a point corresponding to E in 
Fig. 10b. This behavior was observed 
in one weld metal sample which was 
loaded below the lower critical stress. 
Cracking began immediately after 
loading, but after about an hour of 
cracking activity, no further acous
tical signals were observed, thus 
i n d i c a t i n g tha t t he c r a c k w a s 
arrested. 

A l t h o u g h f r a c t u r e m e c h a n i c s 
testing would be required to define 
the l imits of the regions shown 
schematically in Figs. 10a and b for 
the materials investigated, the fore
go ing qua l i t a t i ve e x p l a n a t i o n of 
h y d r o g e n - a s s i s t e d c r a c k i n g ac
counts for the experimental f indings 
of this investigation. In fact, electron 
scanning studies show extensive 
plastic deformation on the surface of 
hydrogen induced fractures (Ref. 14), 
and direct observations of growing 
cracks on polished weld specimens 
(Refs. 15,16) support the model that 
hydrogen acts to assist the local plas
tic deformation mechanisms involved 
in the fracture process. 

Conclusions 

1. The unmixed zones and partial
ly melted zones observed in an HY-
130 steel were approximately equal in 
size to those observed in an HY-80 
steel. 

2. An u n m i x e d zone was o b 
served for a GMA weld bead de
posited with AX-140 electrode on an 
E14018 weld metal deposit. 

3. The fusion boundary region be
tween two weld beads was found to 
exhibit a partially melted zone similar 
in configuration to the partially melted 
zone created in wrought base metal. 

4. The average hardness of the 
coarse grained heat-affected zone in 
the HY-80 and HY-130 steels tested 
was nearly the same. 

5. Microsegregation in the form of 
banding was found to cause local
ized variation in microhardness within 
the true heat-affected zone. 

6. A hardness var ia t ion asso
ciated with a composit ional gradient 
in the region of the unmixed zone is 
believed to contr ibute to the crack 
susceptibil ity of this region in both the 
HY-80 and HY-130 steels. 

7. In the HY-80 steel, cracks in

itiated at elongated sulf ide inclusions 
located on grain boundaries and 
propagated preferent ia l ly th rough 
alloy-rich bands. 

8. In the HY-130 steel, cracks in
itiated at the weld metal interface and 
propagated along the weld metal 
inter face, along so lu te- r ich grain 
boundaries in the partially melted 
zone, and along martensite laths in 
the true heat-affected zone. 

9. The lower density of elongated 
inclusions in the true heat-affected 
zone of the HY-130 steel is believed to 
cont r ibu te to the increased inc i 
dence of cracking at the weld in
terface. 

10. In the E14018 weld metal , 
cracks, which usually initiated at the 
interface between the AX-140 test 
weld and the E14018 weld metal, pro
pagated a lmost exclusively along 
grain boundaries, particularly along 
the solute-rich grain boundaries in 
the partially melted zone. 

11. Acoustic emission data indi
cated that cracking initiated in the 
E14018 implant specimens immedi
ately after loading and exhibited slow 
growth to failure; however, cracking 
initiated in the HY-80 and HY-130 
steels only after a finite incubation 
t i m e and p r o p a g a t e d rap id l y to 
failure. 

12. S c a n n i n g e lec t ron f r ac to 
graphs revealed that crack propaga
tion in the E14018 weld metal was 
predominantly intergranular, whereas 
crack propagation in the HY-130 steel 
occur red by quas i -c leavage and 
microvoid coalescence, both rela
tively rapid fracture modes. 

13. The hydrogen-assisted crack
ing model proposed by Beachem can 
be employed to explain changes in 
both fracture mode and crack growth 
rate that were observed in the mate
rials studied in this investigation. 
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