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ABSTRACT
In this study, single and multiple pass weldability tests were used to assess hydrogen-cracking
resistance of weld metals used for joining conventional quenched and tempered HY-100 steel and a
lower carbon HSLA-100 steel. Additional studies included evaluation of weld metal hydrogen cracking
resistance of lower strength HSLA-80 and HSLA-65 steels. The Welding Institute of Canada (WIC)
restraint-cracking test was used as the single pass weldability test. A slotted cruciform specimen was
used as the multiple pass weldability test. Weld metal chemical composition, diffusible hydrogen
content, and thermal history were variables investigated in this study. The filler materials included
electrodes typically used for welding 552 and 690 MPa (80 and 100 ksi) yield strength steels.
The results from this study indicate that it is possible to correlate diffusible hydrogen level and
hardenability of the weld deposit to hydrogen cracking resistance. The single pass WIC test was useful
in establishing cracking versus no cracking conditions. The slotted cruciform test was effective for
comparing longitudinal versus transverse cracking tendencies. Welding conditions that resulted in
hydrogen embrittlement were determined by evaluation of all weld metal tensile specimens removed
from the cruciform specimen.
The result of this study was the development a mathematical crack prediction model to correlate
the weld metal chemical composition and diffusible hydrogen content with critical cooling time in order
to avoid hydrogen cracking in single and multiple pass welds.
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EXECUTIVE SUMMARY
Scope
This program investigated the weldability of high strength steels, with emphasis on the hydrogen
cracking resistance of the welding consumables used for joining them. A multiple pass weldability test
based on a slotted cruciform specimen was developed. The results of the slotted cruciform test were
compared to single pass weldability test results. A weld metal cracking versus no cracking response
surface was developed to identify the critical cooling times to 100 °C (t100critical) for different
combinations of diffusible hydrogen and chemistry that are necessary to avoid weld metal hydrogen
cracking.
Initial studies focused on relative high strength MIL-100S and MIL-120S type gas metal arc
welding consumables that have been used for joining 690 MPa (100 ksi) yield strength HSLA-100 and
HY-100 steels. Additional studies included evaluation of the hydrogen cracking resistance of HSLA100 and HY-100 welded using higher strength MIL-14018-M electrodes as well as evaluation of lower
strength leaner chemistry MIL-70S type consumables, which can be used for joining 552 MPa (80 ksi)
HSLA-80 and 448 MPa (65 ksi) HSLA-65 steels.
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Thermal Severity
The effect of using different weldability tests and plate thickness on thermal severity was
investigated. Two thermal severity parameters were considered. The first was weld metal cooling rate
at 573 °C (1000° F). The cooling rate at 573 °C affects the final microstructure and mechanical
properties. The second parameter evaluated was the weld metal cooling time to 100 °C (t100). This
parameter is determined by measuring the time from extinguishing the arc until the weld metal surface
has reached 100 °C. T100 is an indirect measure of how easily hydrogen can diffuse out of the weld,
with longer cooling times allowing more hydrogen to diffuse out of the weld. The multiple pass slotted
cruciform specimen generally provided higher cooling rates at 573 °C and lower t100 values compared to
the single pass Welding Institute of Canada (WIC) type specimen.
Metallography and hardness
Metallography was performed to evaluate the extent and location of hydrogen cracks. Rockwell
C hardness measurements were performed on macrosections removed from the cruciform specimens.
The hardness values were correlated to the Pcm and CEN carbon equivalent equations.
Tensile Property Characterization
All weld metal tensile specimens were removed from the HY-100 and HSLA-100 cruciform
specimens and evaluated in the as-welded condition. Specimens from the MIL120S weld deposits that
were fabricated with an ambient temperature preheat exhibited reduced ductility associated with
hydrogen embrittlement. Post weld thermal soaking of the MIL-120S tensile specimens prior to testing
eliminated the ductility loss, confirming this was a hydrogen embrittlement problem. Tensile tests on
weld deposits fabricated under similar conditions using lower strength MIL-100S and MIL-70S
consumables did not show signs of hydrogen embrittlement.
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Predictive Model
A predictive model to estimate weld metal hydrogen cracking resistance was developed. The
effect of the chemical composition on cracking and the effect of diffusible hydrogen content on cracking
were independently evaluated. The effect of the above two independent variables was then combined to
form a three-dimensional hydrogen cracking/no-cracking surface based on the weld metal chemical
composition and diffusible hydrogen content. A parameter called “the critical cooling time to 100 °C”
(t100, critical) was used to described hydrogen cracking resistance.
INTRODUCTION
Hydrogen Cracking
Cold cracking, hydrogen assisted cracking, delayed cracking, heat affected zone cracking,
underbead cracking, and hydrogen embrittlement cracking are different terms used to describe the same
phenomenon, hydrogen cracking. This is an insidious problem that may not manifest itself until several
days after welding is completed. It is well known that high strength steel welds can experience
hydrogen cracking if the following conditions are present: (1) a critical concentration of hydrogen in the
weld; (2) a crack susceptible microstructure; (3) a temperature in the range between -100 °C and +200
°C; and, (4) a tensile stress exceeding a threshold value. Several mechanisms have been proposed to
explain hydrogen cracking. These theories include the following:
1. Internal Pressure Theory. Hydrogen atoms diffuse through steel and accumulate at microscopic
defects. The formation of molecular hydrogen results in high internal pressure at the defect. The
combined effect of applied stress and internal pressure results in reduction of the apparent fracture
stress, reference [1] (Note: references are listed on page 47).
2. Petch and Stables Model. Hydrogen is absorbed at the crack tip and causes a reduction in surface
energy that must be overcome for crack extension, reference [2].
3. Triaxial Stress Theory. Hydrogen will diffuse to regions of high triaxial stress. When a critical level
of hydrogen is present a microcrack occurs. Under constant load conditions the region ahead of the
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crack tip is then under high triaxial stress and diffusion of hydrogen to this region occurs. This type of
cyclic propagation continues, resulting in a macro-crack, reference [3].
4. Hydrogen Dislocation Interaction Model. The presence of hydrogen in the lattice structure may
restrict dislocation motion, thereby contributing to lattice embrittlement, reference [4].
5. Dislocation Model Beachem proposed a theory that hydrogen in the lattice structure could increase
both dislocation density and the generation of new dislocations. In this model crack tip plasticity is
enhanced by the presence of hydrogen. The resulting plastic deformation promotes diffusion of
hydrogen ahead of the crack tip, reference [5].
Despite different viewpoints on the exact mechanism for hydrogen cracking, all of these theories
recognize that cracking is caused by a combination of hydrogen, a susceptible microstructure, and the
presence of a tensile stress.
Welding Requirements
Historically, high strength carbon and low alloy steels have required some form of welding
controls such as a minimum preheat temperature and/or post-weld heat treatment in order to avoid
hydrogen related problems. The carbon content and other alloying content of many steels are high
enough to promote the formation of hard microstructures in the heat-affected zone (HAZ) of the
weldment during welding. Hard microstructures are often sensitive to hydrogen embrittlement and
cracking problems. Several equations, nomographs, and algorithms have been developed in order to
estimate safe welding conditions that prevent HAZ hydrogen cracking, references [6] and [7]. In many
cases these equations, nomographs, and algorithms are based on the results of single-pass, laboratorytype HAZ weldability tests.
Advances in clean steel making and plate processing practices have led to the development of
high strength steels with lower carbon and alloying additions. These high strength low alloy (HSLA)
steels have been shown to be more weldable and resistant to heat affected zone hydrogen cracking
problems than conventional quenched and tempered steels of comparable strength levels, references [8],
[9] and [10].
Welding consumables developed for steels are normally designed to have a minimum weld metal
yield strength that is greater than the base plate minimum yield strength, an overmatching strength weld.
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This is done to "protect" the weld metals, which are prone to fabrication defects (porosity, slag, etc.) and
to ensure that there is 100 percent joint efficiency during tensile loading of the weldment, reference [11].
As higher strength steels were developed, the need for an overmatching yield strength weld metal was
re-evaluated. Several studies were performed that demonstrated that matching and slightly
undermatching yield strength weld metals will provide satisfactory performance under a variety of
loading conditions, references [12], [13] and [14].
Similarly, there have been improvements made in several of the welding consumables available
today. These improvements include lower hydrogen electrodes that provide higher toughness weld
metals. Use of more weldable base plate systems in conjunction with improved matching or
undermatching strength welding consumables may permit relaxation in some costly fabrication
restrictions, such as minimum preheat / maximum interpass temperatures, interlayer thermal soak
treatments and post-weld thermal soak treatments. Therefore, the hydrogen cracking resistance of
welding consumables used for welding of traditional and new high strength steels was investigated to
determine whether current welding guidelines for preventing weld metal cracking, references [15] and
[16] were still applicable and to provide the technical basis for establishing modified, potentially more
cost effective guidelines.
OBJECTIVE
The primary objective of this study was to characterize the hydrogen cracking resistance of high
strength steel weld metals as a function of chemical composition and diffusible hydrogen (Hd) content.
A second objective was to contrast the tendency for longitudinal versus transverse weld metal cracking
in multipass welds. The final objective was to develop a predictive model for weld metal hydrogen
cracking based on chemical composition and diffusible hydrogen level.
APPROACH
The initial emphasis of this work focused on the weld metal hydrogen cracking resistance of
weldments produced in 690 MPa (100 ksi) minimum yield strength steel plate (i.e., HY-100 and HSLA10
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100) using matching and overmatching welding electrodes (i.e., MIL-120S and MIL-14018-M
electrodes). Studies were also performed on HY-100 and HSLA-100 plate using undermatching
strength MIL-100S electrodes. In addition, weldability tests were performed using lower yield strength
plate and electrode materials to evaluate the effect of leaner chemistry on hydrogen cracking resistance.
Single pass weldability tests were performed to characterize the effect of thermal history, chemistry, and
diffusible hydrogen level on weld metal cracking resistance. Multi-pass weldability tests were also
performed to contrast the propensity for longitudinal versus transverse weld metal cracking during
multipass welding. The results of the multiple pass weldability tests were compared to the single pass
weldability tests in order to determine if hydrogen cracking resistance of multipass welds can be
predicted by single pass weldability tests. The results of these tests and analysis were used to develop a
crack prediction model. Application of the hydrogen crack prediction model to determine whether
preheat is required is schematically illustrated in Figure 1. (Note: abbreviations are presented on page
v).

