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ABSTRACT

The investigation was centered on the effect of preheat and post-
heat treatments on the hydrogen content and initiation and propagation
of hydrogen-induced cracks in HY-130 weldments. The initiation and-
propagation of cracks in welds deposited using both the GMA and SMA
processes were studied by the augmented strain cracking test (ASC
test). The weld metal hydrogen contents for the various weld beads
were determined by the BWRA/IIW technique.

Cracking was found to depend on the base material, augmented
strain, hydrogen content, and weld energy input used, but the i'elation-
E ships among these variables are complex. The measured hydz;ogen contents
1 of the deposited welds were found to depend on the weld emergy inmput,
the bead size, and the preheat and postheat treatments.

% It was found that hydrogen-induced cracking was mucleated pre-
: dominately along grain boundaries within the weld metal. However,

k=‘ :
4

some cracking was observed to be assoclated with elongated non-
metallic inclusions in the partially melted zone and the true heat-

affected zone. ~
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INTRODUCTION AND HISTORICAL REVIEW

Since World War II, the demand for high-performance steels in the
construction of long-span bridges, buildings, pressure vessels, and sub-
marines has led to the development of a new series of quenched-and-
tempered, high-strength, low-carbon, low-alloy steels. These new steels,
known ‘as the HY steels, exhibit the excellent strength, fracture toughness,
corrosion resistance and weldability required for heavy structural appli-
cations. Unfortunately as the yield strength is increased, steels become
increasingly sensitive to hydrogen-induced cracking. :

The abillty of hydrogen to cause cracking in the weldments of hardenable
steels is well known. Hydrogen cracking may occur in either the heat;affected
zone or weld metal if four conditions are present simultaneously. These
conditions have been defined as: i :

1. A critical concentration of diffusible hydrogen at a crack tip,
2. A stress intensity of significant magnitude,

3. ‘A susceptible microstructure, and

4. A temperature in the range of -150 to 40O%F (-101 to 204°¢).

In welded HY-steel structures, the combination of service and residual
stresses, ambient service temperatures, and susceptible microstructures is in-
evitably present. Therefore, strict control of hydrogen content must be main-
tained to ensure a fail-safe structure.

Hydrogen is introduced into weldments because the welding arc is capable
of dissociating hydrogen gas, water vapor, and hydrogen-bearing compounds to
produce atomic hydrogen. Furthermore, the molten metal has an occlusive ca-
pacity for atamic hydrogen which is proportional to its concentration in the
arc atmosphere. The major sources for this hydrogen are moisture in covered
electrodes, contamination in bare filler wire, surface contaminates on the
base material, and moisture contained in shielding gases.

Efforts to eliminate hydrogen cracking in HY-80 by controlling the
moisture content in bare filler wire have not been totally successful. Un-
fortunately, HY-130 weldments are even more susceptiblg to hydrogen-induced
cracking than HY-80. The specifications for welding consumables for HY-80
call for a maximum level of 0.2% moisture in the coatings of covered electrodes
and 6-8 ppm hydrogen in bare filler wires. The more stringent specifications
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for HY-130 welding consumables require a maximum level of 0.1% moisture in
coatings of electrodes and 3 ppm hydrogen in bare wires.2 Such requirements

i o

for the control of the hydrogen content of arc atmospheres are not easily
met in a shipyard enviromment. 1It, therefore, has become necessary to study
other procedures for eliminating hydrogen-induced cracking.
Presently two procedures have been proposed to control hydrogen-induced
cracking in HY-130 weldments. One procedure attempts to render the weld-
metal hydrogen innocuous by chemical combination to form a hydride. Rare
earths can be added to the filler metal to form hydrides. Unfortunately, such
additions have been shown to make the manufacturing of filler wire more diffi-
cult, and could possibly be detrimental to the mechanical properties of HY-13O.3
A second procedure utilizes a low-temperature interpass heat treatment. By

L.

FEER Tavey

{ maintaining the weld at an elevated temperature, hydrogen can escape rapidly
1 from the weld bead until the hydrogen level falls below that required for crack- ]
' ing. This technigue has been used successfully in practice for varlous steels.
However, the level to which hydrogen must drop, and consequently the times for
which a weld bead must be held at temperature, have largely been a matter of
conjecture.