Plate Thickness
t100 Charts,
Nomographs

Yes

Welding Parameters
(Heat Input, Preheat)

Selected Preheat
Adequate

t100
Is t100 >
t100 critical ?
t100 critical
Diffusible Hydrogen
(Hd)
Cracking
Prediction
Model

No

Increase Preheat
or
Modify Heat Input

Weld Metal Chemical
Composition (Pcm)

Figure 1. Application of weld metal hydrogen cracking prediction model.
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MATERIALS
The base materials employed in this investigation are listed in Table 1. The effects of changes in
chemical composition on the likelihood of forming hard microstructures were assessed by calculation of
carbon equivalent numbers.
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Table 1. Chemical composition and carbon equivalents of the base plate materials
C

Mn

Si

Ni

Mo

Cr

Cu

Pcm 1

CEN 2

HY-100

0.153

0.25

0.20

2.60

0.26

1.26

0.12

0.30

0.60

HSLA 1003

0.037

0.78

0.27

3.17

0.62

0.56

1.36

0.29

0.38

HSLA 1004

0.056

0.76

0.23

3.41

0.59

0.63

1.51

0.31

0.41

HSLA-80

0.06

0.6

0.30

0.87

0.22

0.75

1.15

0.26

0.36

HSLA-65

0.08

1.39

0.22

0.35

0.06

0.16

0.25

0.19

0.28

1.
2.
3.
4.

Pcm is the Ito and Bessyo carbon equivalent equation, reference [17]
CEN is a Yurioka’s carbon equivalent equation, reference [18]
19 mm thick plate used in WIC tests
25 mm thick plate used in cruciform tests

Ito and Bessyo’s Pcm equation, reference [17] given in equation (1) and Yurioka’s carbon equivalent
number (CEN), references [18] and [19] given in equation (2) are the two carbon equivalent equations
used in this study. The welding consumables used in this investigation are listed in Table 2.
Equation (1)

Pcm = C + Si/30 + (Mn+Cr+Cu)/20 + Ni/60 + Mo/15 + V/10 + 5B

Equation (2)

CEN = C + A (c) × [Si/24 + Mn/6 + Ni/20 + (Cr+Mo+Nb+V)/5 + 5B]
A (c ) = 0.75 + 0.25 × tanh [ 20 × (C-0.12)]

where

Table 2. Chemical composition of welding consumables
Pcm 1

CEN 2

C

Mn

Si

Ni

Mo

Cr

Cu

0.11

0.88

0.30

3.75

0.86

1.05

0.075 0.37

0.64

MIL-120S

0.07

2.03

0.40

2.58

0.55

0.38

0.02

0.29

0.45

MIL-100S

0.06

1.72

0.32

1.86

0.33

0.09

0.01

0.22

0.32

MIL-70S

0.10

1.4

0.82

----

----

----

0.04

0.19

0.28

MIL-14018
3
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1. Pcm is the Ito and Bessyo carbon equivalent equation, reference [17].
2. CEN is a Yurioka’s carbon equivalent equation, reference [18]
3. Determined from deposited weld metal, other values determined from analysis of wire.
EXPERIMENTAL PROCEDURES
Welding Procedure
The gas metal-arc welding (GMAW) process in the spray mode was the primary welding process
used in this investigation. GMAW was performed using a 95 percent Ar, 5 percent CO2 shielding gas
mixture. Some shielding gas was purchased with hydrogen premixed in the bottle. This was done to
increase the diffusible hydrogen in selected weldability tests. Nominal GMAW parameters were 30
volts, 380 amps, and a welding travel speed of 7 mm/sec. These welding parameters resulted in a heat
input of 1.6 kJ/mm. Shielded metal arc welding (SMAW) using a MIL-14018 electrode was also
evaluated in this study. Nominal SMAW parameters were 24 volts, 150 amps and travel speed of 2.2
mm/s. The SMAW parameters also resulted in a heat input of 1.6 kJ/mm. All welding was performed
in the flat position. Most of the weldability tests were performed at ambient temperature (17°C to 23°C)
without added preheat. Some weldability specimens were preheated to modify thermal severity.
The weld metal cooling rate at 573 °C was measured using a thermocouple plunge. The time to
cool to 100 °C , (t100), was determined by measuring the time from extinguishing the arc to that when
the surface temperature of the weld metal reached 100 °C.
Single Pass Weldability Tests
The WIC test, reference [20], was used to characterize the effect of chemical composition and
diffusible hydrogen level on weld metal hydrogen cracking resistance in single pass welds. WIC tests
were performed using both HY-100 and HSLA-100 plate and MIL-100S, MIL-120S and MIL-14018
welding electrodes. The WIC specimen is illustrated in Figure 2 .The two halves of the WIC specimen
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are fillet welded to either a two-inch thick plate or a one-inch thick tee stiffener plate to provide
restraint.

Figure 2. Schematic illustration of the WIC test.
Multiple Pass Weldability Tests
A slotted cruciform test was developed to evaluate weld metal hydrogen cracking resistance in
multipass welds. Initial studies employed both 12 mm and 25 mm thick plate. The cruciform test weld
design was selected because it is a high restraint configuration that is often multipass welded when used
in construction. Satoh, et al. reported restraint intensity (K) measurements for a tee and cruciform type
joints made with different thickness plates, reference [21]. Satoh’s work showed that the cruciform
design results in significantly higher restraint intensity compared to a simple tee weld using the same
thickness plate.
The average stress expected in cruciform and tee weld can be calculated by multiplication of the
restraint intensity by a proportionality constant m, reference [21]. The effect of plate thickness on the
resulting average stress is shown in Figure 3.
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Figure 3. Calculated average restraint stresses for a cruciform and tee weld, reference [21].
A schematic illustration of the slotted cruciform test weld assembly (cruciform weld) used in this
investigation is shown in Figure 4. As illustrated in this figure, the cruciform weld consisted of two (2)
plates attached by welding to a continuous plate. One of the attached plates was un-notched. The other
attached plate contained transverse and longitudinal notches shown in Figure 5. The purpose of the
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Attached Plate
(Notched)
300 mm
Continuous Plate

76 mm

Attached Plate
(Unnotched)

25

25

Q1

Q2

Q3

Q4

150 mm

Figure 4. Schematic illustration of the slotted cruciform test weld assembly.

300 mm

76 mm

38 mm

41

51

(LN)

(TN)

2 mm

(LN) = Longitudinal Notch

102 mm

(TN) = Transverse Notch

Figure 5. Longitudinal and transverse notches in the slotted cruciform test weld assembly.
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notches was to act as hydrogen crack initiation sites. Both longitudinal and transverse notches were
incorporated in the cruciform weld to contrast the frequency and extent of cracking in both the
longitudinal and transverse orientation in the same specimen.
The detailed procedure used for conducting the slotted cruciform test is presented using the
AWS B4.0 (Standard Methods for the Mechanical Testing of Welds) format in Appendix A. The
general fabrication procedure for the cruciform test weld assembly consisted of the following steps.
1. Establish the desired preheat temperature.
2. Deposit weld beads in quadrants Q1 and Q2 (both sides of the notched attached plate, see
Figure 4).
3. Re-establish the desired preheat/interpass temperature.
4. Deposit weld beads in quadrants Q3 and Q4 (both sides of the unnotched attached plate).
5. Continue steps 1 through 4 until a fillet size equal to 3/4 of the plate thickness is achieved.
6. After completion of welding, hold specimen for a minimum of 7 days (14 days were a typical
hold time) prior to final magnetic particle inspection.