Delongl‘t has recommended a minimum postheat time of one hour and a tempera-
ture of 275°F (135°C) for welds made with E14018 electrode. Graville’ has
. suggested a minimum time of 1/2 hour for postheats above 250°C (482°F) and 1

increasing times with lower temperature postheats. As might be expected, both ;

postheat time and temperature are dependent upon weld bead thickness. 1
Presently specifications for the fabrication of HY-80 recommend a preheat and |
postheat treatment of 200%F (93°C) (minimum) to 300%F (149°C) (maximwm).’

Such heat treatments are both cumbersome and expensive.

Although the conditions necessary for hydrogen-induced cracking are well

known, there exists considerable controversy over the mechanism of hydrogen
cracking. Four basic theories have been proposed to explain this phenomenon.
Planar-Pressure Theory. The planar-pressure theory was initially pro-
posed by Zapffe and Si.me8 and later modified by Tetleman.9 Figure 1 shows
the variation in solubility of hydrogen with temperature. Note that the solu-
bility falls sbruptly from about 25 ppm* in liquid iron to about 6 ppm in
body-centered cubic delta ferrite at the melting point (1538°c). The solu-
bility increases from about 4.9 to 8.3 ppm when delta ferrite transforms to

*
The H eoncentration in cm3 per 100 grams of iron is equal to the H concen-

tration in ppm multiplied by 1.12
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face-centered cubic austenite at 1394°C. The solubility in austenite decreases
continuously to about 4.1 ppm at 9.2°C and then drops to 2.7 ppm when the
austenite transforms to ferrite at 91200. The solubility in ferrite then de-
creases to less than 0.5 ppm at ambient temperature.

This theory fostulates that atomic hydrogen diffuses through the iron
lattice and precipitates in voids or other defects. inside these voids,
atomic hydrogen reassociates to form molecular hydrogen and thus creates an
extremely high internal pressure. The interaction of the high internal
pressure with applied and residual stresses is postulated to result in crack
initiation and propagation from the initial defect sites.

Surface-Absorption Theory. The surface-asbsorrt’on theory was initially
proposed by Petchl® and recently modified by Williams and Nelson.ll This
theory postulates that hydrogen absorbed on the surface of internal cracks
lowers the surface-free energy and thus reduces the critical fracture stress.

Thus, the initial crack is formed by dislocation pileups at a grain boundary,
and hydrogen is postulated po influence crack propagation, but to have no
effect on crack initiation.

Both these theories have been criticized on the basis of the fact that
the incubation time for crack initiation is reversible with respect to the
applied stress. Furthermore, the embrittlement persists at very low tempera-
tures where both the bulk diffusion rate and the rate of redistribution of
hydrogen along newly created surfaces wouéd be negligibly small.12
1

Triaxial-Stress Theory. Trolano ~ has advanced a triaxial-stress

theory which assumes that hydrogen in solution near a void causes embrittle-
ment. This theory predicts that the concentration of hydrogen in the region
of maximum triaxial stress near a void or stress raiser, exceeds that in the
lattice at equilibrium. It is assumed that hydrogen in the void itself is
non-damaging end, that a critical stress level must be exceeded to cause a
critical or damaging concentration of hydrogen.

According to Troiano, the diffusion of hydrogen into this region is in-
duced by the stress gradient created by the region of triaxial stress. ‘When
the hydrogen concentration reaches a critical concentration in the location
of the maximum triexial stress, initiation of a crack occurs. The crack is
propagated by the same mechanism after hydrogen diffuses to the triaxial-
stress region ahead of the newly located crack tip.

Hydrogen-Dislocation-Interaction Theory. The fourth theory stresses

the interaction of hydrogen with moving dislocations. Two opposing hypotheses

ik

s




of this interaction have been advanced.