Hardness, Metallography and Tensile Tests
Rockwell C (Rc) hardness tests in the base metal, HAZ and weld metal were performed on cross
sections from cruciform welds. Metallographic examinations were performed on specimens removed
from HY-100, HSLA-100 and HSLA-65 cruciform welds. Examinations focused identifying and
characterizing the microstructure in both the coarse grain HAZ and in the weld metal. Polished
specimens were etched using a 2 percent Nital solution.
All weld metal tensile specimens (9 mm diameter) were removed from the joints in the cruciform
welds attaching the un-notched plate to the continuous plate, and were tested in the as-welded condition.
Tensile specimens were removed from both HY-100 and HSLA-100 cruciform welds prepared using
MIL-100S and MIL-120S electrodes. After tensile testing, specimens were inspected for indications of
18
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hydrogen embrittlement, such as reduction in ductility values (elongation and reduction of area) and
signs of hydrogen damage such as fisheyes on the fracture surface or cracks on the barrel of the tensile
specimen.
RESULTS
Thermal Severity Measurements
Thermal history is one of the factors that affects weld metal hydrogen cracking. Preheating
allows the weld to cool more slowly and allows more time for hydrogen to diffuse out of the weld. A
parameter used to measure this aspect of hydrogen escape is “cooling time to 100 °C” (t100), reference
[18].. In addition to increasing t100, preheating the weld lowers the cooling rate at 573 °C, which can
affect the final weld metal microstructure and hardness.
A summary of the thermal history determinations made on both cruciform and WIC test welds is
presented in Table 3. As indicated in the table, for the cruciform test weld increasing the preheat
temperature from 21 °C to 52 °C decreased the cooling rate at 573 °C and increased t100. Similar trends
in cooling rate at 573 °C and t100 values were noted when preheat was increased for the WIC test welds.
Table 3. Summary of thermal history of the WIC and cruciform test welds.1
Specimen

Thickness, mm

Preheat Temp.

Cooling Rate

Cooling time to

°C

@ 573 °C, °C/s

100 °C, sec

Cruciform

25

21

52

120

WIC

19

21

26

180

Cruciform

25

52

42

300

WIC

25

52

23

300

1. GMAW process and 1.6 kJ/mm heat input.
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As expected, considering that the same welding process and heat input were used, the larger heat sink
provided by the more massive cruciform welds resulted in higher cooling rates at 573 °C compared to
the WIC test welds for each preheat temperature. However, when comparing t100 values for cruciform
and WIC test welds, it is noted that when welding was accomplished using a preheat of 21 °C, cruciform
welds displayed lower t100 values or cooled faster than WIC welds. In contrast, when welding was
accomplished using a 52 °C preheat temperature both the cruciform and the WIC test welds displayed
the same t100 values. The latter behavior is also attributed to the more massive cruciform welds, which
retain the preheat and result in a longer time to cool to 100 °C, even though the cooling rate at 593 °C is
much higher than for the WIC tests.
Hardness Measurements
Results of Rc hardness measurements on the base plate, HAZ and weld metal regions of samples
from the cruciform welds evaluated in this study are presented in Table 4. Also shown on this table are
the Pcm and CEN values calculated for the different weld metals and for the base metal and HAZ
regions of these cruciform welds. As expected, the results in Table 4 indicate that Rc hardness in each
region generally decreases as the Pcm and CEN value decreases.
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Table 4. Rockwell C hardness measurement from slotted cruciform test welds
Test weld

Pcm

CEN

Rc Weld

Rc plate

Rc HAZ

HY100/120S

0.31

0.58

33.7

---

---

HY100/100S

0.31

0.53

28.4

---

---

HSLA100/100S

0.22

0.30

29.7

---

---

HSLA100/70S

0.22

0.28

20.7

---

---

HSLA65/70S

0.19

0.28

13.7

---

---

HSLA100

0.31

0.41

---

26.8

HSLA100 HAZ

0.31

0.41

---

HY100

0.30

0.60

---

25.0

---

HY100 HAZ

0.30

0.60

---

---

38.0

HSLA80/100S

0.26

0.36

---

18.3

---

HSLA80 HAZ

0.26

0.36

---

---

20.7

HSLA 65

0.19

0.28

---

11.3

---

HSLA65 HAZ

0.19

0.28

---

---

16.6

34.8

To determine which chemical composition parameter, Pcm or CEN, provided a better correlation
with weld metal hardness, a linear regression analysis was performed correlating Pcm and CEN to Rc
hardness. Results of these analyses are presented in Figures 6 and 7, which also indicate the Pearson
coefficient of determination (R2 ) values for the base plate, HAZ and weld metal. As indicated by the
results presented in these figures and summarized in Table 5, the correlation between base plate, HAZ
and weld metal Rc hardness and Pcm is consistently stronger than that between Rc hardness for the
same regions and CEN. Although the correlation coefficient for both CEN and Pcm to weld metal
hardness was low (0.52 and 0.60 respectively), based on the stronger overall correlations with hardness,
Pcm was selected as the hardenability indicator for the weld metal cracking prediction model developed
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in this investigation. It is noted that the large variation in weld metal to hardness noted above is typical
for weld metals due to grain boundary orientation effects and multiple thermal cycles.
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Figure 6. Correlation of Pcm values to Rockwell C hardness.
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Table 5. Summary of correlations between Pcm and CEN and Rc hardness
R2

Material

Pcm CEN
Base Plate

0.98 0.56

HAZ

0.82 0.77

Weld Metal 0.60 0.52
Metallography
Metallographic specimens were removed from selected cruciform test welds and etched with a 2
percent Nital solution. Photomicrographs of the coarse grain HAZ of HY-100, HSLA-100 and HSLA65 are shown in figures 8, 9 and 10, respectively. The HY-100 HAZ microstructure has been reported to
be primarily tempered martensite, reference [22]. The HAZ of the HSLA-100 appeared to exhibit a
finer grain size compared to the HY-100. Some investigators have described the microstructure of the
HSLA-100 HAZ as low carbon upper bainite and martensite, reference [23]. The HAZ from the HSLA65 appeared slightly coarser than the HAZ of the other steels.
Photomicrographs of the MIL-120S, MIL-100S, and MIL-70S weld metal are shown in figures 11,
12 and 13, respectively. The MIL-120S product was developed to produce an upper bainite
microstructure in the fusion zone, reference [24]. MIL-100S was also designed to produce a banitic
microstructure, except that the material transforms at a higher temperature resulting in a coarser
microstructure than MIL-120S, reference [24]. The MIL-70S weld metal exhibited a coarser
microstructure compared to the other two weld metals. Despite the slightly coarser microstructure ,
there were still fine acicular features observed in the MIL-70S microstructure.
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Figure 8. Photomicrograph of the coarse grained HAZ in HY-100 (W345).

Figure 9. Photomicrograph of the coarse grained HAZ in HSLA-100 (W341).
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Figure10. Photomicrograph of coarse grained HAZ in HSLA-65 (W353).

Figure 11. Photomicrograph of MIL-120S weld metal (W345).
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Figure12. Photomicrograph of MIL-100S weld metal (W341).

Figure 13. Photomicrograph of MIL-70Sweld metal (W353).
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WIC Test Results
A series of WIC tests were performed using the materials identified in Tables 1 and 2. All tests
were conducted using a welding heat input of 1.6kJ/mm, but different preheat temperatures were used to
obtain a range of t100 values. The relationship between t100 and Pcm carbon equivalent on weld metal
cracking resistance is shown in Figure 14. In these tests the diffusible hydrogen contents were all
approximately 5 to 6 ml/100g as measured by a gas chromatography technique following the procedures
in reference [26]. The line in Figure 14 delineates the cracking and no cracking regions, and indicates
that as Pcm increases, the t100 value needs to be increased in order to avoid cracking. Consequently, the
line in Figure 14 is defined as t100, critical and indicates the minimum t100 value required to avoid cracking
for a given weld metal composition. The line in Figure 14 is defined by equation (3) below.
Equation (3)
Where

t 100, crit = (111) Pcm -23.3
Pcm is given in Equation (1)

Another series of WIC specimens was evaluated using the GMAW process, a welding heat input
of 1.6kJ/mm and a 21ºC preheat temperature. For this series of tests, the diffusible hydrogen content
was varied. The variation in Hd values was accomplished by using M-2 shielding gas with 0.0, 0.3, 0.6,
or 0.9 percent hydrogen gas premixed in the bottle by the shielding gas distributor. The slope of the line
in Figure 15 represents the relative change in Hd as a function of changes in Pcm (∆Hd / ∆Pcm). The
numerical value of the slope is approximately -110. The reciprocal negative slope of the line in Figure
15 can be interpreted to indicate that an increase in Pcm requires a decrease in Hd in order to maintain
similar hydrogen cracking resistance.
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Figure 14. Effect of t100 and Pcm on weld metal hydrogen cracking in the WIC test welds.

18

18

Diffusible Hydrogen, ml/100g

16

16

No Cracking (WIC)

14

14

Cracking (WIC)

12

12

Cracking Region

10

10

8

8

6

6

4

4

2

2

No Cracking Region

0

0

0.2

0.25

0.3

0.35

0.4

Carbon Equivalent, Pcm

Figure 15. Effect of Hd and Pcm on weld metal hydrogen cracking in the WIC test welds.

28
UNCLASSIFIED

NSWCCD-61-TR-2003/03
Multiplying the reciprocal negative slope coefficient of 1/110 by the Pcm coefficient ( = ∆ t100 /
∆ Pcm) in Figure 14 (i.e. 111) determines the effect (coefficient) of independent Hd variable on the t100,
crit.

dependent variable. This relationship is expressed by Equation (4).
Equation (4)

∆ t100 = ∆ Pcm * ∆ t100 = (110) = 0.99
∆Hd

∆ Hd

∆ Pcm

(111)

Combining equations (3) and (4) and assuming the linear relationships among t100, Pcm and Hd
results in a response surface describing the minimum or critical “cooling time to 100 C” necessary to
avoid hydrogen cracking (t 100,crit) due to changes in both Pcm and diffusible hydrogen content (Hd).
The relationship between Pcm, Hd, and t 100,crit is given by Equation (5) and is illustrated in Figure 16.
Equation (5)
where

t 100, critical = (111) Pcm +(0.99) Hd - 28.25
Pcm is given in Equation (1)

Figure 16. Minimum critical cooling time to avoid weld metal hydrogen cracking as a function of
Hd and Pcm.
Slotted Cruciform Test Results - Tensile Tests
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All weld metal (AWM) 9 mm round tensile specimens were removed from quadrants 3 and 4 of
the cruciform welds (the un-notched side of the specimen shown in Figure 4). Initial tensile tests were
performed on specimens from HSLA-100 and HY-100 cruciforms welded using a 21ºC preheat and
interpass temperature and MIL-120S and MIL-100S electrodes.. Results shown in Table 6 indicate that
the high cooling rate resulting from welding a 25 mm thick cruciform using a 21ºC preheat and interpass
temperature resulted in very high weld metal yield strength values in both MIL-120S and MIL-100S
weld metal.
Hydrogen damage was found in the MIL-120S all weld metal tensile specimens. The hydrogen
damage resulted in low elongation and reduction of area values in specimens from weld W345 (Table
6). Hydrogen flakes were observed on fracture surfaces and checkered cracking was seen on the barrel
of the tensile specimens from weld W345. An example of the cracking observed on the barrel of the
tensile specimens is shown in Figure 17. Although MIL-120S weld metal tensile ductility values from
weld W352 were relatively high, there was evidence of hydrogen damage on the tensile fracture
surfaces.
Table 6. All weld metal tensile test results from slotted cruciform welds.
ID

Plate

Electrode

0.2% Y.S. U.T.S. El. % R.A. % Fracture
MPa

W345 HY-100

MPa

MIL-120S 868

951

6*

18

Shear*

W352 HSLA-100 MIL-120S 950

1070

23

61

cup/cone*

W343 HY-100

814

879

20

69

cup/cone

W341 HSLA-100 MIL-100S 806

910

21

69

cup/cone

MIL-100S

*Hydrogen damage was observed in the specimen
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Figure 17. Hydrogen cracking observed on the barrel of an MIL-120S all weld metal tensile
specimen.
To confirm that the damage to the MIL-120S weld metals was caused by hydrogen, additional
tensile specimens were tested after being subjected to a hydrogen removal heat treatment. An additional
set of tensile specimens was removed from cruciform weld W352. Since no remaining material was
available from cruciform weld W345, an additional cruciform weld (W351) was fabricated using the
same materials welding parameters used for weld W351. Coupons from these welds were subjected to a
post weld hydrogen removal heat treatment that consisted of baking the coupons at 177 °C for 24 hours.
Tensile test results are summarized in Table 7 and indicate that there was no evidence of hydrogen
damage on any of the heat treated tensile specimens.
Table 7. Tensile test results of MIL-120S weld metal after a post weld heat treatment
ID