Beachemll‘ proposed a theory involving microplasticity mechanisms instead
of "embrittlement" mechanisms. In this model, the pressure of hydrogeun {
dissolved in the 1lattice ahead of the crack tip assists microscopic defor-
mation processes. The presence of dissolved hydrogen, theun, lowers the applied

s

stress necessary to cause fracture by a dislocatioun-multiplication mechanism.
Steimman et a1l” and Berstein16 have suggested that hydrogeun in the
lattice acts to reduce the eunergy required to initiate and propagate fracture
by reducing dislocation mobility. This is postulated to cause the develop-
ment of large local strain concentratious, and lead to initiatioun and propa~

ket

gation of cracks.

JEg

OBJECT

This investigation involved a study of the effects of preheat and post-
heat temperature and time upou the hydrogen content and hydrogen-induced
cracking tendencies of HY-130 weldments. ‘ _

Specifically, the objectives of this investigation were: ]

l. To evaluate the interrelationshlp among the mechanical, metallurgical,
and chemical factors respousible for hydrogen-induced cracking in

l . HY-130 steel weldmeuts.

' 2. To determine the effect of preheat and interpass temperatures and )

| & times on the level of hydrogen retained.

] i 3. To study, with the aid of acoustic-emission technology and optical

' ; microscopy, the mechanisms for nucleation and propagation of hydrogen-

induced cracks.

it o

{ § MATERTALS AND PROCEDURE

TR
WS

4 ’ Two different heats of 2-in. thick HY-130 steel plate were used iu this i
A sfudy. The chemical composition and mechanical properties of each heat and i
filler material used are listed in Tables I and II.

Metallographic examination of the base materials revealed a significant

difference between the nommetallic inclusioun morphologies of the two heats.

] Heat B contained randomly distributed, fine, spherical inclusions with a small
, quantity of fine, elongated, sulfide inclusions. Inclusions found in Feat A

f consisted of fine, spherical inclusions, small elongated sulfides, aud large,
elongated stringers of a duplex, oxide-sulfide nature. Iu both heats the fiue,
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TABEE II

MECHANICAT, PROPERTTES OF MATERIALS USED

Y. T.S. % ELONGATION

MATERTAL (ksi) (ksi) (2" Gage Length)
HY-130 13y L5 21

(Heat A)

HY-130 136 47 19

(Heat B)

mLos * 11 k7 18

AX-140 139 148 21

Note: Weld Metal Properties for 43 kj/in. Heat Input

Typical values for this material taken from producer's literature
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elongated sulfides and large stringers were located in the steel plate near
the midthickness, as shown in longitudinal sections in Fig. 2. ‘

To investigate the effect of the differing inclusion moi'phologies on
hydrogen cracking, test specimens were cut from each 2-in, thick plate, as
i1lustrated in Fig. 3. With this orientation, the location of each deposited
weld bead corresponded to the mid-thickness of the as-received steel plates.

Specimens were machined to dimensions of 2- x 0.5- x t-inches. Thick-
nesses, t, of 0.1, 0.2, and 0.3 in. were chosen corresponding to strains of
0.25, 0.50, and 0.79% in the augmented strain cracking (ASC) test. (This
test is described later in this section.)

, The 2- x 1/2-in. surfaces of each specimen were lapped parallel and flat
1 with 600-grit silicon-carbide paper. The polished specimens were clamped in
k| a welding fixture together with starting and run-off tabs, and l- x 0.5- x

" 0.2-in. samples for diffusible hydrogen analysis, as shown in Fig. k.

Preheating was performed by placing the welding fixture with clamped
E specimens in a 300°F (149°C) holding oven. After reaching temperature, the
r fixture was removed from the oven and a weld bead deposited using the desired
process and procedures. Shielded metal arc (SMA) welds were deposited using
. 3/16-in. diameter E14018 electrodes with an automatic stickfeeder. (Fig. 5).
The hydrogen level was varied by reconditioning moisture-contaminated elec- ;
trodes by baking. Gas metal arc (GMA) welds were deposited using AX-140 :
filler wire. The hydrogen level for GMA was varied by adding controlled
smounts of hydrogen to the shielding gas. The welding parameters used for
both processes are listed in Table III.