Plate

Electrode

0.2% Y.S. U.T.S. El. % R.A. % Fracture
MPa

W351HT HY-100

MPa

MIL-120S 888

923

25

65

cup/cone

W352HT HSLA-100 MIL-120S 885

924

24

65

cup/cone
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Weld Cracking
Initial cruciform test welds employed a MIL-100S electrode and HSLA-100 or HY-100 plate
materials and included the use of two types of cruciform welds. The first type of test weld was a
standard cruciform using 12 mm thick plates, without any notches. The second type of cruciform used
25 mm thick plates and contained machined notches as shown in Figure 5 All the initial cruciform
welds were prepared using the GMAW process, a 1.6kJ/mm heat input and a 21ºC preheat and interpass
temperature.
Examination of the 12 mm cruciform welds did not reveal any indications of cracking. Cracking
observed in the 25 mm cruciform is discussed in more detail below. Since no cracking was observed in
the 12 mm cruciform tests, no other 12 mm cruciform tests were conducted.
One of the purposes of the slotted cruciform design was to compare longitudinal and transverse
weld metal cracking resistance in a multiple pass weld. Cross section examination for longitudinal and
transverse cracking was accomplished by sectioning perpendicular to the plane of the notch, through the
center of the notch. A schematic illustration of how the longitudinal and transverse notched specimens
were sectioned is shown in Figure 18.
The longitudinal notched specimens produced cracks parallel to the direction of welding. A
macrosection of the longitudinal notch and a longitudinal heat affected zone crack is shown in Figure
19. Examination of the transverse notch involved first sectioning the specimen approximately 2-3 mm
in front of and behind the transverse notch. The specimen is then sectioned perpendicular to the plane
of the transverse notch approximately halfway up the vertical leg of the fillet weld as illustrated in
Figure 20, which also shows a transverse weld metal crack emanating from the notch.
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Figure 18. Schematic illustrating how the longitudinal and transverse notched specimen were
sectioned.

33
UNCLASSIFIED

NSWCCD-61-TR-2003/03
Figure 19. Example of HAZ zone cracking observed from a longitudinal notch in cruciform weld
W342.

mm scale
Figure 20. Example of weld metal cracking observed from a transverse notch in cruciform weld
W351.
In some MIL-120S cruciform welds prepared using a 21ºC preheat and interpass temperature
weld metal hydrogen cracking was observed away from the notches. An example of these weld metal
cracks is shown in Figure 21. The fracture surface of a weld metal hydrogen crack is shown in Figure
22. In addition to the intergranular and branched cracking shown in Figure 22, there were also regions
that appeared roughly striated on a macroscopic level. These areas may have fractured along the original
solidification cell boundaries.
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Figure 21. Weld metal cracking in weld W352 fabricated with a MIL-120S electrode.

Figure 22. Fractograph of a MIL-120S weld metal hydrogen crack from cruciform weld W351.
A summary of the cruciform welds fabricated using a 21ºC preheat and interpass temperature is
provided in Table 8. No weld metal cracking was observed in the welds prepared using MIL-100S
electrodes. In some instances small HAZ cracks (0.5 to 3 mm long) were noted at longitudinal notches
in the HY-100 and HSLA-100 specimens next to the MIL-100S weld deposit. As indicated in Table 8,
cruciform specimens fabricated with the MIL-120S electrode exhibited both weld metal and HAZ cracks
at longitudinal notches and weld metal cracks at transverse notches. MIL-120S weld metal cracks
initiating at transverse notches were significantly larger than the cracks at longitudinal notches. The
observation of small HAZ cracks in the HSLA-100 slotted cruciform specimens is somewhat surprising
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in view of prior Navy research, reference [10], and the extensive successful experience in welding this
material in Navy ship construction. These cracks are attributed to the combined effects of thermal
severity (i.e., cooling rate at 573ºC of 52ºC/sec and relatively low t100) of the welding conditions and the
presence of the mechanical notch.
The HSLA-80 plate / MIL-100S electrode and HSLA-65 plate / MIL-70S electrode cruciform
welds prepared using a 21ºC preheat and interpass temperature did not exhibit any cracking. This
improved hydrogen cracking resistance is attributed to the significantly lower HAZ and weld metal (for
MIL-70S) hardness and to the lower Pcm values (HSLA-80, HSLA-65 and MIL-70S) compared to the
HY-100 and HSLA-100 cruciform welds. It should be noted that specimen W355 was fabricated to
determine the effect of higher hydrogen levels on hydrogen cracking resistance of the HSLA-80 /MIL100S system. This specimen was welded with an argon-2 percent oxygen shielding gas that had 0.3
percent hydrogen premixed in the gas bottle prior to welding. This doubled the diffusible hydrogen
content in the weld, raising it to 12 ml/100g. The results in Table 8 show that small (1 to 2 mm) weld
metal cracks were present. These results suggest that weld metal hydrogen cracking can occur in
relatively weldable materials at sufficiently high hydrogen levels. No cracks were observed in the
HSLA-80 HAZ.
To determine if the cracking observed in the HY-100 / HSLA-100 cruciform welds was due to the
thermal severity of the welding conditions used to fabricate the welds identified in Table 8,
Table 8. Results of slotted cruciform welds fabricated using a 21°C preheat / interpass temperature.
Weld ID

Plate

Electrode

Longitudinal Notch,
Crack location/length

Transverse Notch,
Crack location/length

W341

HSLA-100

MIL-100S

HAZ/2mm

None

W342

HSLA-100

MIL-100S

HAZ/3mm

None

W343

HY-100

MIL-100S

HAZ/0.5mm

None
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W344

HY-100

MIL-100S

HAZ/1mm

None

W345

HY-100

MIL-120S

Weld/1mm and 5mm,

Weld/8mm

HAZ/1mm
W351

HY-100

MIL-120S

Weld/2mm and 4mm

Weld/13mm

W352

HSLA-100

MIL-120S

Weld/3mm and 6mm,

Weld/8mm and 13mm

HAZ/2mm
W356

HSLA-80

MIL-100S

None

None

W355*

HSLA-80

MIL-100S

Weld/1mm*

Weld/2mm*

W353

HSLA-65

MIL-70S

None

None

* Specimen W355 was fabricated with 0.3% hydrogen in the shielding gas that
resulted in an Hd of 12 ml/100g. This is twice the normal Hd level.
additional slotted HY-100 and HSLA-100 cruciform welds were fabricated using a higher preheat and
interpass temperature (52 °C). As indicated from the results of these tests, summarized in Table 9, there
was no cracking in any of these welds. Thus, increasing the preheat and interpass temperature appears
to have reduced the thermal severity of welding conditions sufficiently to prevent hydrogen cracking in
these welds.
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Table 9. Results of slotted cruciform welds fabricated using a 52ºC preheat / interpass temperature.
Weld ID