LR P . L i Ve Pt

T ey

PTRONAGK W WA

PETRE ST

Ll 3 ot Ko el iy 47 s 0
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- Immediately after depositing the weld bead, the specimens were unclamped 4
from the welding fixture and broken apart. The time interval between weld |

g § completion and specimen separation was approximately 3 minutes. The separated
specimens were then either quenched or placed in a 300°F (lh9°C) holding oven 2
for postheat treatment. Selected sets of test specimens were postheated at
X time intervals of 10, 20, and 30 minutes. |

After completion of the desired postheat treatment, the specimens were
quenched rapidly into an ice-water bath and then transferred swiftly to a
dry ice and alcohol bath to minimize loss of diffusible hydrogen.

One face of each test specimen was repolished for visual observation of
e hydrogen cracking during the ASC test. During repolishing the specimens were
repeatedly quenched into the dry ice and alcohol bath to prevent hydrogen loss. '
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Figure 2

The General Appearance of Non-metallic Inclusions in the
Midthickness of the As-received HY-130 Steel Plates.
Polished and Unetched, 250X. Top: Heat A, Bottom: Heat B.
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. Augmented Strain Cracking Test (ASC Test). Specimens prepared in the

manner described above were stored continuously in liquid nitrogen until testing.
8 They were then mounted in the straining devices shown in Fig. 6. By forcing the
1 specimen to conform to the surface of a radiused die block, a reproducible level
of augmented strain is produced at the specimen surface. The approximate value
of the augmented strain can be calculated by the relationship: 3

PERR O W PR o

i
€= t/ 2R :
where i'
¢ = augmented strain at the outer surface 3
t = thickness of the specimen

R = radius of curvature of the die block (normally 20 inches)

After applying the .augmented strain in the test fixture, the specimen was
was allowed to warm to room tempersture and the initiation and growth of hydro-
gen-induced cracks were both observed under a microscope and monitored acous-
tically. In this manner the observer was able to study both crack-initiation
sites and crack morphologies. '

Acoustic-Emission Instrumentation. - To provide additional informa.tign
on the initiation and propagation of hydrogen-induced cracking, the ASC testing
‘ device was instrumented to detect acoustic emissions.

T P Ry e ——
-

The acoustic emissions were monitored using a Model 201 Acoustic Emission
I Technology Corporation signal processor with a matching preamplifier and ac-
celerometer. (Fig. 7). The processed signals were fed into an X-Y recorder

OUR——

and a plot of total acoustic-emission counts vs. time was obtained. A 125-250
r MHZ bandpass filter was used to minimize signals arising from ambient noise in
' the laboratory. In addition, the testing device was mounted on a padded stand
to eliminate any noise from the other test equipment.

: The acoustic-emission surveys served two useful purposes. First, the

1 summation of the amplitudes of individual stress-wave emissions have been

Es shown by Hart‘bowerl'?' to be directly proportional to the crack extension as
measured by a crack-opening-displacement gage. Therefore, a summation of the

tidh
N VS

~
» P A
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a7 amplitudes of the stress-wave emissions recorded during testing could be taken
3:; as a relative measure of total crack length. Thus, the acoustic-emission data
1’1 provided information on crack propagation. In addition, the inmcubation time
=t ¢ for crack initiation was obtained from acoustic-emission recordings.

vl Diffusible-Hydrogen Analysis,  The BWRA/IIW techniquel8 was employed

. for determining the amount of diffusible hydrogen in the weld deposits. Five

o
o W
O e
ral

hydrogen-analysis specimens were taken from each weld bead. (Fig. 4). As
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3 Figure 6
ff‘ ¢ The Augmented Strain Cracking Test Device with Acoustic- i
e - Emission Transducer Attached ]
Vt 1 Top: Overall Side View of the Testing Device. 3
£ Bottom: Close-up Top View Showing the Positioning of ASC
?2 5 Test Specimen,
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17
with the ASC test specimens, each BWRA/IIW specimen was subjected to a
different assigned preheat and/or postheat treatment. In this manuner, the
effect of preheat and postheat temperature and times on hydrogen content
was evaluated.
Metallographic Examination. After 72 hrs. in the ASC test fixture,
the specimens were unloaded and pPrepared for metallographic examinstion.