Plate

Electrode Longitudinal Notch

Transverse Notch

Crack

Crack

location/length

location/length

HSLA-100 MIL-100S

None

None

W347 HSLA-100 MIL-100S

None

None

W348

HY-100 MIL-100S

None

None

W349

HY-100 MIL-100S

None

None

W350

HY-100 MIL-120S

None

None

W346

Results of the cruciform tests were superimposed on the results of the WIC tests as shown in
Figure 23. Results of cracking and no cracking conditions in the cruciform test fall into a similar
cracking and no cracking zone initially established by the WIC results and indicate that the crack
prediction equation given by Equation (5) is a suitable approximation for cracking versus no cracking in
a multipass welding situation such as the slotted cruciform test. The response surface shown in Figure
16 is useful to observe the relative effects of Pcm and Hd on t 100,crit. It is also useful to analyze the
results in a plan view. An example of a plan view of Equation (5) is given in Figure 24. An example of
using Figure 24 is as follows: projecting a vertical line from Pcm = 0.26 and a horizontal line at Hd =
9.5 indicate that with these conditions a minimum t 100 of approximately 15 minutes is recommended to
avoid cracking. Nomographs or other guidelines can then be used to determine plate thickness and
welding conditions necessary to meet this minimum cooling time, reference [18].
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Figure 23. Effect of t100 and Pcm on cracking in WIC and cruciform tests.

Figure 24. Projection of iso-t100 lines.
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Summary and Conclusions
1. The single pass WIC weldability test was used to establish weld metal cracking versus no cracking
conditions as a function of changes in chemistry and diffusible hydrogen content. The critical level of
hydrogen that results in weld metal cracking was found to decrease as the calculated Pcm value
increased (Figure 15).
2. Results from single pass and multiple pass weldability tests were used to develop a weld metal
hydrogen crack prediction model (Equation (5)). The model identifies the critical cooling time (t100crit.)
required to avoid weld metal hydrogen cracking, when the weld metal chemical composition and
diffusible hydrogen level are known.
3. The weld metal cooling rate at 573ºC in the multiple pass cruciform specimen design was found to be
greater than in single pass WIC type weldability tests.
4. Results from slotted multipass cruciform test welds indicated transverse weld metal hydrogen cracks
were significantly larger than longitudinal cracks when both types of cracking occurred. Tensile testing
of all weld metal samples removed from the cruciform specimen was useful for showing hydrogen
embrittlement by the loss of tensile ductility.
5. MIL-120S weld metal exhibited hydrogen cracking and hydrogen damage on all weld metal tensile
specimens when welded without preheat. Increasing the preheat and interpass temperature to 52 °C
eliminated this problem.
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APPENDIX A
SLOTTED CRUCIFORM TEST PROCEDURE

1. Scope
1.1 The cruciform test is used to measure the susceptibility to hydrogen cracking of steel weldments,
primarily focusing on fillet weld applications. While the primary application is to evaluate base-metal
composition, the test also may be used to evaluate the effects of welding consumables, welding heat
input, preheating, and post-heating , on cracking susceptibility.
1.2 This standard is applicable to the following:
(1) Qualification of materials and welding procedures where specific acceptance standards have
been specified.
(2) Information, basis of acceptance or manufacturing and quality control
(3) Research and development
1.3 The use of this test is restricted as follows:
(1) The test shall not be used for base metal less than 12mm (1/2 in.) thick.
(2) Close control of all welding conditions is required. The results of this test may be strongly
affected more by changes in welding conditions.
1.4 The following information shall be furnished:
(1) Test number
(2) Welding procedure specification and procedure qualification record if applicable
(3) Base metal specification/identification, thickness, and actual chemical composition
(4) Filler metal specification/identification, size and any pre-welding treatment, e.g. baking time
and temperature.
(5) Type and flow rate of any shielding gas used.
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(6) All welding procedures (process and parameters).
(7) Any preheat / interpass temperature and post-heating treatment used.
(8) Acceptance criteria.
(9) The number of cross sections to be examined.
1.5 Safety Precautions. Safety precautions shall conform to the latest edition of ANSI/ASC Z49,
Safety in Welding, Cutting, and Allied Processes, published by the American Welding Society.
2. Applicable Documents
Reference should be made to the latest edition of the following documents:
ANSI/AWS A2.4

Standard Symbols for Welding, Brazing, and
Nondestructive Examination

ANSI/AWS A3.0

Standard Welding Terms and Definitions

ANSI/AWS A4.3

Standard Methods for Determination of the Diffusible
Hydrogen Content of Martensitic, Bainitic, and Ferritic Steel
Weld Metal Produced by Arc Welding

The sources for these documents are the following
American Welding Society (AWS)
550 N.W. LeJeune Road
Miami, Florida 33126
3.Summary of Method
3.1 The test specimen consists of three plates tack welded at their ends to form a double T-joint (Figure
A1).
3.2 One of the attached plates contains longitudinal and transverse notches.
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3.3 A multiple-pass fillet weld is deposit in succession in each of the four quadrants. Each weld pass is
allowed to cool to the desired interpass temperature prior to depositing the subsequent bead. After the
welding is completed, the specimen is given any specified post-weld treatment.
3.4 The completed welds are examined visually for any external cracks and the specimen is sectioned
transversely for metallographic examination for hydrogen cracks.
4. Significance
This test is relatively severe for detecting hydrogen cracks. The welding conditions must be very
closely controlled to avoid any variations that may result in inconsistent results. Multiple specimens
may be required to assure reliable assessment of the cracking susceptibility.
5. Definitions and Symbols
The welding terms used in this standard are in accordance with the latest edition of ANSI/AWS
A3.0, Standard Welding Terms and Definitions
6. Apparatus
Evaluation for the presence of hydrogen cracks requires the use of metallographic equipment to
section and prepare the specimen for examination.
7. Specimens
The test specimen is shown in Figure A1. The recommended base plate thickness is 25 mm (1
in.). Thicker plate may also be employed (depending on the desired application). The two surfaces of
Plate A are ground to bright metal prior to assembly. The mating edges of Plates B and C are machined
flat prior to assembly. This is essential to insure intimate contact and good heat transfer between these
surfaces during welding of the assembled specimen. Notches are machined on the edge of the plate as
shown in Figure A1. The assembly is tack welded together prior to the test.
The suggested minimum dimensions of the plates for the slotted cruciform specimens are shown below:
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Thickness, mm Length, mm Width, mm
Continuous Plate A