The different etching procedures employed and their application are_listed
in Table IV. Photamicrographs were prepared to document the location of
crack-initiation sites and the morphology of the hyd.régen-induced cracks.

RESULTS AND DISCUSSION

The Role of Augmented Strain

As mentioned previously, the augmentced strain in the outer fibers of the
A.SC test specimens was approximately t/2R. If one assumes an elastic modulus
of 30 x 106 psi and an elastic 1limit of 130 ksi, then the strain at the e-
lastic limit would be 0.43%. This would correspond to a specimen thickness,
t, of 0.17 in. for a die with a radius of curvature, R, of 20 in. With this
die, the 0.1-in. thick specimens experienced an augmented strain of 0.25%,
vhich corresponds to a calculated elastic maximum £ "¢ stress of 75 ksi.
The 0.2-in. and 0.3-in. thick specimens experienceu s<rains of 0.5 and
0.75%, respectively, and were thus subjected to plastic deformation during
loading.

It is significant t6 note that, regardless of the amount of hydrogen,
the welding process, the welding energy input, or the preheat and postheat
procedures employed, no hydrogen-induced cracking was observed in either
heat of HY-130 when subjected to 0.25% augmented strain. However, with both
0.5% and 0.75% augmented strain, various combinations of hydrogen content
and welding procedures were found to cause hydrogen-induced cold cracking.

The role of hydrogen content, welding process, energy input, preheat,
and postheat procedures will be discussed in detail in the following
sections., However, the results of the studies of the role of augmented
strain indicate that hydrogen-induced cracking cannot be induced at stress
levels significantly below the yield strength of the steel,

The Role of Hydrogen

Preliminary tests suggested that, with yield-strength stress levels,
a hydrogen content of less than about 2cc/100 g of added filler metal
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(1.8 pEm) was required to avoid hydrogen-induced cracking. However, as
work progressed, it became evident that the level of diffusible hydrogen
measured by the BWRA/IIW technique is dependent upon several factors. Thus,
the definition of a universally applicable maximum allowable hydrogen
content does not appear possible.

Figures 8 and 9 show the effect of energy input and postheating time
at 3000F (149°C) on the diffusible hydrogen content for various initial
hydrogen levels.

Figure 8 summarizes the results obtained for GMA welds made with
Ar-2% 0, and mixtures of hydrogen with Ar-2% O,. With an energy input of
40 xj/in., when no hydrogen was added to the shielding gas, a level of
about 1 ppm of diffusible hydrogen was obtained. This hydrogen level was
essentially independent of the time the 300°F postheat was applied. The
other four plots for GMA welds made with 40 kj/in. show what appears to be
an essentially linear decrease in hydrogen content as the postheat at 300°%
is increased from O to 30 mins. On the other hand, the two plots for welds
made with 30 kj/in. show an exponential decrease in diffusible hydrogen
content from a significantly higher initial level to sbout 1 ppm after a
30-min. postheat at 300°F. This apparently anomalous behavior will be
explained in the following paragraphs.

Figure 10 shows the effect of energy input and initial plate tempera-
ture in SMA welds on the thermal cycles experienced by points in the heat-
affected zone where the peak temperature was 2300°F (1260°C).** Attention
is drawn to the fact that the cooling portion of the thermsl cycle for a
weld made with 4O kj /1n. without preheat and that for a weld made using
30 kj/in. with 300°F preheat are quite similar down to approximately 7S0CF
(hoOOC). Furthermore, note that the weld made using 40 kj/in. with a 300°F
preheat cools much more slowly, while that made using 30 kj/in. without
preheat cools much more rapidly.

From the above, it is obvious that the combination of longer times at
higher temperatures, characteristic of the preheated 40 kj/in. welds,
allowed a considerab_lg amount of the initial hydrogen to escape before the
test sample could be—iutroduced into the BWRA/IIW apparatus. As mentioned
previously in Materials and Procedures the time required to remove the
specimens from the welding fixture, break them apart, and transfer them

based upon the weight of the filler metal added to the test specimen

calculated by procedure outlined in Ref. 19
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either to the postheating furnace or the liquid-nitrogen storage bath was
approximately 3 minutes. .