25

300

300

Attached Plate B (Slotted)

25

300

150

Attached Plate C

25

300

150

(Unslotted)

8. Procedure
8.1 Test welds are deposited in the sequence shown in Figure A2. All welding shall be done in the flat
position unless otherwise specified. A mechanized process may be used to maintain control of the
welding parameters.
8.2 All test welds are deposited in the same direction of travel. Each weld is made without any arc
interruptions and the craters at the ends of the test are to be filled before the arc is extinguished. The
same welding parameters are used for each test weld and each weld should be of the same size.
8.3 The fabrication sequence is as follows: (1) Establish desired preheat temperature. (2) For the first
pass (root pass) in each quadrant deposit a weld bead on each side of the attached plate. For example,
weld quadrants 1 and 2, one after another. (3) Establish desired interpass temperature. (4) Weld the
root pass in quadrants 3 and 4, one after another. (4) Re-establish interpass temperature. (5) Deposit a
second weld bead in quadrant 1. (6) Re-establish interpass temperature. (7) Deposit a second weld bead
in quadrant 2. (8) Re-establish interpass temperature prior to each weld pass (unlike the root passes that
are welded in pairs). (7) Continue welding until a fillet size that results in a 100 percent efficient joint is
achieved (typically ¾ t, where t is thickness of plate).
8.4 If weld metal cracking occurs in any of the test welds, the test shall be discontinued and the location
and extent of cracking noted on the test record sheet.
8.5 If the welding procedure requires preheating, the specimen shall be preheated before depositing each
test weld. If post-weld heat treatment is required, the treatment shall be applied to the test weldment
immediately after completion of welding and before cooling to ambient temperature. If no post-weld
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heat treatment is required, the as-welded specimen shall be aged at ambient temperature for 7 to 14 days
or as specified by the customer.
8.6 The weldment is sectioned and examined for cracks. Macrosections are cut transverse to the
direction of welding from the weldment, preferably by using a water-cooled band saw or abrasive cutoff wheel. Each macrosection shall be identified as to its location in the test weldment and the four
quadrants corresponding to the fabrication sequence shall be identified.
8.7 As illustrated in figure A3, the longitudinal areas, the transverse macrosections may be examined
directly in this orientation. For the transverse notched areas, each specimen is first sectioned parallel to
the plane of the transverse notch approximately 3 mm in front of and behind the notch. The specimen is
then sectioned perpendicular to the first cuts halfway up the vertical leg of the fillet weld. The face of
the section to be examined is polished etched, and examined at 50 X or greater magnification. The
location and size of any cracks shall be recorded.
8.8 A diffusible hydrogen test shall be performed for each welding process and consumable in
accordance with ANSI / AWS A4.3. The diffusible hydrogen test should be performed under the same
ambient condition as the cruciform test weldment.
9. Report
9.1 The test results that typically are reported are the following:
(1) Base metal and filler metal identification and chemical composition
(2) Base metal (specimen) thickness
(3)Welding procedures (process and parameters)
(4) Any preheating and/or post-weld heat treatment
(5) Weld fillet size for multipass welds
(6) Identification of each section cut from the specimen and each quadrant in the section
(7) Location and size of any cracks in each test weld in each section.
(8) Results of diffusible hydrogen test.
(9)Test data should be recorded on a Test Record Sheet similar to Figure A5
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(Notched)
300 mm
Continuous Plate

300 mm

Attached Plate
(Unnotched)

76 mm
25

76 mm

25

Q1

Q2

Q3

Q4

38 mm

41
102 mm

150 mm

(LN)

(TN)

2 mm

51

(LN) = Longitudinal Notch
(TN) = Transverse Notch

Figure A1. Schematic illustration of cruciform test assembly
Plate B

Plate A

Plate C
Figure A2. Fabrication Sequence (only first two layers shown, more may be needed for thicker plate,
see section 8.3)
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Figure A3. Sectioning for the longitudinal and transverse notched areas
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Figure 5A. Suggested data sheet for slotted cruciform test
Company name _______________________

Date____________

Sheet____Of____
Job / test No.______________________
Description of Investigation_________________________________________________
Base Metal Identification_________________________

Thickness___________

Base Metal Heat Treatment_______________________

Heat No.____________

Composition:
C_____ Si_____

Mn_____

Si_____

S______

Cr_____

Mo_____

Ni_____ V_____

Cu_____

Nb_____

Ca_____

B_____

Ti______

Al_____ N_____
Welding Procedure Spec. No. ________Welding Process___________________
Electrode/Wire Spec. No. ___________Commercial Name__________________
Diameter ________________________ Baking Treatment __________________
Shielding Gas ____________________ Flow Rate ________________________
Shielding Flux ____________________Flux Size__________________________
Current _________________________ Preheat Temp. _____________________
Voltage _________________________Interpass Temp. ____________________
Polarity________________________ Post-weld Heat Treatment_____________
Travel Speed____________________ Aging time _________________________
Heat input _____________________ Ambient Temp. ______________________
Test Weld Size _________________ Ambient Humidity ____________________
Hydrogen Determination Method __________ Date _____
Diffusible Hydrogen Content ________________________
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Actual Weld Pass Sequence

Results of Macrosection Examination:
Quadrant

Type of Notch (L,T) Crack

Quadrant

Type of Notch (L,T) Crack

/

Length

/

Length

Section #

Location

Section #

Location

Remarks_______________________________________________________________________
______________________________________________________________________________
Evaluated by _________________________________________ Date ___________________
Signature ___________________________________________
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