To check the effect of time and temperature on hydrogen content, 'the,
entire welding fixture was quenched immediately after a 40 kJj/in. weld bead
was deposited by the GMA process on a Heat-A test specimen preheated to
300°F. As expected, the initial hydrogen content of this specimen was much
higher (12.2 ppm) than that obtained with the normal procedure (5.2 ppm),
which involved the 3-min. transfer time. These results coufirm that the
cooling rate has a marked influence on the initial hydrogen level. 1In fact 5
the initial hydrogen level in the 40O kJ/in. welds appears to have been re-
duced to the point where the experimental accuracy of the analytical tech--
; i ' nique makes it impossible to distinguish between the tail of an exponential
E curve and a linear plot.

WIS TP TRIICR NS

s 5 s i

- ] The more rapid decrease in hydrogen content observed during postheat
v Fr for welds made wifh 30 k;]/ in.' can be explained by the fact that the weld bead 1
; E produced was significantly smaller than that produced with 4O k;)/in. Because

F the diffusion distance is significantly less, the time required to reduce the
hydrogen content to an acceptably low level is greatly decreased.
; Figure 9 summarizes the effect of energy input and postheat time on the
1 hydrogen content of SMA welds. The term "contaminated" is used to describe
) SMA electrodes which were stored in ambient atmosphere to allow moisture
!’ pickup and then baked in a ventilated oven at 300°F to remove part of the
moisture. The term "reconditioned" is used to describe SMA electrodes which
were baked for 1 hr. at 775°F (1&1300) to remove coating moisture as recommended
by the manufacturer.
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As mentioned above, the apparent "initial" hydrogen level for welds made

using 40 kj / in, at 300°F is much lower than that for the welds made using 4
30 k:j/in'. at 300°F because of the difference in cooling rates. The fact that "
the lowest diffusible hydrogen levels were measured for a 40 k,j/in. weld made
, with contaminated electrodes was disturbing until metallography revealed the

; presence of porosity in these welds. It has been demonstratedzo that hydrogen
’: diffuses into porosity where it reassociates into molecular form. As a con-
sequence, at temperatures below about 200°C (392°F) the escape of the hydrogen
requires weeks, rather than hours as would be the case in the absence of ;
porosity. Thus, despite the fact that the total hydrogen content must be sig- 3
nificantly higher in welds made with contaminated electrodes, the diffusible
hydrogen evolved during the 72-hr. period in vacuum was reduced by the presence
of porosity to the order of magnitude of the experimental error for the BWRA/IIW
analytical procedure.
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On the other hand, with 30 kj/in. energy input the faster cooling rates
provide higher "initial" hydrogen levels and the weld deposits made with
the recquditioned electrodes show lower diffusible hydrogen, as would be
expected. ‘

Table V summarizes the results of ASC tests made using 0.5% augmented
strain on GMA welds of HY-130. Included in the table are:

1. the percent hydrogen added to the Ar-2% 0,

2. a coded symbol which indicates the presence or absence of
hydrogen-induced cracking and identifies cracking by type

as:

e R i

a. weld metal only . . W

b. initiating in weld metal and propagating into base
metal . . . » . » WB

c. initiating in base metal and propagating into

" weld metal . . . . BW

d. wholly contained within base metal (including
unmixed zone) . . B

e. macrocracks indicated by an =

i G ek e

f. nocracking ... N

[N

3. the diffusible hydrogen level, which is included for con-
venience directly below the cracking symbols. 3

Table VI summarizes the same type of information for ASC tests made
using 0.75% augmented strain on GMA welds.

Tables VII and VIII summarize the i‘esults of ASC tests on SMA welds
using 0.5% and 0.75% augmented strain, respectively. The format is the same
except the terms "contaminated" and "reconditioned" are substituted for
the % hydrogen column.

The results listed in Tables V and VI for the GMA welds show that the
level of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>